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Preface 

Stroke is one ofthe main causes of death, occupying a position immediately follow­
ing cardiovascular disease and cancer. However, many patients struck down by stroke 
survive and experience the consequences of the insult for many years, often at the 
emotional, motor, and intellectuallevels. This group makes a large demand on both 
available therapeutic care and medical treatment. Thus far, neither warning signals nor 
treatments have been found that might lead to the prevention of the occurrence or a 

. reduction of the clinical symptoms of a stroke, although much clinical and preclinical 
research has already been directed to the development of neuroprotective strategies. 
The main drawback in all clinical studies is the therapeutic window, which has been 
found to be very small. Most clinical trials were thus initiated far beyond the point of 
irreversibility. Preclinical stroke research has produced insights into the mechanisms 
of cell death and repair, and tested numerous pharmacological and other treatments 
that were often shown to be effective in a variety of animal stroke models. In the clini­
cal setting, however, these treatments resulted in few, if any, demonstrable neuro­
protective effects because they were initiated late. 

The aim of Clinical Pharmacology 0/ Cerebra I Ischemia is to evaluate our current 
knowledge regarding aspects of neurodegeneration and protection in stroke. In the last 
decades, neurodegeneration after a stroke was considered to be a cause of necrosis. 
Nowadays, however, apoptosis or programmed cell death is believed to be an addi­
tional cell death mechanism after stroke, a process that involves activation of cell death 
genes and protein synthesis. Programmed cell death phenomena most likely play a 
critical role in the penumbra, a zone several centimeters wide that surrounds the area of 
acute damage, and also in distant areas exhibiting delayed neuronal death. Thus the 
penumbra and delayed neuronal death are the current targets in stroke treatment stud­
ies. In the penumbra, the preservation of neuronal integrity and function may be fea­
sible. This should reduce the number of disabilities and the requests for care, and 
enhance the quality of life of stroke patients. To achieve neuroprotection one must 
have a thorough knowledge offundamental processes that govem neuronal functioning 
and survival after cerebral ischemic events. In addition to the clinical symptoms, the 
severity and the development of stroke should be visualized and quantified with 
neuroimaging technologies. Various aspects of neuronal survival and death are dis­
cussed in Clinical Pharmacology 0/ Cerebra I Ischemia and wherever possible related 
to pharmacological interventions. The book includes chapters on calcium homeostasis, 
glutamate toxicity, the role offree radicals, glycine and hormones, and gene activation. 
There are chapters dedicated to neuroimaging of stroke, clinical trials, and the role of 
cerebral immune activation. For a long while, the brain has been considered an immune 

v 



Vl Preface 

privileged site, but recent studies show that immune activation may be part of the series 
of events that take place after cerebral ischemic events. Thus, we have dedicated a 
chapter to animal stroke models for preclinical studies. 

Clinical Pharmacology ofCerebral Ischemia is a detailed, informative volume 
intended to serve as a standard reference work ofvalue not only to established neurolo­
gists and research scientists, but also to beginning investigators and biomedical stu­
dents interested in stroke research and treatment. 

Gert J. Ter Horst 
Jakob Korf 
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1. STROKE 

1 
Stroke 

Prevalence and Mechanisms of Cell Death 

Gert J. Ter Horst and Antonio Postigo 

Cerebrovascular accident (CVA) is a clinical definition used to describe symptoms 
of an acute neurological dis order caused by disturbance of the cerebral blood supply. 
Intracerebral and subarachnoid hemorrhages account for approx 20% of CV As and 
80% are ofthe ischemic type. Stroke defines all conditions in which the duration ofthe 
CV A symptoms exceed 24 h. Ischemic CV As exhibiting short duration of neurologic 
dysfunction usually not exceeding 10-15 min are transient ischemic attacks (TIAs). A 
TIA may be a waming sign of an impending stroke. Adequate supply of oxygen and 
glucose are necessary for the proper functioning of the brain. Minor changes in the 
cerebral oxygen and glucose supply may invoke damage that is irreversible because the 
brain has very limited repair capabilities. The most important disadvantage to neural 
repair is the inability ofthe neurons to divide. This implies that aB neuronalloss caused 
by CV A is irreversible and that it permanently affects the functioning of the brain. 
Prevention of a first stroke or recurrent strokes through reduction ofknown risk factors 
is the most effective strategy for controlling this devastating disease, but for the near 
future, such total elimination of stroke is unlikely. Therefore, treatment strategies to 
limit ischemic brain injury must be identified and developed. 

1.1. Incidence 

The incidence of stroke lies below that of cancer and myocardial infarction at 
approximately 1 per 1000 people (1-4). However, it is age and sex dependent (5). In 
the age group of 80 yr, the incidence of stroke will reach values of 20 per 1000 people 
(5,6). The incidence rate is slightly higher among males in all age groups; mean annual 
first-ever stroke incidence rates age-adjusted to the world population are 1.32 in males 
and 0.77 per 1000 people in females (5,7). Almost 20% of the people that suff er a 
stroke die in the first week, 33% do not survive the first year (3,5). These mortality 
rates are high, but two-thirds of the stroke patients survive and will experience the 
permanent physical and mental disabilities caused by the neuropathology for many 
years. Not only the patient, but also the family and the society are affected because 
very often the victim is stripped of mobility, language, and intellect. Very simple 
everyday activities like feeding and toiletting become the responsibility of the spouse, 
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2 Ter Horst and Postigo 

family members, or other care providers. In the Netherlands, approx 70% of all first­
ever stroke patients are admitted to the hospital. After the first month, 8% ofthe stroke 
survivors are still hospitalized, 75% have retumed horne, and 19% are discharged to a 
nursing horne or rehabilitation center. The average duration of stay of stroke patients in 
nursing hornes or rehabilitation centers is approx 470 d, and after 6 mo, 81 % of all 
stroke survivors in the Netherlands live at horne (5). The annual cost of the acute and 
chronic care ofstroke patients is approx $30 billion in the Uni ted States (1), $1 billion 
in the Netherlands (5), and $154 million in New Zealand (8). Annual per person costs 
in the Netherlands are estimated at $42,930 for women and $37,630 for men, ofwhich 
47% is related to treatment of comorbid diseases, including stroke-related cardiovas­
cular diseases. 

1.2. Etiology 

Hemorrhagic strokes may be situated intra- or extracerebrally. Usually, the defini­
tion refers to a condition in which bleeding has occurred in the basal ganglia and the 
capsula. Hypertension, hematomas, or tumors are possible causes of intracerebral hem­
orrhage. Causative factors for a subarachnoid or subdural hemorrhage, respectively are 
a basal cerebral artery aneurysm rupture and cranial trauma (6). 

The causes of ischemic stroke are numerolls and include large artery atherosclerosis, 
small vessel occlusion, embolisms (9), and thrombosis. Also, several risk factors have 
been identified, like the use of alcohol and oral contraceptives, migraine (10), diabetes 
mellitus, systemic lupus erythematosis (11), cardiac valvular disease (12-14), age, 
female sex (15), smoking and hypertension (16), vasospasm, a previous stroke or tran­
sient ischemic attack (17,18), and infectious diseases (13,14,19). Hypertension, age, 
TIAs, and acute alcohol intoxication are associated with the highest relative stroke risk 
(20). Increased systolic blood pressure (> 120 mmHg) is more strongly related to 
ischemic stroke than increased diastolic blood pressure (21,22). Increasing age is a 
second important risk factor. At the age of 65, the incidence rate in the Netherlands is 
0.003% in women and 0.005% in men, and then it steadily increases to reach values of 
2.2 and 1.8% in the over-85-yr-old group (5). The slightly higher incidence in women 
is most likely associated with the higher number of women older than 65 years in the 
general population. Also, TIAs occur more frequent in women than in men, with esti­
mated prevalence rates in the Netherlands of5.6 and 3.4 per 1000, respectively (23). In 
the Uni ted States, regional differences were found in TIA prevalence, with estimates 
varying from 0.2 per 1000 in the Lehigh Valley (PA) area (24) to 2.4 per 1000 in the 
Rochester, NY area (25). In approx 50% ofthe reported TIA cases, it is followed by a 
CVA within aperiod of 5 yr (26). 

In arecent study, it was shown that infection was significantly more common among 
stroke patients than control subjects within 4 wk and within 1 wk before cerebral 
ischemia or examination (13). In particular, respiratory tract, gastrointestinal, and uri­
nary tract infections were all more frequent among patients than among control sub­
jects. Bacterial infections significantly increased the risk of cerebrovascular ischemia. 
Although viral infections were also more common in patients than controls, but in the 
statistical analysis they were not identified as a significant risk factor. Recent infection 
was also clinically associated with more severe stroke, which may be related to 
hyperthermia, a weIl known deleterious factor in ischemic stroke. Grau and coworkers 
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(14) have shown that cortical infarcts of the middle cerebral artery (MCA) predomi­
nate in patients reporting arecent infection. Such infarcts appear to be owing mostly to 
embolic mechanisms, which suggests a relationship between inflammatory mecha­
nisms, regional cerebral endothelial damage (27), and stroke. This aspect, as well as 
the role of the immune system in progression of the cerebral damage after ischemia 
will be discussed in Chapter 10. 

1.3. Pathogenesis 

Cerebral ischemia results from decreased or interrupted blood supply, which leads 
to reduced availability of glucose and oxygen in the territory of the affected vascular 
bed(s). This will cause a cellular energy crisis. As a final strategy to prevent death, the 
cells in the ischemic area initiate anaerobic glycolysis. However, the energy obtained 
with anaerobic glycolysis can not totally compensate for the energy shortage. It pro­
vides a very small fraction of the amount of energy needed for the neuronal survival. 
Moreover, it leads to production oflactate. Shortage of energy interrupts the activity of 
the cellular ion pumps and, therefore, the intracellular calcium and extracellular 
potassium concentrations increase, within 1-2 min after the onset of the ischemia. 
Thereafter, the extracellular concentrations of neurotransmitters increase, in particular 
of glutamate and dopamine, and edema occurs. To some extent, this early damage is 
reversible. Continuation ofthe ischemic condition, however, rapidly leads to extensive 
irreversible damage resulting from a so-called "ischemic cascade" (see Section 2.). 

The mechanisms described above occur not only in the ischemic core but also 
threaten the areas around the infarct that are bombarded with waste products from the 
ischemic cascade and confronted with a decreased blood flow (1). This leads to forma­
tion of a so-called "ischemic penumbra;" an area with reduced neuronal functioning 
around the infarct. The reduction or prevention ofthe cell death in the ischemic penum­
bra is the main target ofpharmacological intervention studies. Recovery ofthe neuronal 
functioning in the ischemic penumbra may account for spontaneous improvements of 
symptoms after stroke. 

1.4. Symptoms 

WeIl known clinical symptoms following stroke are paralysis, unilateral disturbance 
ofautonomic functioning (28-30), aphasia (31), dizziness or vertigo (32), and impair­
ment of vision and balance. Acute cardiovascular side effects are the most important 
reason for hospitalization of stroke patients. Right hemisphere stroke has been associ­
ated with occurrence of supraventricular tachycardia and left hemisphere stroke with 
ventricular arrhythmias (33). Cerebral infarction may reduce cardiac autonomic activ­
ity because it affects the suprasegmental stimulation of the primary autonomic nuclei 
in the brainstem and thoracic spinal cord (34-36). Cortical sites participating in cardio­
vascular regulation, some receiving blood supply from the middle cerebral artery, have 
been localized in the cingulate, medial prefrontal, and insular cortices (36-38). 

2. PATHOPHYSIOLOGY OF CELL INJURY 

Several mechanisms have been proposed to explain the pathophysiology ofischemic 
cerebrovascular disease, including increased excitotoxicity, calcium overload, free radi­
cal formation, immune activation, inhibition of protein synthesis, and alterations in 
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gene expression (for review, see ref. 1 and Chapter 8). There are two fundamental 
types of cell death, namely necrosis and apoptosis (39). Necrosis, or degenerative cell 
death, is essentially accidental in its occurrence and is the outcome of severe injurious 
changes in the environment of the cells. Apoptosis, or programmed cell death, is 
considered an active process of gene-directed self destruction with a biologically mean­
ingful, homeostatic function (39,40). In the central nervous system after ischemia 
immediate, early, and delayed neuronal death is recognized. Immediate neuronal dam­
age most likely is ofthe necrotic type, whereas apoptosis may be the main cause ofthe 
delayed neuronal death. Necrosis often involves cell swelling, whereas apoptosis is 
characterized by nuclear and cytoplasmic condensation (39-41). In this section, we review 
mechanisms that may be responsible for ischemic, necrotic cell death and/or the 
initiation of the intracellular mechanisms leading to apoptosis. Our current knowledge 
about the sequence of intracellular events associated with neuronal apoptosis also will 
be discussed. 

2.1. Ischemic Cascade 

The ischemic cascade is aseries of events triggered by a reduced cerebral glucose 
and oxygen supply that are responsible for the cell injury. Various aspects of the 
ischemic cascade will be reviewed in depth in the following chapters of the book. 

Generally, the evolution from reversible to irreversible damage in necrosis involves 
progressive derangements in energy and substrate metabolism. The energy needs ofthe 
brain are supplied by aerobic metabolism of glucose and oxygen in the mitochondrial 
respiratory chain in which adenosine diphosphate (ADP) is phosphorylated to adenos­
ine triphosphate (ATP). Most ofthe ATP thus generated is used for maintenance ofthe 
intracellular homeostasis and ATP-driven membrane ion pumps for the stabilization of 
the transmembrane concentration gradients of sodium, potassium, and calcium, in 
particular. Neuronal impulse conduction and synaptic functions rely on these concen­
tration gradients. During ischemia, a very small amount of ATP can be produced by 
anaerobic glycolysis. However, the glycogen stores in the brain are small and are 
depleted within minutes after the onset of ischemia. Then, uncompensated leakage of 
ions across the cell membrane occurs that results in cell swelling (edema) and a 
persistent membrane depolarization that is accompanied by release of the neurotrans­
mitters glutamate and dopamine. Derangements ofthe calcium homeostasis in particu­
lar are considered important for the progression of the cell injury. Glycogen is 
metabolized to lactic acid, which causes progressive intracellular acidosis and the sub­
sequent release of the organic bound iron. Free iron may catabolize the formation of 
free radicals-highly reactive oxygen species with unpaired electrons in the outer orbit. 
Eventually, these processes result in necrosis and fragmentation ofthe cell membranes 
or apoptosis and disintegration ofthe cell. The neuronal debris is removed by microglial 
cells, the immunocompetent cells of the brain. 

2.1.1. Edema 

Edema is a condition of excess accumulation of fluids. Ischemic brain edema has a 
vasogenic and a cytotoxic component (42). Vasogenic edema is the most common form 
ofbrain edema and is attributed to increased permeability ofthe brain capillary endot­
helial cells. Intracellular swelling ofneurons, astrocytes, and endothelial cells is called 
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cytotoxic edema. Cytotoxic edema is associated with a reduction of the extracellular 
space and caused by failure ofthe ATP-dependent sodium-potassium pump. Failure of 
this ATP-driven pump allows the influx ofNa+, which is accompanied by the influx of 
Cl- and water, thereby causing cell swelling (1,39). 

Vasogenic edema is associated with impaired reperfusion of the ischemic tissue 
(43,44), which has been attributed to a variety offactors, such as increased blood vis­
cosity, endothelial and perivascular glial swelling (45), endothelial blebs protruding 
into the capillary lumen (46), platelet aggregation (47,48), and vessel obstruction by 
leukocyte attachment to the endothelial surface (49,50). Alterations ofplatelet function 
or vascular tone and permeability are ascribed to liberation of unesterified fatty acid 
metabolites from the ischemic tissue, in particular to the metabolites of arachidonic 
acid, i.e., the prostaglandins and thromboxanes (51). Trials in experimental animals in 
which thromboxane formation was suppressed after ischemia with cyclooxygenase or 
thromboxane synthase blockers showed a reduction of brain edema (52), enhanced 
reperfusion (52-54), and reduced neuronal death (55). Leukocyte attachment to the 
vascular surface involves altered gene regulation in the endothelial cells and expres­
sion of cell surface glycoproteins of the selectin and immunoglobulin families that 
enable the docking of the leukocytes. The docking is regulated by leukocyte cell-sur­
face molecules of the integrin family (56,57). Endothelial expression of the surface 
glycoproteins, intercellular adhesion molecule-l (ICAM-l), and E- and P-selectin, 
facilitate leukocyte adhesion to the endothelium and are the ligands for the integrins on 
the surface of the leukocytes. The expression of endothelial E-selectin and ICAM-l 
mRNA is up-regulated in the affected vascular beds between 6 hand 5 d after ischemia 
and shows peak values after 12 h (56). Administration of anti-ICAM-l antibodies 
immediately upon reperfusion of the ischemic tissue gave a significant reduction of the 
volume of the lesion after ischemia in experimental animals (57,60). Expression of 
ICAM-I and E-selectin is found exclusively in vascular endothelial cells after stimula­
tion with proinflammatory cytokines, in particular tumor necrosis factor-alpha (TNFa) 
and interleukin-l (58,59), which mayaiso explain the increased stroke risk after bacte­
rial infection (13,14). Antiinflammatory agents like the glucocorticosteroids are suc­
cessfully employed in the clinical treatment of vasogenic brain edema. These effects 
may be mediated by annexins, or lipocortins (67); recently discovered inhibitors of 
phospholipase A2 (61,65,66). Administration of the synthetic glucocorticosteroid 
methylprednisolone, has been shown to induce expression of annexins in the cerebral 
endothelial cells (63,64). Annexins possess Ca2+ binding sites and may therefore con­
tribute to stroke damage reduction not only by their potent antiinflammatory effects 
but also by improving the cellular calcium storage capacity (62,68). 

2.1.2. Calcium Overlaad 

Due to tight regulatory controls involving voltage-gated and N-methyl-D-aspartate 
(NMDA)-linked, receptor-operated calcium channels (74), endoplasmatic reticular 
and mitochondrial sequestration, Ca2+-ATPase activity and Na+/Ca2+ exchange, a 
lO,OOO-fold concentration gradient is maintained between the intra- and extracellular 
free Ca2+ concentration (1,69,70,73). Calcium ions subserve a ubiquitous role in the 
organization of cell function as intracellular messengers and regulators of neurotrans­
mitter secretion, electrical activity, cytoskeletal function, cell metabolism, and gene 
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expression. Excessive influx of calcium into the cell under ischemic conditions is con­
sidered a major mechanism of cell injury and death (69, 72). Two phases of increases of 
the cytosolic free Ca2+ have been documented. Early Ca2+ influx across the plasma 
membrane that has been associated with altered function ofthe NMDA-linked calcium 
channels and other calcium transport systems, and the release of Ca2+ from intracellu­
lar stores such as the mitochondria and the endoplasmatic reticulum due to inhibition 
of the ATP-driven membrane ion pumps (69,71,73,74). Also, the depletion of Mg2+ 
ions can promote Ca2+ accumulation (75). The late phase of calcium influx is a conse­
quence of nonspecific membrane leakage as part of the physical disruption of the 
plasma membrane during the process of cell swelling (see Section 2.1.1.). 

The progressive increase of cytosolic free Ca2+ ions may have several deleterious 
effects, ineluding activation ofphospholipases and proteases, wh ich promote the mem­
brane damage, activation of ATP-ases, that sustains the cellular energy crisis, and 
mitochondrial accumulation of calcium. The accumulation of calcium in mitochondria 
strengthens the inhibition of the A TP production that was already instigated by the lack 
of glucose and oxygen. There is also some evidence for interrelationships of gene acti­
vati on (see Chapter 8), in particular the expression ofthe immediate early genes c-fos, 
c-jun, c-myc, Erg-I, and jun-B, and changes in the intracellular and possibly 
intranuelear calcium concentrations (76, 77). F or a review of the role of Ca2+ in the 
pathogenesis of stroke and efficacy of calcium uptake inhibitors in elinical trials and 
animal stroke models, we refer to Chapter 4. 

2.1.3. Exicitotoxicity 
The intracellular accumulation ofCa2+ during cerebral ischemia is attributed largely 

to release ofthe excitatory amino acid glutamate into the synaptic eleft and extracellular 
space from the presynaptic and astroglial storage pools. Moreover, owing to the break­
down of the ion gradients across neuronal and glial membranes in. ischemia, the 
glutamate uptake mechanisms are inhibited that prevent the elearance of glutamate 
from the extracellular space. These findings have stimulated research of glutamate­
induced cytotoxic mechanisms and neuronlglial interactions, and also the development of 
therapeutic strategies aimed at inhibition or prevention of glutamate-induced cell death. 

2.1.3.1 GLUTAMATE 

The neurotoxic action of the excitatory amino acid glutamate arises from its capac­
ity to trigger a pathophysiological chain of events when it acts continuously and abu­
sively on its receptors (80,81). These receptors are divided on the basis of the amino 
acid sequence homology and pharmacological properties into the ionotropic and 
metabotropic subgroup. The ionotropic group is identified by their selective affinity 
for the agonists: NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionate 
(AMPA), and kainate. All members ofthe ionotropic glutamate receptor subgroup are 
receptor-channel complexes that regulate the transmembrane passage ofNa+, K+, and 
Ca2+ ions. The NMDA channels possess Mg2+ and glycine binding sites. Extracellular 
Mg2+ blocks NMDA receptors in a voltage-dependent manner, it relieves the inhibitory 
effects ofprotons (pH) on this receptor (78, 79), and increases NMDA receptor affinity 
for glycine (for review, see Chapters 5 and 6). In a few animal studies, the therapeutic 
potential of 7 -chlorokynurenic acid, a potent antagonist at the glycine-modulatory site 
on the NMDA receptor, in terms of neuroprotection following transient forebrain 
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ischemia has been shown (85,86). Moreover, this glycine antagonist exhibited free radi­
cal scavenger properties and inhibited lipid peroxidation (86). The latter observations 
support the notion that a positive feedback may exist between the activation of 
glutamate receptors and free radical formation and that this interaction is responsible 
for the generation of ischemic brain damage (82,87) (see Chapter 7). Altematively, 
neuroprotection for glutamate-induced cell death has been achieved in animal models 
with the selective NMDA-receptor antagonist MK-801, given either alone (88) or in 
combination with the Ca2+ entry blockers nicardipine (89) or nimodipine (90), or the 
inhibitory neurotransmitter y-aminobutyric acid (GABA) agonist muscimol (91). The 
use ofMK-801 in human stroke therapy, however, should be considered with caution. 
The MK-801 may cause side-effects such psychosis because it has been shown to inter­
act with the phencyclidine (PCP, "angel dust") receptor; a drug known as an inducer of 
schizophreniform psychosis. The PCP receptor represents a site within the NMDA 
receptor channel complex (92). 

The members of the metabotropic glutamate receptor subgroup are G-protein 
coupled receptors that act through intracellular second messenger systems including 
inositol triphosphate, cyclic adenosine monophosphate, and calcium. The common fea­
ture of all glutamate receptors is that they elicit an increase in intracellular calcium. 
Studies regarding glutamate-induced cell death have focused for a long time solelyon 
the NMDA-gated ion channel, but it is now recognized that all glutamate receptor types 
participate in derangement of calcium homeostasis after ischemia, albeit by distinct 
mechanistic routes. 

The morphological characteristics of excitotoxic injury in vivo are consistent with a 
necrotic type of cell death. However, recent in vitro and in vivo studies have provided 
evidence that some neuronal populations may die via apoptosis (82-84). Ankarcrona 
and coworkers (84) have reported that after exposure to glutamate, the mode of neu­
ronal death may be determined by mitochondrial function; late onset formation of 
apoptotic nuclei and chromatin fragmentation in cerebellar granular cells after 
glutamate exposure was associated with the early recovery of mitochondrial membrane 
potentials and energy levels. Because programmed cell death involves protein synthe­
sis it is energy dependent. The glutamate-induced programmed cell death may involve 
protein synthesis, that is regulated by expression ofthe immediate early genes c-fos, c-jun, 
andjun-B (93,94). 

2.1.3.2. NEURON / GUA INTERACTIONS 

Interactions between neurons and glial cells may be critical in determining the out­
come of hypoxic-ischemic injury. Glial cells are the most numerous cell type in the 
central nervous system that fulfill roles like guidance of migrating cells, neurite 
outgrowth in development, the control ofthe ion composition ofthe extracellular space, 
and neurotransmitter uptake and inactivation in the adult brain. Moreover, glia may 
provide substrates for the neuronal energy metabolism (95,96). The glial cell popula­
tion is comprised of astrocytes, oligodendrocytes, and microglia cells. Astrocytes pos­
ses neurotransmitter receptors for example for glutamate (97,98) and serve a role in 
glutamate uptake to maintain low extracellular levels ofthis cytotoxic neurotransmitter 
(J,99, 100,102). After CV As, however, a derangement of astrocyte functioning has been 
observed that may affect glutamate uptake mechanisms, as demonstrated in vitro 



8 Ter Horst and Postigo 

(99,101,102). In addition to the increased release of glutamate from the presynaptic 
storage vesicles, this inhibition of glutamate uptake may be one ofthe underlying causes 
for the increased extracellular levels of this excitatory amino acid (EAA) neurotrans­
mitter after CVAs. 

Derangement ofneuron/glial interaction may contribute otherwise to damage devel­
opment after CVAs. Recently, we have studied the astrocyte and microglial response 
after transient hypoxia/ischemia in rats (in preparation). Astrocytes disappeared imme­
diately from the acutely infarcted areas, as could be revealed with glial fibrillary acidic 
protein (GF AP) immunoreactivity; a marker selective for astrocytes (103). In the pen­
umbra, however, the number of astrocytes increased during the following days, thus 
forming a glial scar (104). At the same time, microglial activation and infiltration was 
observed in the core of the infarct. This microglial response was terminated several 
days later, simultaneously with a regrowth of astrocyte processes into the necrotic tissue 
from the glial scar. Astrocyte GF AP immunoreactivity was preserved much Ion ger in 
areas that exhibited early and delayed neuronal damage, and only in areas that showed 
loss of GF AP immunoreactivity, microglial activation occurred. Microglial cells 
remove the neuronal debris, a process that involves formation of free radicals, pro­
teases, and cytotoxic cytokines (Chapters 7 and 10) among other mechanisms, and they 
can secrete nitric oxide and EAAs (105). These observations suggested that preserva­
ti on of astrocyte functioning is critical for neuronal viability and survival after hypoxic­
ischemic injury. Astrocytes have been shown to produce various neurotrophic factors; 
polypeptides that support the growth, differentiation, and survival of neurons (106). It 
has become evident from in vitro and in vivo research that neuronal viability depends 
upon the collaboration of several growth factors from the neurotrophin (nerve growth 
factor [NGF], brain derived neurotrophic factor [BDNF], neurotrophin[NT]-3,4/5), the 
insulin-like, fibroblast or epidermal growth factor families (107-110). The expression 
of neurotrophic factor mRNA has been shown to significantly increase in the affected 
brain areas within hours after ischemia (111,112), and was preceded by induction of 
neuronal and glial c-fos, c-jun, jun-B, jun-D, Krox 24, zif/268, and nur 77 mRNA 
expression (111,113). This implies a possible role for these immediate early genes in 
initiation ofneurotrophin gene expression in astrocytes after hypoxic-ischemic insults 
(111). The effects of several neurotrophins on neuronal degeneration in tissue cultures 
ofmurine cortical cells have been examined. The neurotrophins BDNF, NT-3, and 
NT -4/5 attenuated the apoptotic cell death induced by the calcium channel antagonist 
nimodipine, but they potentiated the necrotic type of cell death induced by ischemia or 
NMDA (114). These observations imply that effects of neurotrophins on neuronal 
viability may depend strongly upon hitherto unclarified microenvironmental condi­
tions in the hypoxic-ischemic areas. This exemplifies that neuron/glia interaction in 
relation to release ofneurotrophins needs to be investigated more thoroughly, in vitro 
in coculture systems and in vivo both in animal models and patients. 

2.1.4. Reactive Oxygen Species 

Reactive oxygen species or free radicals, like the superoxide (°02-) and peroxynitrite 
(ON02-) anions, hydrogen peroxide (H20 2), and the hydroxyl radical (OOH-), are 
defined as highly reactive molecules with an unpaired electron in the outer orbit. They 
are not biological curiosities but produced under aerobic conditions as byproducts of 
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the biochemical machinery ofthe cell (115). Microglia and macrophages employ free 
radicals for the removal of the cellular debris after brain injury (105). In all eukaryotic 
cells, defense mechanisms have evolved that serve to protect the cell against the dam­
aging effects of free radicals. The cellular defense involves both enzymatic and 
nonenzymatic free radical inactivation or scavenging. Superoxide dismutase, glu­
tathione peroxidase, and catalase comprise the enzymatic defense, and the vitamins E 
(a-tocopherol) and C are the most weH known members ofthe nonenzymatic defense 
system. Free radical-mediated cell damage involves, for example, peroxidation of pro­
teins and membrane lipids, and DNA strand breaks. 

Reperfusion after an hypoxic/ischemic insult is considered an important trigger for 
the generation of excess free radicals in the affected parts of the brain (116-118). Also, 
the release of dopamine from presynaptic storage vesicles, which has been observed 
after hypoxic/ischemic injury (119), may contribute to the generation of free radicals. 
Dopamine is metabolized by monoamine oxidase B (MAü-b) to hydrogen peroxide. 
This may be an alternative source offree radicals in dopaminergically innervated areas 
of the brain like the striatum. Moreover, iron and manganese ions accumulate in the 
ischemic brain that catalyze in the so-called Fenton reaction the conversion ofhydro­
gen peroxide to the hydroxyl radical; the most noxious radical species known (115,120). 
üther free radicals may derive from the activated microglial ceHs that accumulate in 
the injured areas (105), and from the endothelial cells that produce nitric oxide; the 
endothelium derived relaxing factor (121,122). Nitric oxide is converted to the 
peroxynitrite radical when it reacts with the superoxide anions (123), which are abun­
dandy produced in the hypoxic/ischemic tissue upon reperfusion. 

The enzymatic free radical defense has evolved to a well-balanced system in which 
superoxide radicals are converted by superoxide dismutase (SÜD) to hydrogen perox­
ide. Subsequently, the hydrogen peroxide is removed in the fore- and midbrain by glu­
tathione peroxidase (GPx) (124) and in the hindbrain structures by catalase (Cat) (125). 
Glutathione peroxidase catalyzes the conversion of glutathione (GSH) to glutathione 
disulfide (GSSG) that in turn is reduced by glutathione reductase (126). The radical 
scavenging enzymes can inactivate most of the free radicals that are produced by the 
biochemical machinery ofthe cell under physiological conditions. However, the intra­
cellular amounts of the scavenger enzymes are not sufficient to counteract the excess 
formation of reactive oxygen species after hypoxia/ischemia. This has been shown to 
induce in the affected areas ofthe brain a selective up-regulation of scavenger enzyme 
mRNAs and proteins (127). For example, increased Cu/Zn-SÜD and GPx mRNA 
expression has been found in the hippocampal CA 1 area (124,128), a region exhibiting 
delayed neuronal death after hypoxic/ischemic injury (129). This illustrates that the 
gene expression in the CAI pyramidal cells is affected by the insult, which is part of 
the mechanisms that lead to programmed cell death (Section 2.2.). 

To reduce free radical-mediated hypoxic/ischemic injury, several pharmaco­
therapeutic approaches have been used to increase either the free radical scavenger 
enzyme content or the scavenging capacity of the brain. Polyethylene-glycol conju­
gated SüD (PEG-SüD) (130,131) and Cat (131), Ebselen (132), and phenyl-t-butyl­
nitrone (133) are some examples oftreatments that have effectively reduced the damage 
size in animal models for hypoxic/ischemic injury. Damage reduction also has been 
observed in transgenic mice that overexpress Cu/Zn-SüD, however, in animals that 
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showed more then fivefold increased Cu/Zn-SüD expression, the hypoxic/ischemic 
injury increased (134). Similar adverse effects have been reported after high-dosage iv 
and intracerebral donations ofPEG-SüD (130,1 31). These investigations illustrate the 
need for a balanced free radical scavenger enzyme activity cascade. Increased SüD 
activity without a concomitant increased GPx or Cat activity will lead to accumulation 
of hydrogen peroxide, which is a product for the Fenton reaction that generates the 
noxious hydroxyl radicals. L-Deprenyl, an inhibitor of MAü-b at high dosages, has 
been shown to reduce hypoxic/ischemic brain injury both prophylactically (135) and 
therapeutically (136). This effect has been attributed not only to its MAü-b inhibiting 
effect but also to its capacity to increase simultaneously the SüD and Cat activity 
in the brain at low dosages (137). Amounts and activity of GPx were not affected 
by the L-deprenyl treatment. These observations in animal models are promising but 
they also show the very small therapeutic window after hypoxic/ischemic injury. 

2.1.5. Immune Activation 

The brain has long been considered an immunologically privileged site because the 
blood-brain baITier was thought to be nonpermeable for mediators of inflammation and 
cells of the immune system. Recent investigations, however, have demonstrated that 
hypoxic/ischemic brain injury involves infiltration ofleukocytes (138,139), and possi­
bly also T-Iymphocytes (140,141), macrophage/microglia activation (139,140,142), 
induction of adhesion molecules on the cerebrovascular endothelium (141,143), and 
expression ofproinflammatory cytokines by brain microglia (105,144-147), astrocytes 
(145,148), and possibly some neurons (148,1 49). The immunosuppressant drug FK506 
has been shown to reduce hypoxic/ischemic injury in animal models (150). 

Research in the field of immune activation and stroke is mainly dedicated to 
mechanisms ofneurodegeneration and protection that involve the mediators ofinflam­
mation, the cytokines. This rapidly expanding family of peptides includes the 
interleukins (lL), interferons, tumor necrosis factors (TNF), and the growth and cell 
stimulating factors. Effects mediated by interleukin-l (IL-l) and TNF aare the best 
characterized cytokine responses to cerebral ischemia/reperfusion. The IL-l mRNA 
and protein expression has been found to increase rapidly within the fields of damage 
after hypoxic/ischemic injury (151,152). The IL-l may induce beneficial effects by 
synthesis ofNGF (153) which promotes neuronal survival, regeneration, and neurite 
outgrowth (107,110). But, IL-l expression may have adverse effects too. Interleukin-l 
has been shown to stimulate astrocyte proliferation, brain edema, leukocyte infiltra­
tion, and endothelial expression of adhesion molecules (154). It elicits release of arachi­
donic acid, nitric oxide, ß-amyloid precursor protein, and corticotrophin releasing 
factor (see Chapter 9), all of wh ich have been implicated in neurodegeneration, and 
stimulates the production ofneurotoxic substances by glia (for review, see ref. 152). A 
significant reduction of infarct volume after MCA-occlusion in rats has been obtained 
with intracerebral administration of the recombinant IL-l receptor antagonist 
(152,155). These experiments illustrate not only the detrimental effects ofIL-l in the 
development of hypoxic/ischemic injury, but also they reveal possibilities for new 
therapeutic approaches in stroke patients. 

The TNFa has been shown to generate in high doses adverse effects like selective 
cerebral microvascular injury (27,156,1 57), increased expression of other proinflam-
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matory cytokines like IL-l, IL-6, and interferon, and cytotoxic effects that may induce 
either necrotic or apoptotic cell death, depending on the state of the cell (158). The 
TNFa-mediated apoptotic cell death may involve a 45 kD membrane-associated pro­
tein called APO-lIF AS; a member ofthe nerve growth factor and tumor necrosis factor 
receptor superfamily (159,160). The F AS antigen is a weIl known apoptosis-associated 
cell surface molecule that has been found to be rapidly induced in the hippocampal 
CAl area during the first 24 h of recirculation after ischemia (161). In vitro, FAS 
expression has been induced in astrocytes and possibly microglia by interferon-y and 
TNFa (162). TNFa may exhibit beneficial effects at low doses, in regulating immune 
responses, growth and differentiation, and protecting cells against excitotoxic damage 
(148) and oxidative stress after hypoxia/ischemia. The latter neuroprotective mecha­
nisms involve induction of gene and protein expression of for example heat shock 
protein (72,163), which may playa role in development ofischemic tolerance (164), 
and the free radical scavenger proteins, MnSOD and CulZnSOD (147). For a review of 
the role of immune activation in development of cerebral hypoxic/ischemic injury and 
possibilities for therapeutic interventions in patients, we refer to Chapter 10. 

2.2. Molecular Mechanisms of Neuronal Apoptosis 

In numerous fields of research, ranging from developmental neurobiology to cancer 
biology and immunology, cell death has drawn a lot of attention. It has become 
increasingly c1ear that cells do not always whither away when they are exposed to a 
lethai factor, but in most occasions die by a process called apoptosis. This term was 
originally coined for the type of cell death that shows a well-defined set of morphologi­
cal events (165). Sometimes, the term programmed cell death (PCD) is used to describe 
the forms of apoptosis that would require the activation of an intrinsic program, i.e., the 
synthesis of "killer proteins," for regulated suicide (166). However, there also appear 
to be forms of apoptosis that rely on constitutively expressed proteins (167). As pro­
posed by SteIler (168) these differences in observations may be unified by the hypoth­
esis that apoptosis requires modulation of constitutively expressed proteins by 
inducable, newly expressed proteins in response to different stimuli. Therefore, as in 
most ofthe literature in this field, we use these terms interchangeably. 

The so-called necrotic cell death is a pathological form of cell death that results from 
an acute injury to the cello As a result ofthis injury, cells swell, lyse, and the expulse of 
cytoplasmatic material into the extracellular environment. This may lead to an immune 
response owing to the possible toxicity of the cellular content. Apoptosis is distin­
guishably different, since it results in the neat removal ofthe cell. First, after the death 
signal, the nuc1eus and cytoplasm condense and the membrane starts to bleb. The 
chromosomal DNA is then degraded into large (50-300 kb) and often into smaller 
(180-200 bases) fragments (169). By this time, the membrane has completely lost its 
integrity and pieces ofmembrane engulfthe remains ofboth cytoplasm and nuc1eus to 
form so-called apoptotic bodies. These bodies are phagocytosed and subsequently 
digested by macrophages and neighboring cells. 

In the last 5 yr, many different molecules have been postulated to be involved in the 
apoptotic program. Immediate early genes such as c-fos (170) and c-jun (171,172) are 
in some way necessary for PCD, as weIl as cell cycle regulators like p53, c-myc, Rb-I, 
EIA, cyc1in Dl and p34cdc2 (173-178). Furthermore, the identification of supposed 
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killer and rescue proteins has progressed rapidly. However, in many cases the way in 
which these factors act in an apoptotic pro gram, that is responsive to many factors in 
many different cells is still largely unknown. Even more, the same factor may make 
one cell commit suicide, whereas the neighboring cell(s) stay alive. Rubin et al. (179) 
made it clear which theoretical models are thinkable. Different elements may interact 
serially from inducing signal to death effector molecules, or in parallel. Altematively, 
it may be that different inducers and their downstream molecules converge at the point 
of one integrating effector, which would be responsible for the marked morphological 
features. From this integrating effector onward it could become possible to establish 
the typical apoptotic phenomenon in different cell types under different circumstances. 
Together with Rubin et al. (179), we argue that this parallel convergent model may 
be closest to the truth, although a common effector molecule of apoptosis has not yet 
been found. 

We highlight some recent developments in the molecular biology of apoptosis, with 
emphasis on its occurrence in and relevance for neurobiology. In addition, present and 
future ways of intervening in apoptotic cell death shall be discussed. 

2.2.1. Genes Involved in PCD in the Nematode Caenorhabditis elegans 

Programmed cell death in C. elegans can be divided in four stages: decision to die, 
execution of death, engulfment of the cell by phagocytes, and subsequent degradation 
of the cell remains. Mutational analysis showed that 14 genes are involved in this pro­
cess, three of which are implicated in the execution of death (168). The cell death 
defective-3 (ced-3) and ced-4 genes are required for cell death, whereas the third gene, 
ced-9, protects cells from undergoing apoptosis. The protein encoded by the ced-4 
gene is characterized and does not seem to be similar to any other known protein (180). 
The ced-3 protein, however, appears to be a member of a cysteine protease family. 
Some ofthe known members ofthis family are the interleukin l-ß converting enzyme 
(lCE) (181,182), nedd-2/Ich-l (183), and CPP32 (184). In order to confirm the sus­
pected role of these proteins in the apoptotic process, ced-3, ICE, and Ich-l were 
overexpressed in several human and rat celliines (183,185). This resulted in the induc­
tion of cell death in these mammalian cells. However, it still is uncertain what the exact 
physiological role ofICE and ICE-like proteases in the apoptotic process is, and ifthey 
exert this role in every apoptotic cell death. That these proteases do have an important 
role seems to be supported by the finding that expression of the cowpox virus crmA 
gene, which is a potent inhibitor of ICE-like proteases, protects chicken dorsal root 
ganglion neurons from apoptosis due to nerve growth factor deprivation (186). In our 
view, it is an important task for the future to unravel the mode of action of these pro­
teases, as weIl as explore other ICE-homologs and their functions. 

Besides some killer proteins ofPCD, repressors ofthe process have also been iden­
tified. The C. elegans ced-9 gene is largely homologous to the Bcl-2 family of cell 
death repressors (187,188). The bcl-2 gene was originally isolated from the t(14;18) 
translocation breakpoint in certain follicular lymphomas. When overexpressed in dif­
ferent types of cultured neurons, Bcl-2 represses the death owing to growth factor with­
drawal (189-192). The Bcl-2 overexpression in transgenic mice protected neurons from 
developmental cell death as weIl as from ischemia-induced cell death (193). However, 
at the same time it became clear that there are also neurons that cannot be rescued by 



Stroke: Prevalence and Cell Death 13 

Bcl-2 overexpression when deprived of growth factor (192). Possibly, there are several 
survival proteins available to a cell that can either work together or act independently 
on the survival of the cello A novel rescue protein that has recently been found is the 
baculovirus p35, that is structurally unrelated to Bel-2. The p35 appears capable of 
suppressing differentially induced cell death in insect cells (194) in C. elegans (195), 
and in a dopaminergic neuronal celliine (196). 

Adding to the complex picture of cell death regulation was the discovery of bc/-2 
gene family members (reviewed in ref. 197). A protein called Bax, that is related to 
Bel-2, heterodimerizes to Bel-2 (198). When critical residues in conserved domains of 
Bel-2 were mutated, the heteromer could not be formed and cell death could no longer 
be prevented (199). This led researchers to believe that Bax activity prornotes cell death, 
unless it is bound to Bel-2 (199,200).1t was therefore assumed that the Bcl-2-Bax pair 
constitutes apreset balance within cells in which the ratio between the two determines 
whether a cell accepts or denies a death order (201). Further discoveries complexed, 
though not exeluded this idea, since it was found that other Bel-2 homologs protect 
against or induce cell death as weIl. These new Bel-2-like proteins all have Bel-2 bind­
ing capacities (200), and therefore they may playa role in the proposed balance as well. 
The Bel-x] (Bel-x, long variant) protein protects against cell death in IL-3-dependent 
murine cells, probably by binding to Bax (202). Bel-x] knockout mice show a massive 
neuronal cell death during development (203), thus confirming this protective role in 
vivo. Recently, it has been shown that the differential expression of members of the 
bc/-2 gene family may be implied in the sensitivity to damage and the actual death 
following ischemia (204,205). Bcl-2 is an integral membrane protein ofthe outer mito­
chondrion membrane, the nuelear envelope and the endoplasmatic reticulum (206) and 
several possible functions have been proposed. Some suggest a role in intracellular 
fluxes across membranes (207) or in rescuing from radical damage (208,209), whereas 
others argue that Bel-2 serves its function by interacting with R-ras, resulting in 
unknown intracellular signalling pathways (210). Despite all this new knowledge, the 
exact physiological role ofBc1-2(-like) pro teins remains unresolved. 

2.2.2. Do Cell Death and Proliferation Share Common Features? 

The first indications that the apoptotic cascade may involve proliferative character­
istics came from observations that connected molecules like c-fos, c-myc, and hsp 70 
contributed to cell death in the ventral prostrate epithelium following castration (211). 
These were known to be involved in growth, so what could their function be during 
death? Many later studies confirmed the implication of some immediate early genes. 
During development c-fos-lacZ transgenic mice showed strong c-fos expression in 
areas in which massive cell death occurred (170). Furthermore, a well defined apoptosis 
model was developed using NGF-deprived cultured sympathetic neurons from the 
superior cervical ganglion (SCG) (166). Studies applying this model confirmed a role 
for c-jun, since its mRNA appeared to be induced in all dying neurons for an extended 
period oftime, whereas c-fos only appeared transiently just before and during chroma­
tin condensation (171). Also, Harn and colleagues (172) showed that the level of c-jun 
protein significantly increases after NGF deprivation, whereas other Jun and Fos fam­
ily members remain constant. Furthermore, overexpression of c-jun protein appeared 
to be an inducer ofapoptosis in itself (172). Lately, many investigations show an impli-
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cation of early genes in the response to ischemia and status epilepticus-induced delayed 
neuronal death (reviewed in ref. 212), but c-jun appears also to be involved in the 
response to axon damage in peripheral sensory neurons, which was interpreted as a 
regenerative action (213). However, again supporting a role in a damaging response 
instead of a physiological rescue attempt is the association of c-jun protein induction 
with ß-amyloid-induced apoptosis in hippocampal neurons (214). 

The c-myc proto-oncogen, which was shown to be involved in cell proliferation in 
many studies, has recently also been demonstrated to induce apoptosis in rat fibroblasts 
(177). This again prompted the idea of an interaction of the cell cycle machinery and 
the suicide pro gram. 

Another finding by Freeman and coworkers (175) gave further rise to this notion. 
They adopted reverse transcriptase-polymerase chain reaction (RT-PCR) in the SCG 
neuronal apoptosis model mentioned above, in order to determine whether certain 
mRNAs of cell cycle regulators are induced after NGF deprivation. In this experiment, 
they observed that cyclin D 1 mRNA was induced at the time when neurons become 
committed to die. All the other transcripts they studied decreased, so this seemed to 
support the hypothesis that, perhaps somewhere downstream c-jun activation, the 
selective induction of cyclin D I without the normal molecular environment needed for 
GI to S phase transition, would lead to an abortive re-entry of the cell cycle. This 
re-entry, either owing to cyclin D 1 induction or some other mechanism, would then 
cause apoptosis in postmitotic neurons (179). However, in the initial study by Freeman 
et al., no protein levels were measured, nor was cyclin-dependent kinase (cdk) activity 
determined. Furthermore, it was not shown whether cyclin D I induction actually causes 
apoptosis. Recently, Wiessner (215) reported an increase in cyclin DI mRNA in the 
striatum and the hippocampus after transient global ischemia. This signal, however, 
seemed to correlate with activated microglial cells. In our laboratory, we studied the 
cyclin Dlprotein levels in adrenalectomy induced apoptosis in the dentate gyrus 
of the hippocampus and found induction of this protein only in cells showing a 
microglia-like morphology in the hilus, but not in the granule cells ofthe dentate gyrus 
(Postigo, Van der Werf, Krugers; in preparation). In this latter model, an induction of 
another cell cycle-related molecule, namely p53 was reported (216). The functions that 
p53 appears to have in inducing both growth arrest and apoptosis are still largely un­
known and they may not be coupled (217). Via DNA damage, p53 can however induce 
p21 (218,219), a cdk inhibitor ofthe cyclin E-cdk2 complex, which is involved in the 
GI-S transition (for review, see ref. 220). 

Lastly, Shi et al. (176) reported that the premature activation ofthe serine-threonine 
kinase p34cdc2 in Y AC-I lymphoma cells leads to an apoptotic-like cell death, that 
could be inhibited by addition of excess kinase peptide substrate. 

2.2.3. Putting the Pieces Together 

So far, we focused on major areas ofresearch on apoptosis. Unfortunately, in most 
models it is unknown what is cause and what is consequence in the chain of events. For 
instance, suppose that in a number of apoptotic cell deaths the induction of the c-jun 
protein is essential for the onset of apoptosis. What would lie upstream of this event? 
Perhaps a signal transduction cascade ending at Jun kinases (JNK) (221) specifically 
inducing c-jun? And how can it be that different stimuli such as NGF deprivation, 
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corticostrone withdrawal, and ß-amyloid addition to the cellular environment, to name 
a few, lead to the same induction of c-jun? Would these very different stimuli to a cell 
follow different or similar paths to the nuc1eus? May there be even more signalling 
pathways from membrane to nucleus to achieve the tuming on of modulatory elements 
ofthe program? Interesting new developments in this field are for instance that p21 Ras 
proteins appear to be necessary and sufficient to rescue SCG neurons from death by 
disabled intracellular Trk receptor signalling (222). Also, in PC-12 cells it was observed 
that the dynamic balance between growth-factor activated extracellular-regulated 
kinase (ERK) and stress-activated JNK-p38 pathways is important in determining the 
apoptotic response (223). In general, this kind ofinvestigation will give rise to a more 
thorough understanding of the early factors determining life and death of a cello 

In the direction of killer and rescue genes, there is also a lot of uncertainty about 
the exact modes of action ofknown molecules. Hopefully a lot ofworking mechanisms 
will be c1arified, so that their place on the apoptotic map can be determined. Little is 
known about the actual executors of the apoptotic morphology, so research will 
probably focus in the coming years on new proteases to fulfill the hypothesized com­
mon effector role. Novel information mayaiso come from the study of the froit fly 
Drosophila melanogaster, in which most programmed cell deaths seem to be regulated 
by one common mechanism. This would involve the reaper gene (224) that is thought 
to act as a regulatory protein upstream of cell death effectors (168). 

Coming back to the role of cell cyc1e regulators, are they really the factor that cannot 
be circumvented when a cell has started his way through the apoptotic cascade? Because 
despite the indications conceming the involvement of cell cycle genes in apoptosis that 
were described above, there still is little evidence of a functional necessity of these 
genes during cell death in vivo. 

Some interesting experiments put a new light on a hypothesis by Heintz (225). He 
argued that a cell can respond to oncogene activation by either proliferation or death, 
depending on its differentiation state. Thus, in the case ofmature, postmitotic neurons, 
any proliferative trigger would result in an appropriate suicide induction. Feddersen et 
al. performed experiments in which the SV 40 T -antigen was put under the control of a 
Purkinje cell specific promoter, thus causing apoptosis (226). This death was, how­
ever, prevented when the retinobalstoma (Rb) protein binding site was deleted from the 
T -antigen. This apparent central role for this cell cycle molecule confirms findings in 
the pRb knockout mice in which both ectopic mitosis and formidable apoptosis seems 
to take place in the developing brain (227). This again supports the vision that, in this 
case, loss ofRb inhibition on the cell cyc1e leads to either proliferation or programmed 
cell death depending on the state of differentiation of the cell. 

In two mouse mutants Lurcher and staggered cerebellar granule cell death owing to 
loss of target innervation is preceded by cyclin D and proliferating cell nuclear 
antigen (PCNA) induction. Also, cells start to incorporate BrdU, which is a mea­
sure ofDNA synthesis and thus start ofthe S-phase. However, in these same mice, the 
primary degeneration of cerebellar Purkinje cells does not require this loss of con­
trol at the GJ-S transition (228). Apart from the question ofhow these particular dif­
ferences between degenerating neurons come to life, it still remains to be explored if 
expression of some GJ-related protein causes apoptosis by initiating the cell cycle or 
by some other way. 
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How would this correlate with the notion ofHeintz mentioned above? We share the 
view of Ross (229) that some "selected cell cycle proteins are likely to be specific for 
particular initiating events leading the apoptotic program, depending on the prolifera­
tive status ofthe cell." This would in our opinion best describe the sometimes contra­
dictory results from the various fields of research and in the different experimental 
paradigms used today, be it that it still reveals the enormous lack in our understanding 
of the phenomenon. 

2.2.4. 15 Therapeutic Manipulation Feasible? 

If one thing has become clear in the text above it is that thus far no simple sub­
strate has been identified on which pharmacological strategies can be based. A 
central death effector that would unify all types of cell death will perhaps be found 
in the near future. When this molecule's sole function is to induce death, it may 
turn out to be an ideal target for intervention. Alternatively, if some elements of the 
cell cycle machinery appear critical in specific cases of cell death, they may form a 
substrate for pharmacological modulation. Supporting these kind of strategies is a 
recent study by the Farinelli and coworkers in which they show that apoptosis in 
NGF-deprived PC12 cells can be prevented by several G1-S inhibitors, but not by 
S-, G2-, and M-phase inhibitors (230). Whether this offers new strategies for in 
vivo use remains to be determined. For now, we recommend studying every indi­
vidual type of apoptotic cell death in itself and try and determine all parameters 
involved in this particular death type. Basing future experimental and therapeutic 
manipulation of the process in this way would exclude extrapolations of data from 
other experimental situations. These may not or may differendy apply to your own 
paradigm. Hopefully, in the years to come fundamental research will give us tools 
to treat the many cases in which the process of cellular suicide goes awry (reviewed 
in ref. 231). 

3. VISUALIZATION OF NEURONAL DAMAGE 

Various in vivo imaging techniques, including positron (PET) and single photon 
emission tomography (SPECT), computed tomography scanning (CT), and magnetic 
resonance imaging (MRI) are available for visualization of CV A or hemorrhage­
induced cerebral damage in patients. Possibilities, advantages, and disadvantages of 
these in vivo imaging techniques are reviewed in Chapter 2. 

In vivo MRI imaging and various histological methods may be employed for dam­
age assessments in the animal stroke models (Chapter 11). Changes of the regional 
cerebral blood flow (rCBF) and formation of edematous tissue have been visualized 
with MRI imaging after focal brain ischemia in rats (232). For histological damage 
assessments, we recommend the silver-impregnation techniques (233) because they 
are easy, reliable, and performed on paraformaldehyde-fixed tissue that allows immu­
nocytochemical and molecular biological studies of the adjacent nonimpregnated sec­
tions (234). Tetrazolium and hematoxylin-eosin (HE) histochemistry, and glial 
fibrillary acidic (GF AP) and heat shock protein (HSP72) immunocytochemistry may 
be alternative protocols for revealing hypoxic/ischemic neuronal damage. Histochemi­
cal stains that employ tetrazolium salts show oxidation-reduction enzyme activity in 
fresh, unfixed slices of the brain. In the viable neurons and glial cells, the tetrazolium 
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salt is reduced by dehydrogenases to a purple-colored formazan. Degenerating cells 
lack such dehydrogenase activity and will remain colorless (235). The tetrazolium 
method is rapid and reliable, but a serious disadvantage is that it must be performed on 
unfixed slices, which prohibits additional immunocytochemical or molecular biologi­
cal studies of adjacent sections. Pale areas, so-called "dark-neurons" and neuronal 
swelling characterize the injured areas and/or cells in the HE stains. The GF AP is a 
marker pro tein specific for astrocytes that may be used to reveal glial scar formation 
after hypoxic/ischemic injury (234). The stress protein HSP72 is rapidly expressed 
after hypoxia/ischemia both in neuronal and glial cells, however, predominantly in the 
zone adjacent to the infarct; the so-called "penumbra." In the ischemic core, the HSP72 
expression is restricted to the viable vascular elements. This HSP72 immunocytochemi­
cal method, therefore, may be a valuable tool for studying effects of treatments aimed 
at reducing the hypoxic/ischemic damage in the penumbra or ischemic tolerance 
development (J 64). 

For revealing mechanisms ofprogrammed cell death, various immunocytochemical 
methods have become available that utilize antibodies directed against cell cycle 
regulating proteins (Cdks), immediate early genes, or growth factors that either inhibit 
or promote the cell death program. Examples of the latter group of immediate early 
genes and growth factors that may switch on the death program are c-myc, FAS, p53, 
TNF, and ICE. Typical examples of survival promoters are the members of the Bcl-2 
family (236). 

4. TREATMENT FROM A MECHANISTIC POINT OF VIEW 

The neuropathology of cerebral ischemia and stroke is characterized by three funda­
mental events: early, acute cell death resulting directly from failure of the blood sup­
ply; secondary bystander necrotic cell death in the penumbra; and delayed cell death 
ofthe apoptotic type. Because there is no warning signal for stroke, the acute dam­
age probably cannot be prevented in first-ever stroke patients. In patients of the 
known risk groups (previous stroke, hypertension, and TIA) one could attempt pro­
phylactic treatments, for example, with calcium entry-blockers like nimodipine 
(Chapter 4) and/or mono amine oxidase inhibitors (J 35), or antioxidants. The pre­
clinical studies of mechanisms of cell death after hypoxic/ischemic injury reviewed 
above, have shown that processes leading to bystander cell death in the penumbra are 
initiated within hours after the insult. Therapies started thereafter cannot reverse or 
stop the process. More or less the same lessons have been learned from the clinical 
studies. Thus far, no therapeutic approach tested for cerebral damage reduction after 
stroke has been reported to be very effective. The main reason may be that most of 
the therapies were initiated late, between 12-24 h after the hypoxic/ischemic event. 
Some preclinical studies have presented evidence now that delayed neuronal death of 
the apoptotic type can be initiated within minutes to hours after the occurrence of the 
hypoxic/ischemic event (84,237). This implies that beneficial effects on the devel­
opment of the cerebral damage may be expected only of therapies that have been 
initiated within the first hour( s) after the insult. Therefore, the future of acute stroke 
treatment will most likely include the administration of agents for metabolic inter­
vention by paramedics "in the field" or the general practitioner, so that no valuable 
time is lost. 
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Imaging of Stroke 

Henk Stevens, Hugo M. L. Jansen, Jacques DeReuck, and Jakob Korf 

1. INTRODUCTION 

In vivo demonstration of stroke-related pathological processes has evolved from 
scintigraphical and angiographical techniques to computer-assisted tomographic tech­
nologies. Today, computer tomography (CT) and magnetic resonance imaging (MRI) 
are widely available (1-5). CT is mainly used to distinguish between hemorrhagic and 
nonhemorrhagic pathology in the acute phase ofstroke (6). Both MRI and CT visualize 
morphological changes in the brain; MRI, however, has a far better spatial resolution 
and aHows visualization of other aspects ofthe pathology as weH. To detect functional 
changes in both the normal and the pathological brain, additional procedures can be 
used such as visualization of regional cerebral blood flow with positron emission 
tomography (PET) or single photon emission tomography (SPECT). Both hypoper­
fusion of the core of the infarcted brain area and the penumbra and hyperperfusion in 
more peripherally located brain regions (luxury perfusion) can readily be shown 
(7-18). PET has the advantages ofa higher resolution and absolute quantitative infor­
mation on flow and metabolism ofbrain pathology compared to SPECT, but SPECT is 
cheaper and more accessible. 

The merging of PET and MRI not only supports the previous anatomical (CT and 
MRI) technologies, but offers additional functional possibilities as weIl. Both MR- and 
PET-based technologies are still rapidly developing with applications in the clinical 
and experimental stroke research. In this chapter, we will present some recent develop­
ments and applications of imaging techniques in stroke. The usefulness of these 
technologies to visualize pathological changes during the development of ischemic 
stroke will be considered. 

2. TIME-COURSE OF CEREBRAL ISCHEMIA 

The possibility of distinguishing between reversible and irreversible damaged tissue 
(penumbra vs core of the infarct) is of main clinical interest, as reversibility could allow 
(potential) therapeutic interventions. It is not our purpose to describe the course of stroke 
pathology in detail, since other reviews deal with that subject more intensively. However, it 
is important to emphasize the major phases ofthe development of ischemia to infarction 
as they could eventually be distinguished by the various neuroimaging techniques. 

From: Clinical Pharmacology of Cerebral Ischemia Edited by: G. J. Ter Horst and J. Kor[ Humana Press [ne., Totowa, NI 
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Stroke is most often caused by arterial stenosis or obstruction owing to a (thrombo) 
embolic process with temporary or permanent obstruction of blood flow in the down­
stream territory. In the initial phase, there is a decrease in blood flow in a well-defined 
brain area, in which the lack of energy supply causes immediate (in experimental ani­
mals within minutes) depolarization of nerve cells and presumably of other cells as 
well. Such depolarizations can be compensated for a few minutes by anaerobic glyco­
lysis, but because the energy reserves of the brain are limited, most cells will soon 
become depolarized, and irreversibly damaged, leading to cell death if blood flow 
remains impaired. During. this process of cell death, the ion gradient over the cellular 
membrane disappears and water enters the cell, so the extracellular space, compris­
ing approx 20--25% of the normal human brain, is diminished by 50%. In the tissue 
surrounding the death core, blood flow may remain insufficient to maintain normal 
function, but cells are still polarized, because energy supply is sufficient to maintain 
ion gradient over the membrane; subsequently the extracellular space remains normal. 
Part of the energy required to maintain membranous gradients is of anaerobic origin, 
and lactate may become an important energy substrate for neurons. These events are 
thought to occur within the first 12 h poststroke, with the predominant features being 
hypoperfusion and cellular edema. 

As soon as the damage has become irreversible, inflammatory processes start, such 
as the activation ofthe microglia cells and leukocyte infiltration (19-25). The activa­
tion of microglia is an early event after (any) brain damage. Microglia comprise 5-12% 
of the cells in the brain and are considered as resident macrophages. These cells can be 
activated, and start producing nitric oxide, excitatory amino acids, proteases, and 
cytokines. Microglia can also change from an activated state to a phagocytic state and 
start to remove cellular debris. Soon after the infarction, an infiltration of T -lympho­
cytes is also seen in both the infarcted and the surrounding regions. T -cell infiltration 
may precede microglia activation as has recently been shown in a photochemical stroke 
model (20). Such infiltration mostly occurs when cellular adhesion molecules (such as 
ICAM-l) are expressed upon stimulation with cytokines (interferon-y, interleukin-l, 
and tumor necrosis factor-a) and by opening ofthe blood-brain barrier (BBB). 

Inflammatory events take place in the core of the infarct but extend further into 
the penumbra regions. The role of these processes is unc1ear in the pathogenesis of 
stroke. The inflammatory response is maximal after 1-3 wk, and approx 6 wk after 
stroke onset, the response starts to dec1ine to normality (24). In this case, the core ofthe 
infarct becomes partially cystic, and the extracellular space is increased. Permanent 
degenerative changes such as loss of specific neurons and other cells may have 
occurred, whereas concomitant compensory changes, including regenerative pro­
cesses, may be still underway. Neuroimaging can be a tool to visualize these time­
dependent changes. The potency to visualize these aspects of pathology is highly 
dependent upon the imaging modality. The time course ofmajor events following 
stroke is shown in Fig. 1. 

3.CT 

CT scanning is an accurate diagnostic tool in patients with cerebrovascular diseases. 
CT is especially used in the acute phase of stroke to differentiate between hemorrhagic 
and nonhemorraghic events (6,26). Within the first 8-12 h, the majority ofnonhemor-
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Fig. 1. Time-course of metabolie and inflammatory processes after stroke in the core (A) 
and the surrounding brain tissue (B). 

rhagic infarcts escape cr demonstration because the density values of these infarcts 
correspond, at this time, with those of normal brain tissue. Larger infarcts can some­
times be suspected in the earlier phase by the presence ofbrain swelling. Demarcation 
ofthe infarct begins between 8-24 h, and becomes definite in relation to the particular 
vascular territories after 2-3 d. After 3-5 d it becomes possible to visualize contrast 
enhancement in the infarction, starting at the margin of the infarcted area and extend­
ing during the next 1-2 wk. This enhancement of contrast in the infarcted zone is owing 
to hyperemia and is particularly important at 10-20 d after stroke, as CT examination 
made at that time may not reveal the infarct zone without contrast. At this time the density 
values that are measured in the infarcted region (with reparative processes, edema, and 
increased perfusion) correspond to those ofhealthy brain tissue (fogging effect). 

4.MRI 

MRI has already proven to be of great practical value in diagnosing stroke, using TI' 
Trimages and TI-images after iv injection of contrast (gadolinium). MRI visualizes 
body tissue using a static, oscillating magnetic field that excites protons. When the 
oscillating magnetic field is stopped, excited protons relax and induce a radio frequency 
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in a receiver coil. The signal intensity is reconstructed on gray scale images on which 
the different body tissues can be recognized (27,28). With MRI, cerebral ischemia can 
be visualized earlier than CT. Because of its better resolution, lacunar infarcts, territo­
rial infarcts ofthe posterior fossa, especially ofthe brainstem are more frequently dem­
onstrated by MRI than by CT. Old hemorrhages, and infarcts with a hemorrhagic 
component, can be diagnosed because of the characteristic signal behavior of the iron 
ions in the hemosiderin deposits in the infarct. The integrity ofthe BBB can be showed 
by contrast enhancement in brain areas where the BBB is disrupted. In stroke, it appears 
that both intact and disrupted BBB can be seen. In the initial phase, the BBB is often intact, 
whereas after several days or weeks, when the damage and debris is maximal, the BBB 
becomes disrupted (1,3-5,29). At this time, lymphocyte infiltration is also maximal. 

More recent and advanced technologies based on MRI, like magnetic resonance 
spectroscopy (MRS) and diffusion and perfusion MRI can partially support the previ­
ous anatomical (CT and MRI) technologies and offer additional functional possibilities 
as weIl. MRS can noninvasively measure metabolites such as N-acetylaspartate (NAA) 
and lactate in the human brain during normal and pathologic conditions such as after 
stroke. The NAA is almost exclusively located in neurons and is widely used as a 
neuronal marker in MRS studies ofbrain infarction (15,30-39). Several (partial serial) 
studies, with MRS in patients with stroke show a reduced NAA level and an increased 
level of lactate within the infarcted area during the acute stage of stroke. During the 
chronic stage, a remarkably reduced level of NAA in large middle cerebral artery 
infarctions and, in some studies, elevated levels of lactate (up to 23 mo) are found 
(13,40). Presence of lactate in the acute stage ofbrain infarction probably reflects the 
degree of ischemia. In the chronic stage, lactate may be produced by inflammatory and 
phagocytic cells and by glia cells that metabolize glucose mainly to lactate even under 
normoxic conditions (13,14). MRS could be used in the future for the demonstration of 
biochemical markers in the early stage of stroke to provide guidance in prognosis and 
treatment planning. 

Diffusion and perfusion MR have been used in clinical and experimental stroke stud­
ies (12). Whereas TI and T 2 weighed MRI is usually not very sensitive to visualize 
earlY events, both diffusion and perfusion MRI have more potential in this regard. 
Diffusion MR visualizes changes in the diffusion characteristics of interstitial water, 
apparent diffusion coefficients (ADCw) (41). Changes in ADCw are seen within min­
utes after the onset of stroke, concomitant with shrinkage of the extracellular space, as 
determined by whole tissue impedance measurements. Since change in ADCw is one of 
the earliest changes seen after cession ofblood flow, it is possible to visualize ischemic 
brain tissue within I h after stroke onset (42). Welch et al. (1995) histopathologically 
rated tissue changes according to the results obtained in the rat with a MCA-stroke­
model with T 2 and ADCw (41). Whereas T 2 values began to increase after about 16 h 
poststroke, the ADCw had already decreased during that previous period. After 24 h, 
the changes in both parameters were increased and followed each other closely. The 
changes are illustrated in Fig. 2. 

Regional cerebral blood flow (CBF) can be assessed with MR angiography (based 
on the difference between excitation and recording ofMRI, as excited blood moves out 
of the imaging plane); on clearance studies MRI-detectable tracers are used (using 
MRI-detectable tracers and A-V differences); on bolus track imaging (measuring tran-
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Fig. 2. Changes ofT 2 and apparent diffusion coefficient ofwater in the core of an ischemic 
infarct, as derived from an experimental animal stroke model. The figure is reconstructed from 
data of ref. 41. 

sit time of a paramagnetic substance, such as Gd-DPTA); or on MRI based on blood 
oxygenation level-dependent imaging (functional MRI). Functional MRI is used to 
estimate regional CBF and metabolism making use of different signal behavior of oxi­
dized hemoglobin and deoxyhemoglobin. Functional MRI is especially used for 
nonpathological brain studies. In pathological conditions when tissue oxygen is 
decreased or absent, the possible changes in deoxyhemoglobin can be masked and not 
well predicted or related to rCBF. Under ischemic conditions, the bolus track imaging 
is best suited. Bolus track perfusion has been used experimentally in a few studies to 
identify brain regional hypoperfusion (43). 

5. PET 

Radiolabeled markers (positron emitters) enable us to get a better view of the metabolism 
of the brain in both normal circumstances and pathological states. The most common 
radiolabels for stroke in PET are 1502, H2150, C150 2, and CI50 (7-10,17,44). With 
both H2150 and CI50 2 the regional cerebral blood flow (rCBF) can be measured. CI50 
can be used to visualize blood volume (CBV); regional cerebral metabolic rate for 
oxygen (rCRM02), and oxygen extraction factor (OEF) can be measured with 150 2 and 
llF-deoxyglucose is used to study regional cerebral metabolic rate for glucose 
(rCRMg1u)' Besides these labels, today 55CO is used as a calcium analog to visualize 
ischemic lesions in experimental studies (J 6,45,46). 

6. BLOOD FLOW AND OXYGEN METABOLISM 

Both H2150 and CI50 2 can be used to quantify the degree ofischemia after stroke in 
the core of infarction and in the border zone. During the acute phase of stroke (up 
to 4 d), irreversible damage has taken place in the infarcted core that is characterized 
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by a rCBF below 12 mL/I00 g/min and with a rCMR02 of 1.5 mL/I00 g/min. Com­
pared with the contralateral mirror region, this is respectively below 45% and 65%. 
Ihe CMRglu and OEF are reduced compared to the contralateral mirror region, whereas 
CBV remains unchanged. During the first 2 wk after onset of symptoms CMR02, 

CMRglu, CBV, and OEF do not change significantly while flow increases slightly (7,9) 
in the core of infarct. Ihis slight increase in flow does not affect the metabolic state of 
the necrotic tissue as indicated by the reduced OEF. In the border zone of ischemia 
there may still be viable tissue that can be subdivided into tissue with a reduced rCBF 
(12-18 mL/I00 g/min), tissue with increased OEF (misery perfusion), and tissue with 
high rCBF and low rCMR02 (luxury perfusion) (7,8). Studies in stroke patients showed 
that tissue with a rCBF between 12-18 mL/IOO g/min in the acute phase, the rCBF, 
CMR02, and rCMRglu decrease during the first week, turning this tissue into infarction. 
Misery perfusion is seen in 45-57% of cases studied in the first 4 d after stroke and is 
accompanied by a slightly decreased rCMR02 and CMRglu, whereas CBF is slightly 
reduced. During the following 2 wk, with a few exceptions, this tissue will deteriorate 
into necrotic tissue when the rCMR02 declines and the blood flow stays the same (7,8). 
Luxury perfusion in the ischemic area is characterized by initially high CBF and low 
CMR02• In a study of22 patients, the role of differences in perfusion in the acute phase 
and the clinical outcome was studied (47). Ihis study proved that patients with 
hyperperfusion in the peri-infarct area fared slightly better after 1 yr than patients with­
out hyperperfusion in the peri-infarct area. 

Ihis viable peri-infarct tissue may form a substrate for potential therapeutics of ischemic 
stroke, but the therapeutic routines usually applied today cannot yet prevent all the 
metabolic derangement and progression to necrosis ofthis viable peri-infarct tissue. 

7. 55CO-PET IN VISUALIZING CEREBRAL ISCHEMIA 

Since massive calcium influx takes place during ischemia, cobalt as a calcium ana­
log has been postulated to be a suitable isotope for visualizing this mechanism. Animal 
experiments have already shown that cobalt acts like a calcium analog in kainic acid 
lesions in the brain (45). Therefore, 55CO has been used to visualize cerebral ischemia. 
Jansen et al. studied six patients with amiddie cerebral artery stroke with 55 Co-PET in 
the first 2 wk after onset of symptoms (16). This study showed Co uptake in the 
infarcted area of the brain independently of the integrity of the BBB and a positive 
correlation with clinical prognosis as defined on the Orgogozo scale. Figure 3 shows a 
picture of a patient with amiddIe cerebral artery stroke in which in the first week after 
onset of symptoms, Co-PET was made in combination with 150 2, C150 2, and CI50 
PET-scan and MRI. In this study, it showed that Co uptake in the acute phase ofstroke 
mainly takes place in the penumbra region and in the later phase, in patients with major 
stroke, in the infarcted area. The cobalt showed to have a partial overlap with CBP and 
Gd-DTPA ofthe MRI (46). 

8. SPECT 

Most clinical applications of SPECT concern regional CBF measurement with 
tracers such as iodine-123-isopropyl iodocamphetamine (lA), Technetium-99m 
hexamethylpropyleneamine oxime (99mTcHMPAO), or 133Xe (47,49,50). The IA is not 
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Fig. 3. PET scans of a patient with an MCA infarction in the parietal occipital right cerebral 
cortex made 4 d after onset of the symptoms. Left upper scan: 55Co, right upper scan: C 1502, 
left bottom: 1502, right bottom: GdMRI. 

useful, since a considerable redistribution of the tracer invalidates the tracer in stroke 
(51); so not only the infarct but also the surrounding tissue are similarly radioactive. 
For clinical routine, 99mTc-HMPAO is the most suitable tracer in SPECT for visualiz­
ing CBF (11). In the acute stroke, SPECT is very accurate for visualization of the 
extent ofthe hypoperfusion in stroke (with high sensitivity). Generally >90% of stroke 
patients exhibit detectable perfusion deficits. A few days after stroke onset (e.g., after 
5 d) luxury perfusion may occur and mask hypoperfusion in the infarct area. There is 
uncertainty if SPECT scans made within the first 12 h after stroke can predict clinical 
outcome. Leukocyte infiltration has been shown both with In-oxime and Tc-HMPAO­
labeled leukocytes (21). In general, SPECT can visualize after major strokes, most 
significantly after 2 wk. For the detection of inflammation, recent developments may 
lead to significant improvements (52). Thallium 201 SPECT has mainly been used to 
detect malignancies of the brain, but more recently it has been shown that with this 
technique stroke can be detected, presumably in a later phase only (29). The uptake may 
be related to the breakdown of the blood-brain barrier and may reflect K+ uptake or 
exchange in degenerative neuronal tissue. Similar to PET, cobalt has been explored as a 
tracer for SPECT in stroke (53), using 57CO as a calcium analog (Fig. 4). In SPECT, the 
role of cobalt accumulation during the inflammatory re action after stroke is now studied 
using Co-SPECT in comparison with 99Tc-HMPAO-Iabeled leukocyte SPECT. Results 
indicate that Co uptake and leukocyte accumulation tend to concur in the infarction (46). 
The disadvantages of SPECT compared with PET diminish since it is possible in 
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Fig. 4. Co-SPECT of patient with an MCA infarction in the right hemisphere, made 12 d 
after onset of symptoms. 

SPEcr to quantify flow in terms of absolute perfusion values and the new generation 
of SPECT cameras showalmost the same spatial resolution as PET. 
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Clinical Aspects of Stroke 

and Therapeutic Strategies 

Keith w. Muir, Elkan Gamzu, and Kennedy R. Lees 

1. INTRODUCTION 

"Stroke" is defined by the World Health Organization as "rapidly developing c1inical 
signs of focal (or global) disturbance of cerebral function, with symptoms lasting 24 h 
or longer or leading to death, with no apparent cause other than of vascular origin." 
Ultimately, stroke results from the death of neurons in the central nervous system 
(CNS), and improved understanding of the pathological processes that mediate neu­
ronal death at the cellular and neurochemie al level has led to the development ofthera­
peutic strategies that promise to improve the outcome after acute stroke. Many 
pathological processes may cause stroke, and many disease processes may mimic 
stroke. Advances in the therapeutic possibilities in stroke require physicians and clini­
cal trialists alike to appreciate the c1inical spectrum of stroke disease, and the problems 
that are peculiar to it. 

2. EPIDEMIOLOGY AND RISK FACTORS 

Acute stroke is the third largest cause of mortality in the Western world, ranking 
behind malignant disease and coronary heart disease (1), and it is the single largest 
medical cause of disability in adults. In the Western world, approx 85% of strokes 
are caused by atherothrombotic occlusion of a blood vessel, and 15% by intracranial 
hemorrhage (2). 

Of ischemic strokes, the principal mechanisms include: 

1. Thrombotic embolism from the heart. 
2. Atherothrombotic embolism from large artery atherosclerosis. 
3. In situ thrombotic occlusion ofsmall perforating arteries (e.g., in diabetes). 

Rarer causes inc1ude vasculitic processes ofthe medium or small arteries, embolism 
from vasculitic processes in large arteries (e.g., giant cell arteritis or Takayasu's 
arteritis), vasogenic conditions of uncertain pathogenesis such as migraine or Moya­
Moya disease, or coagulopathic conditions such as stroke associated with systemic 
lupus erythematosus. 

In individuals, risk factors for stroke may be thought of in terms of modifiable and 
unmodifiable factors. Unmodifiable risk factors inc1ude age, sex (risk of stroke is 
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greater in men, although lifetime risk of death from stroke is higher in women (1), and 
race (higher incidence in blacks). The incidence at 30 yr of age is 0.31100,000 per 
annum, rising logarithmically to 300/100,000 by age 85 (3). Genetic factors may playa 
roIe, but are difficult to separate from a family history of other established risk factors 
with a hereditary component such as diabetes mellitus and hypertension (4). 

Major modifiable risk factors are coexisting cardiac disease (5), especially atrial 
fibrillation (6-8), which predisposes to thromboembolism, and myocardial infarction; 
chronic diastolic (9) or isolated systolic hypertension (4,10); diabetes mellitus (11); 
and cigaret smoking (12,13). A further major risk is a history of previous cerebral 
ischemic events, that may either be completed strokes or transient ischemic attacks 
(TIAs). A TIA is defined as an event conforming to the WHO definition of stroke 
(see Section 1.) but less than 24 h in duration. In practice, full recovery from a TIA 
takes place in 1 h or less in at least 60% of cases, and the probability of a cerebral 
ischemic event resolving entirely within the 24-h period decreases rapidly with its 
duration (14). The longer the duration of a focal deficit, the greater the probability of 
an associated infarct being identified on computed tomography (CT) scan (J 5). The 
implications of this for clinical trials are discussed at greater length later. A TIA is 
a valuable marker of cardiovascular risk: following a TIA, there is a 7-12% risk of 
stroke in the first year (16,17), reducing to 3.4% per annum thereafter, and a 3.1% 
annual risk of coronary arterial events. Risk factors for stroke combine multiplicatively 
rather than additively (18,19). 

Factors that have a less consistent profile of risk for stroke include excess alcohol 
consumption in binges, hypercholesterolemia (20,21), or increased lipoprotein(a) (22) 
concentration. Minor risk may be conferred by elevated plasma homocysteine levels 
(23), increased circulating fibrinogen levels (24,25), obesity, and recent infection. 

Primary prevention of stroke is a major public health goal. Treatment of modifiable 
risk factors, notably hypertension (26), valvular heart disease, and nonvalvular atrial 
fibrillation produces significant reductions in the incidence of stroke. Lowering ofboth 
diastolic (27,28) and isolated systolic (29) hypertension with either thiazide diuretics 
or beta adrenoceptor antagonist drugs reduces the incidence of stroke in line with epi­
demiological predictions (26), with the greatest absolute treatment effect evident among 
elderly patients (27,30) in whom the risk ofstroke is greatest. Calculations ofrelative 
risk for stroke from 17 studies involving over 47,000 patients (31) show reduction after 
3 yr of treatment of 38%. Newer antihypertensive drugs such as calcium antagonists 
and angiotensin converting enzyme inhibitors have yet to be tested adequately but are 
expected to confer similar benefit. Since there is no identified threshold ofblood pres­
sure that confers increased risk of stroke, but rather a continuous linear increase in 
stroke risk with blood pressure, population measures such as reduction of dietary salt 
intake (which will reduce blood pressure) mayaiso reduce stroke incidence (32). 

Anticoagulation with warfarin for patients with nonvalvular atrial fibrillation has 
been shown in five large randomized clinical trials (33-37) to reduce the relative 
risk of stroke by around 60%. Again, the greatest benefit for anticoagulant therapy 
is seen among the elderly. Younger patients «60 yr) may derive insufficient absolute 
benefit to warrant anticoagulation, but may derive some useful risk reduction from 
aspirin (38,39). Carotid endarterectomy is ofuncertain value in primary prevention of 
stroke (40-42). 
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Several mo dali ti es of treatment are effective in secondary prevention of stroke. 
Antithrombotic therapy (aspirin or ticlopidine, and possibly dipyridamole [43]) is 
effective in prevention of strokes in patients who have suffered a TIA (44). Anti­
coagulation for nonrheumatic atrial fibrillation (45) is also effective in secondary 
prevention of stroke. Carotid endarterectomy has been shown to be superior to 
antithrombotic drugs alone for patients with symptomatic (i.e., in patients who have 
suffered either TIA or stroke) carotid stenosis of greater than 70% (46,47), reducing 
the relative risk of subsequent ipsilateral disabling or fatal stroke by 40-80%. Reduc­
ti on of blood pressure in patients with previous cerebrovascular disease has been 
specifically studied in only a small number of patients comparatively, but appears to 
reduce the relative risk of subsequent stroke (48-51). Confidence limits for risk 
reduction are wide, however, and the true magnitude of any effect is unelear. Blood 
pressure reduction in normotensive or mildly hypertensive stroke survivors is currently 
being tested in a large randomized trial. 

In younger patients with stroke, other risk factors have been identified: Recognized 
etiological factors inelude the presence of congenital or acquired cardiac abnormalities 
(52) (e.g., patent foramen ovale, atrial septal aneurysm, mitral valve prolapse, atrial 
myxoma), genetic dis orders (e.g., the syndromes ofmitochondrial encephalomyopathy 
lactic acidosis and stroke [MELAS] and cerebral autosomal dominant acute subcorti­
cal infarct and leukoaraiosis [CADASILD, vasculitides, inherited or acquired 
prothrombotic states (e.g., hereditary antithrombin III or protein C deficiency, factor V 
Leiden, systemic lupus erythematosus), and use of estrogen-containing oral contracep­
tives (53-55). These mechanisms account for only a small proportion ofall stroke. 

3. THE HUMAN CEREBRAL CIRCULATION 

The human brain is supplied by four main vessels. The anterior circulation consists 
of paired internal carotid arteries (lCAs) derived from the common carotid arteries 
(CCAs). The ICAs enter the skull base and form the anterior part ofthe cirele ofWillis, 
giving offthe arteries that supply the main part ofthe cerebral hemispheres, the middle 
cerebral arteries (MCAs) and the anterior cerebral arteries (ACAs). The posterior cir­
culation is derived from paired vertebral arteries that unite on the ventral surface ofthe 
brainstem to form the basilar artery. Terminal branches of the vertebral and basilar 
arteries are given off in pairs to supply the brainstem and cerebellum. The basilar artery 
anastamoses with the anterior circulation via the posterior communicating arteries 
forming the posterior part ofthe cirele ofWillis. The posterior cerebral arteries (PCAs) 
arise from the terminal portion ofthe basilar artery and supply the posterior part ofthe 
cerebral hemispheres. 

4. CLINICAL PRESENT A TIONS 

Approximately 80% of strokes occur in the territory of the anterior circulation, and 
the majority of these affect the territory of the middle cerebral arteries (MCAs), that 
supply the lateral part of the cerebral hemispheres, including the brain regions respon­
sible for the motor, sensory, language (in the dominant hemisphere), and visuospatial 
function (in the nondominant hemisphere). 

A large number of elinical syndromes has been described, but in approx 70% of 
strokes there is limb weakness (although this is likely to reflect recognition and referral 
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bias). Limb weakness may result from stroke affecting any part oftbe motor patbways 
from tbe cerebral cortex (prefrontal gyros) to tbe internal capsule, to tbe pyramidal 
(corticospinal) tracts as tbey traverse tbe brainstem. Tbe associated features of a stroke 
assist in tbe localization of tbe lesion and mayaiso provide a guide to tbe extent of tbe 
stroke-e.g., isolated bemiparesis usually arises from subcortical infarction affecting 
tbe internal capsule because of small vessel occlusive disease (lacunar stroke), but tbe 
combination ofhemianopia, hemisensory loss, and dysphasia with hemiparesis signifies 
a proximal MCA occlusion with extensive infarction ofthe dominant cerebral hemisphere. 

The Oxfordshire Community Stroke Project (OCSP) (56) devised a system of clinical 
differentiation of stroke subtypes with prognostic and etiological implications that 
did not seek to quantify degree of impairment. This system divides strokes into total 
anterior circulation strokes (T ACS), partial anterior circulation strokes (P ACS), lacu­
nar strokes (LACS), and posterior circulation strokes (POCS), entirely on clinical cri­
teria (Table I). 

5. INVESTIGATION OF ACUTE STROKE 

Investigation ofthe acute stroke patient should have three goals: 

1. Exclusion of nonstroke pathology. 
2. Distinetion of pathologie al basis of stroke-infaret vs hemorrhage. 
3. Identifieation of risk faetors and etiology of stroke. 

Stroke may be misdiagnosed in up to 20% of patients presenting to a hospital medi­
cal service (57). The recognition oftreatable disorders that may present as hemiparesis 
is essential, hypoglycemia being the most obvious example of a condition that is entirely 
reversible if recognized. 

Computed tomography (CT) scanning ofthe brain is essential in all patients, prefer­
ably on admission to hospital, since this imaging modality is able to distinguish 
infarction from primary intracerebral bemorrhage (PICH). Despite several attempts to 
codify clinical impressions into scoring systems to separate infarct from bemorrhage, 
clinical diagnosis remains unreliable (58). CT will also identify nonstroke pathology in 
up to 5% of cases: Subarachnoid hemorrhage, brain tumors, cerebral abscess, and HIV­
related infections such as toxoplasmosis may all present as stroke. CT mayaiso assist 
in defining tbe etiology of ischemic stroke since certain patterns of infarction are asso­
ciated with different pathological mechanisms. In particular, venous rather than arte­
rial infarct may be identified on the basis of infarct pattern on CT (hemorrhagic infarcts 
that do not conform to an arterial territory) and confirmed by dynamic contrast CT; 
boundary zone infarcts may signify global hypoperfusion, or unilateral carotid artery 
oeclusion; and large subeortieal MCA territory infarets are usually seen with embolie 
oeclusion ofthe proximal MCA. 

Age and clinieal status will dietate the requirement for many of tbe etiologieal 
investigations, wbereas loeal availability of neuroimaging will limit investigation for 
many. Even intensive investigation yields a definitive eause in only 50-60% ofpatients. 

MRI scanning improves identification and localization of infarets, particularly lacu­
nar strokes or those in the posterior cireulation, and has advantages over CT in the 
imaging of abnormalities charaeteristie of more diffuse vaseular disease proeesses sueh 
as stroke associated witb vaseulitides, HIV infeetion, mitocbondrial eytopathy 



Clinical Therapy of Strake 47 

Table 1 
Oxfordshire Comrnunity Stroke Project Clinical Classification of Stroke Syndromes 

Total Anterior Cireulation Syndrome (TACS) 

Partial Anterior Cireulation Syndrome (PACS) 

Laeunar Syndrome (LACS) 

Posterior Cireulation Syndrome (POCS) 

All three of the following: 
Hemiparesis 
Hemianopia 
Higher eortieal dysfunetion 

Any two ofthree under TACS 
or isolated higher eortieal dysfunetion 

Pure motor stroke 
Pure sensory stroke 
Sensorimotor stroke 
Dysarthria-clumsy hand syndrome 
Ataxie hemiparesis 
Isolated hemianopia or eombinations 

ofthe following: 
Limb sensory or motor loss 
Cranial nerve palsies 
Ataxia 

(MELAS syndrome) or hereditary abnonnalities (CADASIL). Newer MRI techniques 
such as perfusion scanning, which visualizes cerebral blood flow noninvasively, and 
diffusion weighted imaging (DWI), which may allow early definition ofthe volume of 
tissue that is ischemic but not yet infarcted, may have a clinical role in the future, but at 
present remain research tools. Although advances in MRI technology have great prom­
ise, for most stroke patients, improved access to CT scanning is of greater relevance. 

Advances in MRI and ultrasound have improved the early identification of etiologi­
cal factors. Magnetic resonance angiography (MRA) promises noninvasive imaging of 
carotid and vertebrobasilar systems (particularly with echo-planar imaging), and may 
identify intraeranial vascular malfonnations. Currently, conventional angiography 
remains the investigation of choice to grade carotid artery stenosis or define the intrac­
ranial circulation in detail since MRA is subject to artifact. Ultrasound imaging ofthe 
carotid circulation is well established, and many surgeons consider duplex scanning to 
be sufficiently accurate to pennit carotid surgery without confinnatory angiography. 
Transcranial Doppler ultrasound has yet to find its niche in routine stroke management, 
but embolus detection by TCD is of potential value in defining the responsible source 
of stroke in patients with dual pathology. 

6. ORGANIZATION OF STROKE CARE 

Until recently, therapeutic nihilism has led to low priority being given to stroke 
patients at every stage of care, from primary care assessment, to transport to hospital 
services, to in-hospital care, and ultimately to rehabilitation. Increased access of stroke 
patients to acute hospital services has been driven by the demonstration that properly 
organized stroke services significantly improve mortality and disability, and reduce 
the duration ofhospital stay (59). It is also increasingly recognized that safe and opti­
mal secondary prevention requires accurate diagnosis, and therefore at least CI scan 
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within 2 wk of onset, and preferably the suggested mandatory investigations outlined 
in Table 2. 

Studies that define the factors responsible for the efficacy of stroke units are awaited. 
At present, evidence suggests that improved outcome is achieved by attention to basic 
care, including routine ascertainment of swallowing reflexes, alternative hydration and 
feeding for patients unable to swallow, early mobilization, antibiotic therapy for pul­
monary infections, and prophylaxis for deep vein thrombosis (DVT). If these results 
are borne out by further study, then it will be an indication of the poverty of routine 
hospital care for stroke patients. 

A valuable by-product of stroke units should be an infrastructure that enables large 
randomized, controlled clinical trials similar to those conducted in acute myocardial 
infarction after the establishment of coronary care units. 

7. COMPLICATIONS OF ACUTE STROKE 

Outcome after acute stroke is heterogeneous. The 30-d case fatality rate for first 
strokes is between 17 and 34%, depending on the population structure (3,60). Only 
50% of deaths within 30 d result directly from the stroke (60). Stroke causes death 
either by cerebral edema with attendant raised intracranial pressure and transtentorial 
herniation, or less commonly by infarction of medullary cardiorespiratory centers in 
basilar artery occlusion. The pattern of mortality from stroke is that deaths directly 
consequent to the stroke occur in the first week, with a further peak of mortality from 
2-4 wk owing to secondary pathologies related to immobility or dysphagia (pneumo­
nia, sepsis, DVT, and pulmonary thromboembolism) (61). The l-yr case fatality rate is 
approx 40%, with the secondary causes of death representing a mixture of the conse­
quences of immobility and recurrent cardiovascular events, particularly second strokes 
(61). There is therefore a great variation in strake outcome, that is largely independent 
ofthe immediate pathology. 

8. TARGETS FOR THERAPEUTIC INTERVENTION 

8.1. The Ischemic Penumbra 

The development of infarction is dependent upon both the severity of ischemia and 
its duration (62). Normal cerebral blood flow (CBF) is maintained at approx 60 
mLlI00 g tissue/min. Reversible loss ofneuronal function is seen at around 16-20 
mLlI00 g/min (63), and below this level ofCBF, ischemia may result in death oftissue 
depending on duration of ischemia and type of tissue (glia and white matter being 
inherently more resistant to ischemia than gray matter, and some neuronal subpopula­
tions being more vulnerable to ischemia than others). 

Focal cerebral ischemia produces a gradient of CBF across the MCA territory, with 
severe ischemia of the striatum, and less severe ischemia of the cortex (64,65). This 
appears to depend on collateral blood supply, and not on any functional changes 
induced by ischemia. The gradient of CBF reduction gives rise to the concept of the 
ischemic penumbra ("almost shadow"), the region with CBF between the threshold for 
reversible neuronal impairment and the threshold at which rapidly irreversible damage 
occurs. Since the penumbra progresses to infarction over aperiod oftime, interruption 
ofischemia-induced processes may prevent death ofpenumbral tissue ifapplied suffi­
ciently early, and ifthe processes are reversible. 
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Table 2 
Investigation of Acute Stroke Patients 

Mandatory 

Selected Patients 

Clinical use 
undefined 

Investigation 

Blood glucose 
Chest X-ray 
ECG 
Full blood count 
Electrolytes 
Erythrocyte sedimentation rate 
CT scan of brain 
Carotid duplex ultrasound 
Cardiac ultrasound 
Magnetic resonance imaging scan 
Cerebral angiography 
Transesophagealechocardiography 
Thrombophilia screen 
Autoantibodies 
Genetic analysis 

(e.g., CADASIL, MELAS) 
SPECT scan 
Magnetic resonance angiography 
Transcranial Doppler ultrasound 

Suggested Priority 

Immediate 
Day of admission 
Day of admission 
Day of admission 
Day of admission 
Day of admission 
Day of admission 
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Preclinical animal models of focal cerebral ischemia demonstrate that the duration 
of the time window in which intervention is useful depends upon the methods of defin­
ing the penumbra, the drug being studied, and the animal model. The window appears 
to be short, perhaps of the order of 2 h in a rat permanent MCA occlusion model. 
Translation of these observations to human stroke is difficult. By using radioisotope­
based imaging modalities, positron emission tomography (PET; which images cerebral 
metabolism of glucose and oxygen), and single photon emission computed tomography 
(SPECT; which images relative regional cerebral blood flow), changes in blood flow 
and metabolism after stroke can be related to clinical outcome. Studies in human stroke 
have shown that clinical recovery is associated with early reperfusion (66,67). The 
PET appearances of a penumbra persist in some patients for up to 48 h (68), but there is 
wide interindividual variation. These observations support the feasibility of therapeu­
tic intervention in human stroke. 

8.2. Cellular Targets for Intervention 

Ischemia produces rapid depletion of cellular energy stores with attendant depolar­
ization of cell membranes caused directly by influx of sodium (Na+) ions and outflow 
of potassium (K+) ions. This depolarization leads to release of neurotransmitters, par­
ticularly the excitatory amino acid (EAA) glutamate, and also opening ofpostsynaptic 
neuronal ion channels. There is postsynaptic entry ofNa+ ions and more importantly, 
calcium (Ca2+) ions, via both voltage-gated and ligand-gated channels (especially the 
glutamate operated N-methyl D-aspartate, or NMDA receptor). 
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Intracellular free Ca2+ overload causes pathological activation of many enzyme sys­
tems, notably phospholipase A2, protein kinase C, nitric oxide, calpains, and endonu­
cleases, with secondary generation of oxygen free radicals, and potentiation of 
EAA-mediated Ca2+ entry. Inflammatory mediators including interleukins 1 ß and 6 are 
generated soon after ischemic onset, and an inflammatory response develops over the 
hours following stroke. There are also changes in neuronal protein synthesis that may 
signify apoptosis. 

Drug treatments have been developed that target every aspect of this ischemic 
cascade. Calcium channel antagonists, antagonists of the NMDA receptor, free radical 
scavenging agents, sodium channel antagonists, presynaptic glutamate release 
inhibitors, and antiinflammatory agents are all at various stages of clinical develop­
ment at present. 

9. THERAPEUTIC STRATEGIES 

Therapeutic approaches to stroke have been centered on two distinct approaches, 
one primarily vascular and one primarily neuronal. Reperfusion is theoretically attrac­
tive since it is perfusion failure that underlies all ischemic stroke, and relief of the 
initiating event should prevent all consequences of neuronal ischemia. Strategies for 
reperfusion have included thrombolytic drugs to promote thrombus dissolution actively, 
anticoagulants to prevent propagation of thrombus, and a variety of therapies designed 
to increase regional cerebral blood flow or alter the rheological characteristics ofblood. 
The alternative approach has sought to prolong the viability of neurons subjected to 
ischemia and is therefore known as neuroprotection. 

Clinical trials have been conducted in stroke for almost 40 yr. The majority of trials 
were conducted before widespread availability of CT scanning, animal models that 
permitted preclinical testing of drugs, and before recognition of the ischemic penum­
bra. The methodology developed over the years with these trials forms a valuable back­
ground to current concepts ofhow to conduct stroke trials, but many ofthe studies fail 
to answer definitively whether treatments did or did not work, since numbers involved 
were insufficient to do so with adequate statistical power. 

9.1. Reperfusion 
9.1.1. Thrombolysis 

Animal data have supported the concept of thrombolytic treatment of acute focal 
ischemia, but the earliest studies were conducted in humans. Case series have been 
reported intermittently since 1958, but patient numbers have been statistically inad­
equate, and, by modem standards, drugs were administered very late after stroke onset 
(up to 30 d in some cases). The principal risk ofthrombolysis is provocation of de novo 
intracerebral hemorrhage, or exacerbation ofunidentified preexisting hemorrhagic con­
version of the infarct, which must be excluded prior to treatment by brain CT. Until 
1992, only four randomized controlled trials had been conducted with pretreatment CT 
scanning. More recently, with developing understanding offree radicals, there was concern 
over reperfusion injury (69) and consequent cerebral edema. A meta analysis of the 
limited data available in 1992 (70) suggested possible benefit from thrombolysis in 
reduction of disability or death, although with very wide confidence intervals since 
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only six randomized trials (two without CT) were included. An updated meta analysis 
of all trials is planned. 

Thrombolytic therapy has now been tested in five large randomized controlled trials, 
three ofwhich used streptokinase (SK) and two ofwhich used recombinant tissue plas­
minogen activator (rtPA). All trials required CT prior to entry, and initiated treatment 
early after onset with windows between 90 min and 6 h. 

All three trials of streptokinase (SK}-the Multicentre Acute Stroke Trial-Europe 
(MAST-E) (71), MAST-Italy (72), and the Australian Streptokinase Trial (ASK) 
(73)-were stopped prematurely by the relevant safety monitoring committees due to 
increased early mortality in the treatment arms. Adverse outcome was due entirely to 
an early excess of symptomatic intracerebral hemorrhage. Both trials of recombinant 
tissue plasminogen activator (rtPA}-the European Cooperative Acute Stroke Study 
(ECASS) (74) and the National Institute ofNeurological Disorders and Stroke (NINDS) 
trial (75)-were completed as planned. 

The dichotomy between the trials' results is striking: ofthe five trials, only NINDS 
found improved outcome with treatment, all others found increased mortality with 
thrombolysis. The NINDS trial used a 3-h time window, whereas the other trials used 4 
(ASK) or 6 h (MAST-E, MAST-I, ECASS). Only ASK planned a separate analysis of 
0--3 h data, and suggested possible benefit in this group although numbers were small 
(24% ofrecruited patients) and confidence intervals wide. There was a suggestion from 
both ECASS and MAST-I that survivors had improved outcome with respect to dis­
ability, but these findings were based on unplanned post hoc analyses, and any benefit 
was overshadowed by the substantial excess mortality. 

The combined mortality data for thrombolytic trials in stroke are shown in Fig. 1 and 
Table 3. Treatment up to 3 h appears to have no excess mortality, whereas trials with 
longer time windows have significantly increased mortality. Formal meta analysis of 
the combined endpoint of death and disability is ongoing. The NINDS trial demon­
strated that this combined outcome was improved significantly by early administration 
of rtP A using conservative measures of disability . 

Restoration of blood flow by thrombolytic drugs to brain tissue that has been 
ischemic for 3 h or longer carries an unfavorable risk-benefit ratio. This appears to 
reflect an intrinsically poor therapeutic index for these drugs since administration of 
low mol-wt heparin up to 48 h after stroke may be beneficial (76), and is not associated 
with increased mortality. Since safe thrombolysis will only be available to a small 
number ofpatients (probably fewer than 3% in the United Kingdom) owing to the short 
time window, there remains a requirement for safe and more widely applicable therapy. 

9.1.2. Rheological Modiftcation 

Other strategies predominantly intended to restore or enhance perfusion have been 
assessed clinically with varying adequacy. 

Isovolemic hemodilution by venesection and infusion of dextran 40 or hydroxyethyl 
starch alters the rheological characteristics ofblood by reducing hematocrit to a target 
of approx 0.3, in order to increase cardiac output and thereby penumbra I CBF. Ran­
domized controlled trials involving 2605 patients have been reported. Several small 
trials using different regimens were inconclusive. Two large trials (the Scandinavian 
Stroke Study Group (77) and the Italian Acute Stroke Study Group (78) inc1uded 1640 
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Fig. 1. Meta analysis of mortality for thrombolytic trials in stroke. 

patients and found no benefit: Meta analysis of hemodilution trials similarly failed to 
show benefit (79). 

Naftidrofuryl is a modest in vitro vasodilator that may increase CBF after stroke. 
Naftidrofuryl was ineffective in four published trials that suffered from late adminis­
tration of drug and small patient numbers. A trial including 620 patients within 48 h of 
stroke found no difference in duration ofhospital stay on intention to treat analysis (80). 

Three randomized controlled trials of the prostacyclin analog vasodilator epo­
prostenol in 101 patients found no consistent clinical or hemodynamic benefits. 

The drugs pentoxifylline and propentifylline are inhibitors of cAMP breakdown and 
inhibit adenosine reuptake. No significant benefits were found from two randomized 
trials ofpentoxifylline (total of 407 patients) (81,82); small trials ofpropentifylline 
(30 patients) and aminophylline (46 patients) have been reported. 

Heparin, both unfractionated and low mol-wt, has been the subject of several ran­
domized controlled trials in acute stroke. Early studies used heparin in progressing 
stroke without statistical power to detect benefit. Arecent large trial offraxiparine (76) 
found improved outcome at 3 mo after subcutaneous administration within 48 h of 
stroke: whether this effect is due to improvements in the initial infarct or prevention of 
secondary events such as DVT or recurrent stroke is uncertain. Subacute use (within 48 
h) of heparin and aspirin is being studied in a very large randomized, controlled trial, 
the International Stroke Trial (IST). 

9.2. Neuroprotection 

9.2.1. Antiedema Agents 
Since raised intracranial pressure associated with cerebral edema is a significant 

detrimental component of stroke, several early trials involved drugs intended to reduce 
edema formation. 
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Table 3 
Thrombolytic Trials in Acute Stroke Conducted with CT Scan 

Trial Yr Time window, d Agent Total n 

Abe 1981 30 UK 107 
Ohtomo 1985 5 UK 350 
Mori 1991 6 rtPA 31 
Yamaguchi 1992 6 rtPA 102 
Haley 1992 3 rtPA 27 
Glasgow 1992 6 SK 20 
ASK 1995 4 SK 270 
ASK 0-3h 1995 3 SK 70 
MAST-E 1995 6 SK 270 
ECASS ITT 1995 6 rtPA 620 
ECASS TP 1995 6 rtPA 511 
MAST-I 1995 6 SK 622 
NINDS 1995 3 rtPA 624 
All 3113 
AllSK 1252 
All rtPA 1404 
6-h window 1935 
3-h window 721 

SK, streptokinase; UK, urokinase; rtPA, recombinant tissue plasminogen activator; ITT, 
intention to treat; TP, target population. 
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Corticosteroids reduce the volume of edema surrounding cerebral tumors, and were 
accordingly considered potential neuroprotectants. They have a large number of 
adverse effects, such as immunosuppression, gastrointestinal bleeding, fluid retention, 
and hyperglycemia. Prospective trials using dexamethasone included only small num­
bers ofpatients «200): Retrospective series have also been reported (83). No useful 
conclusions can be drawn from the results. 

Glycerol is a hyperosmolar agent also used in management of edema around tumors. 
Several trials in stroke included almost 500 patients, but long time windows and vari­
able methodology have resulted in wide confidence intervals for the pooled results, 
which encompass both the possibilities that glycerol may be of significant benefit or of 
significant harm (84). Hemolysis was noted in several trials to be a clinically signifi­
cant adverse effect of glycerol infusion. 

9.2.2. Calcium Channel Antagonists 

Dihydropyridine Ca2+ antagonists block L-type voltage-gated Ca2+ channels, found in 
vascular smooth muscle and on postsynaptic neurons. In vitro neuroprotection and suc­
cess in treatment of subarachnoid hemorrhage prompted clinical trials, despite an inability 
to demonstrate neuroprotection in any model with postischemic drug administration. 

Nimodipine has been studied extensively, although smaller studies of nicardipine, 
flunarizine, and PY 108-068 in stroke have been reported. After initially positive results 
with oral nimodipine (85,86), no benefit was found in 14 further trials. Meta analysis 
(87) of9 ofthe available trials (which included 3360 patients) suggested that there may 
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have been some benefit in those patients treated within 12 h, but its methodology was 
seriously flawed, and it excluded several relevant trials. Most of the oral nimodipine 
trials suffered from long time windows (typically 48 h) and late treatment administra­
tion. Two trials of iv nimodipine have also been conducted, INWEST (88), and a still 
unpublished American trial. Both trials found poorer outcome with nimodipine. Out­
come in INWEST was clearly related to systemic blood pressure, with disability 
increasing with the degree of drug-induced hypotension. 

9.2.3. Excitatory Amino Acid Antagonists 
The experimental profile of drugs that influence EAA release or binding is remark­

ably consistent, with significant reductions of infarct size in animal models with all 
drugs able to block transmission via the NMDA receptor (89). There are concems 
regarding the tolerability of these agents in clinical practice (90), but several are cur­
rently undergoing testing in major clinical trials. 

Magnesium ions are responsible for the voltage-dependent block ofthe NMDA ion 
channel, relief of which seems to be a critical event in NMDA-mediated toxicity. 
Increasing extracellular magnesium concentration behaves pharmacologically like a 
noncompetitive ion channel blocking drug (91), and mayaiso have beneficial vascular 
effects. Magnesium sulfate reduces the risk of eclamptic seizures in preeclampsia (92), 
terminates eclamptic seizures more effectively than other anticonvulsants (93), and has 
been given in several small clinical trials in stroke. 

Hyperpolarization of the neuronal membrane by various strategies is neuro­
protective. Benzodiazepines hyperpolarize the membrane by increasing chloride con­
ductance via the GABAA receptor. The short acting benzodiazepine chlormethiazole is 
neuroprotective in preclinical models and is currently undergoing clinical trials. 

9.2.4. Free Radical Scavengers 
Several agents that prevent free radical-mediated damage are neuroprotective, the 

most widely tested being the 21-aminosteroids (lazaroids), aseries of steroid-based 
molecules which lack gluco- or mineralocorticoid activity. Ihe 21-aminosteroid 
tirilazad (U74006F) failed to show any effect on outcome in two trials (94,95) of 6 
mg/kg/d oftirilazad given within 6 h of onset to 1072 stroke patients. 

9.2.5. Gangliosides 
Ganglioside GM 1 (monosialoganglioside) probably inhibits protein kinase C trans­

location. Several large clinical trials (96-98) including over lOOO patients, failed to 
show clinical benefit. Use of gangliosides has been banned in Europe after reports of 
an excess incidence of Guillain-Barre syndrome possibly attributable to these drugs. 

10. STROKE TRIAL METHODOLOGY 

The clinical development of drug therapies requires aseries of clinical trials that 
must explore drug safety, tolerability, pharmacokinetics, and ultimately efficacy 
(Table 4). All modem pharmaceutical development follows a scheme outlined in 
Iable 5. 

Trial methods will vary according to the requirements of individual drug develop­
ment. Whereas the methodology of phase land early phase 11 trials is similar in all 
important respects to other clinical situations, trials that seek to include outcome mea-
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Table 4 
Current Clinical Trials of Neuroprotective Drugs in Stroke 

Site of action 

Sodium channel blockade 

NMDA antagonists 

Agent 

Lubeluzole 
6l9C89 
Lifarizine 
Selfotel (CGS 19755) 
Eliprodil 

Clinical development 

Phase III 

Magnesium sulfate 
Aptiganel HCl (CNS 1102) 
Remacemide HCl 

Phase II (terminated) 
Phase II (terminated) 
Phase III (suspended) 
Phase III (suspended) 
Phase III 
Phase IIIIII 
Phase II 

Glycine site antagonists 
Free radical scavengers 

GV l50526A 
Tirilazad 

Other mechanisms 

Table 5 

Chlormethiazole 
GMI ganglioside 

Clinical Trial Definitions in Stroke 

Trial type Population 

Phase I Healthy volunteers 

Phase 11 Patients 

Phase III Patients 

Phase II 
Phase m (recommended 

at higher dose) 
Phase III 
Phase III (terminated) 

Aims 

Safety and tolerability 
Pharmacokinetics 
Safety and tolerability 
Pharmacokinetics 
? Surrogate markers of 

therapeutic effect 
Efficacy 
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sures are be set with methodological uncertainties and have yet to adhere to a com­
mon framework. 

10.1. Design Issues 

The substantial difficulties with outcome measurement in stroke trials, addressed 
below, mean that the sampie size for phase III stroke trials is typically of the order of 500-
800 patients. The size and duration of a clinical trial is therefore influenced signifi­
cantly by the choice of entry criteria and the length of follow-up. 

Most trials base entry criteria upon several factors, typically: 

1. Time since stroke onset ("time window"). 
2. Stroke pathology (infarct vs hemorrhage). 
3. Stroke severity. 

The most important factor in stroke trial design is the time window chosen. Animal 
focal ischemia models suggest penumbral viability for a few hours after onset of 
ischemia, and, whereas human PET studies show that in some individuals this may 
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extend to 48 h (68), it is likely that the magnitude of infaret reduetion by stroke thera­
pies will be greatest when treatments are eommeneed so on after the onset of isehemia. 
The statistical power ofphase III trials should therefore be enhanced by early initiation 
of treatment. Most phase III c1inical trials opt for a 6-h time window, although some 
extend this to 12 h. The reasons for choosing a 6-h window are largely historic, there 
being no evidence of such a cut-off being of relevance to c1inical practice: the 6-h 
window represents a compromise between the desirable (very short) window that is 
assumed to maximize therapeutic effect and the limits that very short time windows 
plaee on recruitment to trials (99). Concern that short time windows may lead to inc1u­
sion of signifieant numbers of patients with TIA rather than stroke are probably 
unfounded: the definition of a TIA based upon a 24-h cut-off is arbitrary and, in the era 
of stroke trials, perhaps in need of revision. Retrospective analysis of patients with 
TIAs has found that 60% of events have resolved entirely within 1 h. In the NINDS 
rtP A trial, only 2% of 620 patients presenting within 3 h of symptom onset had eom­
plete resolution of their deficit by 24 h. Whereas a TIA has proved a useful epidemio­
logical risk marker, a limit of 1 h may be a more practical boundary for current c1inical 
practice, suggesting a time window of 1-6 h after symptom onset. 

In phase 11 trials designed to assess tolerability or pharmacokinetic parameters, it is 
unneeessary to recruit patients within a very short time window, and studies with win­
dows ofup to 24 h may be conducted. 

Reliance on a c1inical diagnosis of stroke will inevitably mean inc1usion of patients 
with both intracerebral hemorrhage and cerebral infarction (58), as well as oceasional 
patients with nonstroke pathology. Preinc1usion CT seanning to exc1ude patients with 
diagnoses other than ischemie infaretion will result in a more homogeneous study popu­
lation, but may delay trial treatment administration significantly, and mayaiso not 
re fleet the reality of elinieal praetiee. The ECASS trial of rtPA required striet CT crite­
ria for entry, and retrospeetively exc1uded over 100 subjeets out of 600 randomized 
due to disagreements over CT interpretation (prineipally relating to the extent of vis­
ible infaretion). Some trials inc1ude an assessment of the probable aetiology of stroke, 
the most widely used eriteria originating in the Trial of ORG 10172 in Aeute Stroke 
Treatment (TOAST) (JOO). The TOAST eriteria, although robust with respeet to 
interrater reliability, depend entirely upon the results of investigations, and cannot 
therefore be useful at the time oftrial entry. 

Demonstration of a treatment effect will be more difficult if the sampie inc1udes 
significant numbers of patients with a very good prognosis, and probably also those 
with a very poor prognosis. Patients with minor degrees ofweakness, those with lacunar 
syndromes, or rapidly resolving deficits are all commonly exc1uded, as are patients who are 
comatose on admission. Since the standard outcome measure is the Barthel disability 
scale, which is weighted heavily in favor of physical strength and mobility, there is a 
bias towards inc1usion of patients with significant limb weakness in c1inical trials. 

Phase 11 trials may be slowed eonsiderably by unneeessarily rigorous entry eriteria, 
which are seldom of relevance in the assessment of pharmacokineties or tolerability, 
but will restrict recruitment rates. From a c1inician' s standpoint, phase III trials in stroke 
probably also suffer from exeessively narrow entry criteria, the main driving force for 
whieh is the expense of pharmaceutical development. Large trials with simpler but 
more clinieally relevant end-points are likely to have greater weight with c1inicians. 
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10.2. Outcome Measures for Stroke Trials 

Outcome after stroke encompasses everything from complete resolution of all symp­
toms and signs within a few hours to rapid death. Survivors of stroke may have neuro­
logical deficits that give rise to physical disabilities of varying degree, but often have 
abnormalities of cognition, language, or visuospatial function that are much less readily 
detected by routine clinical assessment. 

Since a significant proportion of survivors of stroke will be left disabled and depen­
dent, stroke trialists regard reduction in mortality alone as an inadequate end-point. 
Stroke trials must therefore attempt to assess the degree of dependence of patients as 
well as determining mortality. Assessment of dependence and disability is difficult, 
and has led to the development of means of measuring functional impairment by stroke 
scales. Outcome assessments have been extended to surrogates ofthe patient's clinical 
state such as duration ofhospitalization, place of care, or requirement for rehabilitative 
therapy. However, these indicators vary among hospitals and countries as a result of 
differences in the process of care, and differences that result entirely from drug treat­
ments may be difficult to separate. 

The timing of assessment has varied among clinical trials, with most opting for 3 mo 
after stroke, and some (e.g., MAST-E) extending this to 6 or 12 mo. The time taken to 
reach a plateau in recovery from stroke depends both on time and on stroke severity 
(101). Recovery from mild strokes plateaus after 1 mo or less, whereas it plateaus 
between 2 and 3 mo after more severe strokes. By choosing three months, it will be 
certain that any treatment effect is sustained, but the effect may be diluted by the accumula­
tion of secondary complications that contribute significantly to morbidity and mortality but 
are not necessarily related to the stroke. It may be relevant to consider shorter follow-up 
periods, since few patients move from dependence to independence between 1 and 3 mo. 

10.3. Stroke Scales 
The World Health Organization defines a hierarchical scheme of impairment, dis­

ability, and handicap (102). This defines impairment as the physical problem (e.g., 
limb weakness), which gives rise to disability (e.g., inability to walk or to climb stairs 
independently), which in turn gives rise to handicap (e.g., inability to return to work). 
Whereas impairments may be described relatively objectively, disability depends on 
other aspects of health and on horne circumstances. Assessment of handicap includes 
social and environmental interaction by the patient: Such abstract concepts ensure that 
assessment of handicap is highly subjective. 

Stroke scales exist only for use in clinical trials, the first widely used scale being that 
of Mathew (103) from a trial of glycerol. The Mathew scale employed arbitrary test 
items of uncertain interrater reliability or prognostic value, and with weighting of the 
test item scores to favor motor assessments. This scale was subsequently employed in 
other trials but interrater reliability was only assessed some 16 yr later (104) when it 
was found to be so poor that the scale was deemed unusable. 

Further scales have been developed for specific clinical trials (e.g., the Scandinavian 
Stroke Scale for hemodilution [lO5), the National Institutes ofHealth stroke scale for 
the NINDS rtPA trial [106}, or the European Stroke Scale [l07} for lubeluzole). No 
single scale has yet become the standard, and trials may be compromised by collecting 
assessments on multiple scales. 
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Stroke scales are ordinal scales----i.e., they assign arbitrary scores to predefined func­
tionallevels. The scores are discontinuous and cannot be analyzed by parametric statis­
tics, a limitation that is still poorly appreciated. Analysis of the mathematical and 
conceptual basis (108) of stroke scales has led to a more scientific approach to design 
(109,110), particularly with respect to selection of test items, evaluation of interrater 
reliability, and development of appropriate statistical tools for analysis (111). Some 
investigators have modified analysis by mathematical models that include assessments 
from multiple scales (75). 

Most scales are heavily weighted toward the assessment of motor dysfunction by 
limb strength testing, a comparatively robust test item. Interrater reliability is poorer 
for cognitive or higher cerebral functions. Many scales have also included items of 
doubtful relevance such as muscle tone, plantar reflexes, and conjugate eye deviation. 

Some acute stroke scales (e.g., the Canadian Neurological Scale and the Scandina­
vian Stroke Scale) are designed for serial assessment of patients, and are of proven 
prognostic relevance. Other scales of similar construction have been less rigorously 
assessed (e.g., the Middle Cerebral Artery Neurological Score or the European Stroke 
Scale); some, such as the widely used "Unified Sc ale" lack even published methodol­
ogy or adequate validation. The NIH scale differs significantly from Canadian or Euro­
pean scales in design and weighting, and cannot be converted into other scales. The 
NIH scale is, however, of prognostic value. 

The nonparametric statistical analysis of ordinal impairment scales means that ana­
lytical methods are insensitive. Power calculations based on the proportion of patients 
improving by 4 points on the NIH stroke scale found that 1600 patients per treat­
ment group would be required to detect a 10% treatment effect (112). Since a shift 
of 4 points on an ordinal scale may carry very different implications for individuals 
Ca 4-point shift on the NIH scale could signify complete recovery of facial weakness 
only, with arm strength marginally better, or it could signify complete recovery of a 
severe motor deficit affecting arm and leg), clinicians have expressed concern about 
basing treatment decisions on changes in numbers that do not have clear functional 
relevance (J 13). 

10.4. Disability and Handicap Measurement 

Outcome assessment has been much more uniform than acute impairment measure­
ment. Most trials assess disability with the Barthel score (J 14), a scale that rates activi­
ties of daily living (ADL). The Barthel scale has the advantages of extensive validation 
for interrater reliability, ability to score patients without relying on their own 
answers (which may be affected by cognitive or language dysfunction), and utility 
in predicting dependence or independence. Dichotomizing the Barthel around a 
cut-off of 60/100 has been shown to predict dependence or independence follow­
ing rehabilitation (115), although the use of more rigid criteria to define favorable 
clinical outcomes may be preferable: The NINDS rtPA trial used aBarthel of 95 or 
100 to define good outcome. The Barthel score has been criticized for a concentration 
on motor activities to the exclusion of other important items and for "top-end" insensi­
tivity-i.e., many patients with significant handicap score 100 on the Barthel scale. It 
has significant advantages, however, in ease ofuse, familiarity to medical and nurs­
ing staff, and proven reliability in telephone interview (116). More complex evalu-
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ations of a patient' s functional status require longer to complete, are more depen­
dent on the rater's familiarity with the sc ale and also correlate closely with the 
Barthel score. 

The Functional Independence Measure (FIM) scores both physical and cognitive 
function (117), and has been validated in rehabilitation of stroke patients. It may pre­
dict dependence and prognosis even from an early stage after stroke (118). The com­
plexity of the FIM (fuH scoring involves grading of 18 separate items on a 7 -point 
ordinal scale) necessitates specific training, however. The scale weights some mea­
sures (e.g., transfers from wheelchair) more heavily than the Barthel, and includes 
assessments of cognitive function that are absent from the Barthel. It is unclear at 
present whether the additional time and effort required for scoring the FIM has any 
significant advantage over the Barthel score. 

Other outcome scales combine elements of disability assessment with handicap 
assessment. The Rankin Index (119) was a five-point scale originally intended to rate 
disability, but modified to rate handicap and extended to include death and complete 
normality in a 0-6 score: In most respects the Glasgow Outcome scale (120), originally 
developed for head injury, is similar. Inclusion of handicap assessment entails a sig­
nificant element of subjective judgment, which is more dependent on the rater than 
disability scales (121), although in practice the Rankin score may behave as a simpli­
fied Barthel (122). Addition ofthe Rankin score to all those scoring 100 on the Barthel 
has been advocated as a means ofreducing "top-end" insensitivity. 

There are well-argued objections to the use of scales as trial end-points (113). These 
indicate that simple outcome measures (e.g., dead or alive, disabled or able to conduct 
normal activities) have superior interrater reliability, and are more relevant to patient 
and physician. Further, many trials convert results back into broad patient groups, which 
defeats the purpose ofusing complex (and less reliable) scoring systems. 

10.5. Surrogate End-Points 

At present, the absence of clinically proven treatments for most stroke patients ren­
ders the use of surrogate end-points entirely speculative. Once an effective drug treat­
ment has been developed, useful surrogate markers may become available. 

Drug doses that are neuroprotective in animals cannot be translated into humans 
with any certainty. At present, investigators have opted variously for pharmacokinetic 
(e.g., equivalent areas under the plasma concentration-time profile in rat and human) or 
pharmacodynamic markers (e.g., CNS side-effects, such as electroencephalographic 
changes suggestive ofCNS penetration). The use ofbrain and cerebrospinal fluid drug 
concentrations may be possible, although not in the stroke population (123). 

For drugs acting on excitatory amino acid systems, imaging by SPECT with radio­
ligands ofthe NMDA receptor may give some indication of drug effect upon a pharma­
cologically relevant system. Direct CSF measurement of glutamate concentrations may 
also prove helpful, although normal ranges for glutamate have not yet been established. 

Newer imaging techniques, notably DWI and perfusion MRI, allow repeated imag­
ing of stroke patients, and may visualize ischemic tissue that is potentially salvageable. 
Image quality is inadequate at present to calculate tissue volumes with precision, and 
the wide interindividual variation in stroke size means that the role of new MRI tech­
nologies will remain uncertain in the immediate future. 
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Changes in stroke scale scores in the early period after stroke are crude, prone to 
interrater error, and of dubious c1inical significance. 

When a c1inical trial is able to show drug effects with established clinically relevant 
end-points, then all ofthe above methods may prove to be applicable. 

11. CONCLUSION 

Once a truly effective and safe treatment for stroke becomes available, the utility of 
various outcome measures will be determined with certainty. The ECASS and NINDS 
trial results may not have a substantial impact on c1inical practice, but they show that 
the existing outcome measures, however flawed, are sensitive. They also indicate that 
a time window of 3-6 h is realistic for demonstration of drug effects. Less dangerous 
therapies mayaiso have considerably longer therapeutic windows, and it is likely that 
drugs that modify metabolic processes in the ischemic penumbra will prove to be 
effective for the treatment of stroke in the near future. 
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Calcium Homeostasis, Nimodipine, and Stroke 

Paul G. M. Luiten, Bauke Stuiver, Gineke I. de Jong, 
Csaba Nyakas, and Jacques H. A. Oe Keyser 

1. INTRODUCTION 

Intracellular calcium as a divalent ion is the most common element involved in the 
transfer of signals in living cells. In cells at rest, Ca2+ levels will be very low, probably 
for a number of reasons. At low intracellular concentrations, as is the case in 
unstimulated cells, most Ca2+ -dependent intracellular processes will be at baseline 
levels necessary for the recovery stage upon activation after stimulation. Other reasons 
proposed for low resting levels of Ca2+ are the precipitation by Ca2+ of phosphates, the 
essential mediators of energy supply to the cell (l). 

In the cells of the nervous system, particularly in neurons which are the cells of 
primary interest ofthe current review, there is general consensus that the baseline levels 
of intracellular, free ionized Ca2+ is somewhere between 0.05-0.2 !-IM as measured 
with microfluorimetric methods. This low intracellular Ca2+ level (2) is about 104 10wer 
than the Ca2+ concentration of 1.3 mM in the extracellular environment of the brain. It 
is obvious that such a large electrochemical gradient over the nerve cell membrane can 
only be maintained by a permanent active process. Spatiotemporal changes in intracel­
lular calcium resulting from various stimuli are involved in the control ofmany cellular 
processes including growth, aging, adaptation, structural plasticity, and contraction, 
among others (l). 

The importance of understanding the behavior of intracellular calcium has rapidly 
gained impetus since it became clear that sustained elevation of intracellular calcium 
concentration [Ca2+]i can activate degradative processes and lead to cell necrosis and 
programmed cell death.1t is this role of[Ca2+]i that is thought to underlie the devastat­
ing consequence of ischemic stroke that is the theme of the present survey. We will 
shortly review the mechanisms considered to regulate intracellular calcium homeosta­
sis, the putative mechanism of distortion of [Ca2+]i during stroke, and the pharmaco­
logical intervention by nimodipine as a representative of a group of compounds that 
specifically block part ofthe pathological influx of calcium. The influence of calcium 
blockade by nimodipine will be shortly reviewed in experimental models that mimic 
various aspects ofischemic stroke, followed by the outcome ofnimodipine application 
in clinical stroke trials. 

From: Clinica! Pharmaco!ogy of Cerebra! Ischemia Edited by: G. f. Ter Horst and f. Kort Humana Press Ine., Totowa, NI 
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2. HOMEOSTATIC REGULATION OF INTRACELLULAR CALCIUM 

2.1. Ca2+ Influx Through Ligand-Operated Ca2+ Channels 

Within the framework of the current topic we will mainly confine our interest to 
cells of the nervous system, in which we may distinguish nonexcitable cells like the 
vascular endothelial cells from the neurons as an outspoken form of excitable cells. 
Since signal transduction between nerve cells is highly dependent on temporary and 
transient changes in local intracellular Ca2+, a weIl controlled Ca2+ balance is required 
for adequate neuronal function (1,3). Signals from external origin affect receptors on 
the neuronal surface in several ways. Short term effects are achieved when a released 
transmitter signal triggers changes in transmembranous receptor complexes that yield 
hydrophylic pores permitting ionic exchange. Owing to the electrochemical gradient 
over the neuronal membrane, short influxes of calcium are established as is notably the 
case through N-methyl-D-asparate (NMDA) receptor channels, amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA), kainate, quisqualate glutamate receptors, 
and nicotinic receptors (4) (Fig. 1). MacDermott et al. (5) demonstrated in spinal cord 
neurons that the inward currents evoked by stimulation with NMDA are accompanied 
by an immediate and specific elevation of intracellular Ca2+ concentrations. which both 
characteristically could be blocked by Mg2+ ions in a voltage-dependent manner. In 
contrast to voltage-sensitive calcium channels, the NMDA channel itself is not depen­
dent on changes in membrane potentials. However, in the presence of Mg2+ ions, 
NMDA-induced currents show a voltage sensitivity, that is the result of a voltage­
dependent blockade by Mg2+ binding to the NMDA receptor complex (6).1t is notably 
the NMDA receptor that is highly permeable to calcium with a channel conductance of 
50 pS, when compared to the other ionotropic receptor types. Studies comparing the 
contribution of calcium influx in depolarizing currents mediated by the various ligand­
operated calcium channels all point to apredominant role ofthe NMDA channel (7,8). 

2.1.1. Ca2+ Increase via IP3 Receptors and G-Proteins 

More long-term impact of external messengers is mediated by Ca2+ release from 
intracellular stores. In excitable ceIls, this intracellular Ca2+ flux can be the result of 
activation of plasma membrane receptor complexes, which are coupled to G-proteins 
triggering the enzymatic activity of the ß form of phospholipase C (PLC), hydro lysis 
of membrane phospholipids, and intracellular release of inositol trisphosphates (IP3) 

(9). The IP3 binds to its receptors on the membranes of the endoplasmic reticulum, 
which initiates the release of Ca2+ into the cytosol (Fig. I). Several receptor types sen­
sitive to 'classical' neurotransmitters like acetylcholine, histamine, norepinephrine, 
serotonin, glutamate, and many neuropeptides influence the IP3 signalling pathway 
leading to the increase of Ca2+ from intracellular origin. 

2.1.2. Ca2+ Increase via rrk and IP3 Pathway 
The formation ofIP3 is not only mediated by G-protein-linked receptors. In several 

cell types, extracellular messages from a polypeptide family known as neurotrophins 
exert their cellular activation through tyrosine kinase (Trk)-linked receptors. Neuro­
trophins such as nerve growth factor and brain-derived neurotrophic factor and growth 
factors like platelet-derived growth factor and epidermal growth factor, stimulate Trk 
activity that leads to phosphorylation ofthe y unit ofPLC and subsequent production of 
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Fig. 1. Pathways leading to influx and intracellular release of [Ca2+Ji. Main sources of Ca2+ 
influx are mediated by ligand-operated calcium channels and voltage-operated calcium chan­
nels. The ligand-sensitive channels are here exemplified on the NMDA channel being a major 
and direct source of Ca2+ influx on stimulation by glutamate. Secondary influx of Ca2+ through 
VOCCs results from depolarization ofthe membrane potential. Excitatory amino acids (EAA) 
not only affect NMDA (and others like AMPA channels), but also evoke more indirect release 
of Ca2+ from intracellular stores through metabotropic glutamate receptors (mGlu-R) and 
hydrolysis ofthe phospholipid PIP2 and IPrsensitive receptors on the endoplasmic reticulum 
(ER). Activation ofmany other transmitter receptors, such as muscarinic receptors yield simi­
lar effects. Elevated Ca2+ affects membrane channels like the K+ channels and kinases like 
calmodulin-dependent kinase 11 (CAM-KII) and protein kinase C (PKC) and has a direct influ­
ence on gene expression. Excess of [Ca2+]i is bound to Ca2+-binding proteins (CaBPs), is 
sequestered in intracellular stores like ER and mitochondria (Mit), or transported over the plas­
malemma. (Reprinted with permission from ref. 177.) 

IP3 (10,11). Although both pathways converge on IP3 formation and intracellular Ca2+ 

release, each pathway has different dynamies. There is evidence that the tyrosine 
kinase-linked receptor pathway and subsequent Ca2+ release is much slower, but yields 
an effect of longer duration than signal transduction relayed by G-protein-coupled 
receptors (12). 

2.1.3. Ca2+ Increase via Ryanodine Receptors 
Besides intracellular Ca2+ release via IP3 receptors on the endoplasmic reticulum, 

excitable cells such as neurons are also endowed with a second intracellular Ca2+ release 
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channel protein: the ryanodine receptor (RyR) (9,13,14). The ryanodine receptors have 
been identified in widespread areas of the brain in various vertebrate and mammalian 
species (13,15,16). The presence of RyR is prominent in cerebellar Purkinje cells and 
hippocampal pyramidal neurons, notably in the cornu ammonis CA2 and CA3 areas. In 
many cell types, it is most likely that the RyR coexists with the IP3 receptor between 
which there is a considerable molecular resemblance (9). Both IP3 and RyR appear to 
have different locations in nerve cells, which can vary from dominant positions in cell 
bodies, proximal or distal dendrites, spines or shafts. Consequently, Ca2+ release on 
activation of each receptor has a differential intracellular localization, which is accom­
panied by a different temporal profile. Recent investigations point to short-term phasic 
Ca2+ fluctuations after 1P3 stimulation and sustained long-term Ca2+ increases upon 
RyR stimulation by caffeine (14). Moreover, the two Ca2+ channels can display com­
plex patterns of interaction that can modulate intracellular Ca2+ release. As will be 
discussed later, the RyR may be of considerable importance in the sequence of events 
initiated by increased and sustained intracellular calcium involved in neuronal injury 
as a result of stroke. Calcium that enters the cytoplasm through voltage-sensitive plasma 
membrane calcium channels are probably the main signal for activation ofthe RyR (9). 

However, whereas the IP3 receptor pathway can be activated by a large number of 
extracellular messengers as neurotransmitters, neuropeptides and neurotrophins, the 
precise mechanisms leading to RyR activation are far less clear. Calcium that has 
entered the cell through voltage-sensitive calcium channels was demonstrated in sev­
eral cell types to induce a second intracellular Ca2+ release mediated by RyRs. This 
sensitivity of RyRs for Ca2+, however, is not exclusive for the RyR since also the IP3 
receptor is dependent on the presence ofCa2+ for its initial activation by IP3 (9,17), 
high Ca2+ levels reduce IP3 effects on its receptor (9,18). Various other neuroactive 
and pharmacological compounds were shown to act as RyR receptor agonists in a 
number of neuronal and nonneuronal cell types. To date, however, Ca2+ remains the 
best candidate as the biological RyR agonist, possibly requiring some coupling 
mechanism between dihydropyridine receptors and RyR as was shown in skeletal 
musc1e cells (19). 

2.2. Ca2+ Influx Mediated by Voltage-Gated Channels 

Extracellular Ca2+ may enter neurons both by ligand-operated channels as already 
described above, and by voltage-activated or voltage-sensitive Ca2+ channels (VSCCs). 
Various types ofVSCCs have now been identified in neurons, but their classification is 
subject to change as a result of burgeoning interest in structure and function of this 
class of channels. Miller in 1987 (2) and Tsien and colleagues in 1988 (20) distin­
guished three types of neuronal VSCCs: the dihydropyridine-sensitive L-channel and 
the dihydropyridine-insensitive N- and T-channels. T-channels respond to small depo­
larizations with transient, tiny Ca2+ currents, whereas stronger membrane depolariza­
tions induce Ca2+ influx through N-channels. The L-type channel is a high-threshold or 
high-voltage activated calcium channel that responds to strong depolarizations and 
becomes very slowly inactivated (21). More recently, the identification ofa fourth type 
ofneuronal VSCC was identified, that became known as the P-type channel (22). 
P-channels, initially described for cerebellar Purkinje cells (hence its name) but also 
demonstrated now in cortex, hippocampus, and many other CNS regions, are 
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dihydropyridine-insensitive channels that are apparently present in pre- and postsyn­
aptic specializations (22). Progress in the molecular biology ofCa2+ channels in recent 
years has considerably added to our knowledge of structure and function of the VSCC 
complex, whereas pharmacology and electrophysiology increased our insight in how 
these channels function in cellular activation and communication, which has been 
expertly surveyed (4,23-26). 

As already indicated, the four classes ofVSCCs can be distinguished on their reac­
tivity to high (the L-, N-, and P-channels) or low (the T channel) voltage changes, 
whereas each channel type displays a characteristic conductance level of 8 pS (T), 13 
pS (N), 10-15 pS (P), and 25 pS (L) (4,24). The specific sensitivity ofthe different 
classes ofVSCCs to dihydropyridines or toxins like ro-conotoxin is of great significance 
for study of physiological effects (24) or cellular localizations of the different chan­
nels. VSCCs are composed of five subunits, the large al subunit that forms the ionic 
channel and an a2, ß, y, and 8 peptide. The large a1 unit is the voltage-responding part 
of the complex and also forms the ionic channel. Molecular cloning technology of 
VSCCs has now demonstrated the existence of at least five a1 genes in the mammalian 
brain (23,27). The unraveling of the molecular structure has now made it possible to 
further study the nature ofVSCC channel selectivity to different membrane conditions 
and differences in Ca2+ permeability (28). 

A major question in this respect is which calcium channels are responsible for 
mechanisms of presynaptic transmitter release or postsynaptic activation (23). This 
question is of key importance with regard to application of channel-specific Ca2+ 

antagonists and the functional consequences of such compounds and side-effects in 
therapeutic use. Such questions appear to address a matter of complex nature and a 
simple classification is not present. Studies on synaptosome preparations employing 
specific Ca2+ channel blockade by toxins allow the conclusion that multiple Ca2+ 

channels coexist in nerve terminals and participate in neurotransmitter release 
mechanisms (29). Dependent on the brain area and species involved, N- and particu­
larly P-channels and several noncharacterized Ca2+ channels, but not L-channels (30), 
mediate the calcium flux necessary for exocytosis oftransmitter release by presynaptic 
nerve endings. Such conclusions, however, highly depend on the neuronal system under 
study. In cholinergic terminals in the hippocampus, it was mainly the N-channel held 
responsible for acetylcholine release (31). All studies, on the other hand, point to 
the L-channel in central neurons to be predominantly ifnot exclusively associated with 
postsynaptic actions, but care must be exercised with regard to the many exceptions of 
this too general assumption (23). 

2.3. Ca2+ Binding to Proteins 

We have now briefly surveyed the various channels and receptor-mediated 
mechanisms that take part in the elevation of free intracellular calcium upon cellular 
activations. Elevated Ca2+ originates either from the large extracellular sink or from 
the intracellular storage pools (1). Upon the temporary and often local increase offree 
intracellular calcium, the ions are able to bind to many cytosolic compounds and 
intracellular proteins, thereby triggering a large number of cellular actions. Several 
small molecules can bind Ca2+ including inositoltrisphosphate and probably also other 
forms of inositolphosphates. In view of the current survey, it is useful to distinguish 
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between proteins that become activated after binding to Ca2+ and proteins that bind 
Ca2+, thereby temporarily decreasing or buffering the local calcium concentration. Well 
known proteins that are activated by Ca2+ are protein kinase C and calmodulin, that after 
association with calcium, triggers its kinase CaM kinase 11 and other kinases (32). In par­
ticular, the activation of protein kinase C is mentioned in the scope ofthis survey because of 
the effects attributed to activation ofthis kinase in neurotoxic mechanisms (3,4). 

Most Ca2+ binding proteins (CaBP) that are considered to exhibit a Ca2+ buffering 
action and proteins like calmodulin are provided with a motif specific for Ca2+ binding. 
This helix-Ioop-helix motif, also called the EF hand, contains a high-affinity Ca2+ bind­
ing site (33). Calmodulin and calpain, but also the calcium buffering proteins 
parvalbumin, calretinin and calbindin-D28k have such EF-hand motifs and can absorb 
Ca2+ with high affinity but with different kinetics such as the slow binding by 
parvalbumin and the quick uptake by calbindin (34). 

2.3.1. Ca2+ Buffering Proteins 

Parvalbumin, calbindin D28k, calretinin, and several other proteins are known to 
bind intracellular free Ca2+ when [Ca2+]j sharply rises upon activation ofthe cell, and 
release Ca2+ when the [Ca2+]j decreases (35). Such a temporary binding by CaBP limits 
and modulates the Ca2+ rise and thus exerts a buffering function or plays a role in 
spatial distribution ofthe calcium signal (35,36). By way oftheir Ca2+ buffering capac­
ity , parvalbumin and calbindin were c1early demonstrated to curb the Ca2+ peaks, 
potently slow the rise in [Ca2+]j, yet having no effect on baseline Ca2+ levels (36). 
Other functions ofthe calcium buffering proteins, however, are only poorly understood 
(34). Their distribution in the nervous system is rather complex. Some types of nerve 
cells possess more than one CaBP, whereas others are devoid of such proteins (37). On 
the other hand, the consistent coexistence of certain CaBP, with particular neurotrans­
mitters such as parvalbumin with GABA inhibitory neurons allowed to use some CaBP, 
as selective neuronal markers. An interesting finding in this respect is further that the 
distribution of calbindin closely resembles that ofVSCCs (37). 

Because of their particular capacity to bind surplus free intracellular calcium, CaBPs 
have drawn considerable attention as proteins that may playa role in neuroprotection 
in conditions in which intracellular calcium levels reach persistent pathogenic levels 
(38,39) as is possibly the case in aging (40), ischemia, and neurodegenerative diseases 
(41). As we will see later, there is growing evidence that changes in CaBP expression 
are intimately involved in such degenerative processes and may play a role in the 
intrinsic resistance and protective properties against neuronal dysfunction or cell death 
induced by overload of [Ca2+]j. In this regard, we demonstrated strong potentiation of 
the expression of CaBP parvalbumin, calbindin, and S-l 00 after nimodipine treatment 
during brain development. The potentiated developmental presence of these CaBPs 
coincided with a significant resistance against growth retardation induced by perinatal 
hypoxia in nimodipine-treated animals (42). 

2.4. Ca2+ and Gene Expression 

As mentioned, the rise of [Ca2+]j on cellular activation has a direct effect on various 
categories ofproteins either functioning as calcium buffers, or becoming in an activated 
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state, e.g., enzymatic active state. The different physiological effects triggered by the 
rise of [Ca2+]j follow a different time-course. For example, transmitter release invoked 
by Ca2+ influx is in the millisecond range, whereas the ac ti vati on of Ca2+ -dependent 
enzyme pathways can take up to seconds. 

More long-term physiological effects, from minutes to hours, of elevated calcmm 
are established when Ca2+ affects genetic expression yielding adaptive changes of the 
brain. There are probably several pathways that can mediate the intracellular calcium 
message to gene expression, as is the case in induction of transcription of immediate 
early genes. It is assumed that the increase of [Ca2+]j is the message that translates 
activation of nicotinic receptors, NMDA receptors, and L-type calcium channe1s in 
immediate early gene responses (43-45). In general, it is predicted that for Ca2+ signals 
to become physiologically effective, the rise in [Ca2+]j should be local, fast, and large 
(46). The spatially differentiated changes in Ca2+ concentration resulting from differ­
ent influx pathways and the cascade of events leading to immediate early gene expres­
sion are thought to activate the transcription of different early genes. A major step in 
the genetic activation by Ca2+ is the phosphorylation of the cAMP response element 
binding protein (CREB); CREB phosphorylate is catalyzed by calcium-activated CaM 
kinase (47).1t has been argued that calcium that has entered the cells through different 
channels triggers distinct signalling pathways, thus yielding differentiated responses 
(48,49). Entrance into the cell by NM DA channe1s or L-type calcium channels differ­
entially influences gene transcription by way of different DNA-regulating elements 
(49,50). More recent views argue for a role of increased [Ca2+]j in transcription of 
so-called cell death genes. Notably, the persistent, prolonged Ca2+ -induced expression 
of immediate early genes like c-fos and c-jun has been associated with the process of 
delayed cell death (51). Other more direct pathways are the activation ofDNA degrad­
ing enzymes like endonuc1eases by sustained elevated nuc1ear calcium concentrations, 
whereas also the Ca2+ -dependent stimulation of proteases and phosphatases are consid­
ered as degrading pathways leading to nuc1ear breakdown (52). 

2.5. Ca2+ Extrusion from the Cytosol 

Nerve cells possess a number of different mechanisms to restore the intracellular 
calcium concentration to baseline levels. In rest conditions the concentration of free 
[Ca2+]j will be very low and intracellular calcium will be bound within subcellular 
organelles primarily into the endoplasmic reticulum (ER) and the mitochondria. Uptake 
of free Ca2+ by these organelles is aprerequisite to ensure sufficient Ca2+ reserves for 
required intracellular Ca2+ release in subsequent activations. Especially in presynaptic 
structures, sufficient Ca2+ storage in the ER is essential for transmitter release, since 
depletion of calcium from the ER prevents transmitter release (53). 

Shortly after a physiological cellular stimulation, the net charge with Ca2+ will 
be too large for intracellular binding to proteins alone, and additional transport 
mechanisms to balance temporary excess ofCa2+ become active. For transport ofCa2+ 

against large negative gradients of cations over the ER and plasma membranes, two 
mechanisms are present for intracellular sequestration in subcellular organelles or 
extrusion of Ca2+ over the plasmalemma. The ER and plasma membranes are endowed 
with Ca2+ pumps that act in a A TP-dependent fashion, whereas the plasmalemmal 
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Ca2+ - A TPase is modulated by the presence of calmodulin. In that sense, the plasmale­
mma Ca2+-ATPase differs from the calmodulin-insensitive Ca2+-ATPase in the mem­
branes ofthe ER (54). 

However, sequestration of Ca2+ in the ER is a slow process that alone cannot bring 
down Ca2+ at the same rate at which Ca2+ enters the nerve cell after stimulation (55). 
Additional transport of Ca2+ over membranes is achieved by a second mechanism that 
is based on ionic exchange ofCa2+ and Na+. This Na+/Ca2+ exchanger has a high trans­
port capacity, but its exchange rate is strongly modulated by the local gradients ofNa+ 
and Ca2+ over the membranes. The Na+/Ca2+ exchanger will obviously function depen­
dent on the internal vs external Na+ gradient, that is optimal when the external Na+ 
concentration is restored after depolarizations. It was demonstrated that the magnitude 
of the Na+ influx component participating in membrane potential shifts is a determi­
nant factor in the efficacy of Ca2+ extrusion by the Na+/Ca2+ exchanger (56). Also, 
mitochondria were shown to be able to sequester Ca2+, but storage in these organelles 
under physiologically normal conditions is limited by the low rate ofCa2+ uniporters as 
a result of a low affinity of the mitochondrial transporter for Ca2+ (57). The Ca2+ uptake 
by mitochondria may increase with higher [Ca2+]j, that has been suggested to represent 
a mechanism far adapting neuronal metabolic activity to increased neuronal activity 
(53). The limited mitochondrial storage of Ca2+, however, can change dramatically 
when calcium concentrations in the neurons reach pathologicallevels. Excessive Ca2+ 
accumulation was demonstrated in conditions of severe Ca2+ overload such as after 
ischemia (58). 

3. CALCIUM AND CALCIUM HOMEOSTASIS 
IN CEREBROVASCULAR ENDOTHELIUM 

The endothelial cells lining the lumen of the large and fine vessels of the cerebral 
circulation in the last decade have become a cell type of growing interest. The endothe­
lium obviously is in a key position to influence functional integrity of the vascular 
domain as a whole. Notably in the larger but probably also in the small vessels of the 
brain, endothelial cells transfer signals to vascular responses, whereas at the same time 
they form the major cellular component of the blood-brain barrier. Blood vessels for 
their relaxation are dependent on the presence of an intact endothelium as was first 
demonstrated by Furchgott and Zawadski (59). The endothelial cells are endowed with 
several enzyme systems of which nitric oxide synthase (NOS) in recent years was 
shown to be pivotal for the production of NO, which was previously known as 
endothelium-derived relaxing factor. NOS is one ofthe enzymes that acts in a calcium­
dependent fashion (60), as apparently many ofthe endothelial processes are, indicating 
the importance of intracellular calcium regulation of endothelial cells. Compared to 
our knowledge of neuronal or smooth muscle cell calcium homeostasis, data on the 
control of endothelial Ca2+ balance is limited. 

Calcium concentrations in endothelial cells, e.g., from aorta origin increase upon 
cholinergic stimulation, which includes calcium fluxes mediated by both IP3 and 
ryanodine receptors. These cells were demonstrated to be also endowed with intracel­
lular Ca2+ storage mechanisms employing Ca2+-ATPases and Ca2+ influx pathways 
from extracellular surroundings (61). Other studies comparing endothelial cells from 
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different vascular origins demonstrated that all these cells contained functional 
ryanodine receptors that may influence the increase of [Ca2+]j in different ways (62). 

L-type calcium channels on brain endothelial cells have not been directly demon­
strated, but various experimental studies indicate their presence in endothelial cells. 
For example, vascular preparations of aorta show that calcium-dependent contractions 
can be differentially modulated by the dihydropyridines nitrendipine and BA Y K 8644 
in the presence of endotheliallining ofthe vessels (63). Similar studies by Vanhoutte 
(60) demonstrated prevention of calcium-triggered vasorelaxation by dihydropyridines 
and thus also provide evidence for voltage-dependent Ca2+ channels on endothelial 
cells. The studies mentioned above use peripheral arterial vessels as model of study. 
Reports on brain endothelial cells describe changes of [Ca2+]j mediated by endothelin 
receptors and intracellular stores, but effects of dihydropyridines remain unc1ear. On 
the other hand, good evidence is available for stretch-activated cation channels that are 
permeable for Ca2+ with increasing channel opening by depolarizing currents. Bossu et 
al. (64) demonstrated in confluent endothelial cell cultures Ca2+ fluxes into the 
endothelium mediated by L-type channels with a relatively high conductance of23 pS. 
These hitherto undetected channels, however, only became activated by highly depo­
larized potentials. 

Our own studies on the profound impact of the L-type channel blocker nimodipine 
on aging-related microvascular degeneration c1early demonstrates the obvious role of 
calcium and DHP-sensitive channels in the maintenance ofmicrovascular integrity. In 
these studies, we showed that chronic nimodipine application potently delays the age­
related deposition of perivascular collagen and basement membrane thickening in 
cerebral capillaries (65-67). Interestingly, the process of microvascular degradation 
was strongly accelerated in hypertensive stroke prone rat strains (68). 

4. ISCHEMIC STROKE 

4.1. Introduction 

Although the pathogenesis and tissue damage in stroke cannot be dissociated from a 
multitude of variables such as type of stroke, type and location of cerebral vessel 
involved, degree of vascular obstruction, brain region affected, and factors like age, 
stress parameters, and history of arterial hypertension, we will primarily center the 
present survey on ischemic stroke as a result of vascular occ1usion due to athero­
thrombosis, which is the principal cause of stroke. 

Occ1usion of a cerebral artery creates a condition for the neuronal environment that 
may result in acute, short-term, and long-term changes in cellular physiology, eventu­
ally leading to pennanent cell dysfunction or cell death. The changes in the neuronal 
environment triggered by the ischemic event have been associated with numerous 
mechanisms that each in itself or in relation to each other challenge the viability of 
nerve cells and other cells of the CNS. Although this overview focuses on calcium 
homeostasis and the effect of a specific way of limiting calcium influx, it should be 
realized that the self-imposed limitation of interest bears the unmistakable risk of a 
partial view. 

On the other hand, the evidence is abundant that derangement of intracellular cal­
cium balance is essential in putative pathways leading to cell destruction, also indicated 
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as the "final common pathway" oftoxic cell death (69). This description not only points 
to the role ofCa2+ in intracellular pathways of cell damage, but also to Ca2+ as common 
denominator in cytotoxic cell processes in general (69,70), which both applies to cells 
of different origin as well as to the source of toxic damage and the nature of the lethai 
process (1,69-71) (see Chapter 1). 

During and after ischemic insults, the alterations in the neuronal environment are 
multifold, but major factors leading to neuronal damage have been associated with the 
formation of free oxygen radicals (see Chapter 7), metabolic changes induced by 
hypoglycemia, acidosis and general derangement of intra- and extracellular ionic 
dysbalance, and excessive release of excitatory amino acids, notably glutamate and 
subsequent derangement ofintracellular calcium regulation (72-75). 

4.2. Ischemic Stroke, Glutamate Release, and Intracellular Calcium 

The sequence of events in the pathophysiology of ischemic stroke including release 
of extracellular glutamate, sustained induction of Ca2+ currents, and elevation of 
intracellular Ca2+, and Ca2+-induced derangement of cell maintenance culminating in 
cell damage has become weIl established (73,75,76). Ischemic insults were demon­
strated by way ofmeasurements with the technique ofmicrodialysis (77,78) to evoke a 
sharp lO-fold increase in the concentrations of extracellular glutamate and to a some­
what lesser degree of aspartate and other neurotransmitters (77, 79) (see Chapters 5 and 
6). The observed increase of glutamate appears to be the outcome of a number of regu­
lating parameters. 

Hypoglycemia or anoxia alone may not necessarily be responsible for increased 
release of glutamate from glutamatergic terminals. However, ischemia or combined 
anoxia and hypoglycemia strongly potentiates potassium-induced glutamate from ter­
minals, whereas at the same time ischemia creates conditions that block the uptake of 
released glutamate by neurons and astroglia (78). The ischemia-evoked release of 
glutamate requires activation of presynaptic N-type calcium channels in a calcium­
dependent fashion, a mechanism that may explain the reduction of glutamate in cere­
bral ischemia by N-channel antagonists (80). Berg-Johnson et al. (81) showed in brain 
slice exposed to ischemic conditions that the increase of extracellular glutamate was 
directly correlated with anoxic depolarizations with a concomitant A TP depletion, 
which only occurred when hypoxia was combined with glucose deprivation. This view 
is also supported by studies on the effect ofhyperglycemia on tissue resistance against 
ischemia that point to a higher capacity of ATP production as a result of preischemic 
high glucose levels (82). Besides, since glucose accessibility to the brain in general and 
to neurons in particular is highly influenced by adrenal hormones as glucocorticoids, it 
is obvious that the production of glutamate and its impact on neuronal viability will 
also be dependent on the current corticosteroid levels (83). One of the mechanisms 
involved in this respect is that glucocorticoids enhance release of excitatory amino 
acids during ischemia (84) (see Chapter 9). 

4.2.1. Glutamate and Calcium-Dependent Cell Damage 

The cytotoxic and, in particular, neurotoxic action of sustained or high concentra­
tions of glutamate and other excitotoxic amino acids dates back from the 1950s and 
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1960s (85). Early studies with high doses of glutamate injected in the general 
circulation showed to result in acute neuronal death in the hypothalamus of mice 
and monkeys (86,87), which proved to be a calcium-dependent cytotoxic process 
(88,89). The observed excessive increase of extracellular glutamate during ischemia 
and the vulnerability ofnerve cells to high glutamate concentrations then led to the 
hypothesis of glutamate-induced, calcium-dependent brain damage to explain neuro­
degenerative mechanisms. 

It has been this hypothesis based on the presumed sequence of biochemical events 
that has triggered an overwhelming research effort toward the cytotoxic mechanism of 
ischemic tissue damage and strategies to limit or prevent brain injury after occurrence 
of stroke. Ever since, the importance of the deranged calcium regulation in the molecu­
lar intracellular pathways leading to cell death has gained increasing momentum and is 
now thought to playa key function in many neurodegenerative syndromes and aging­
related neuronal decline (90). For further detail, see Chapters 3 and 5. 

4.2.2. Calcium and Cell Death 

However, evidence has accumulated in recent years that the neuro degenerative 
events initiated by the ischemia-induced rise of intracellular calcium are more complex 
than previously anticipated and subject to a number of interacting processes and vari­
ables (91-93). The sustained elevation to pathologic levels ofthe intracellular calcium 
concentration is weIl known to give rise to a cascade of molecular and genetic changes 
leading to cell and membrane injury and eventually cell death. These biochemical path­
ways underlying the process of short-term and long-term or delayed cell death are sub­
ject to continuing developments. Interestingly, recent progress is now made in 
unraveling direct calcium-induced cell disintegration and necrotic cell death vs delayed 
cell death. Activation of distinct calcium-triggered pathways appears to be based on 
the way that calcium enters the cell (49,50). In this respect, Ca2+ fluxes associated with 
early neurotoxic damage imply the involvement of the NMDA receptor channel 
(94). This conclusion is consistent with the observed cell death after brief periods 
of exposure to high glutamate concentrations, that were followed by a degree of 
Ca2+ accumulation being proportional to the amount of neuronal death and that 
could only be effectively prevented by NMDA antagonists (95). Additional and 
convincing evidence has now been presented that delayed cell death up to several 
days after transient ischemia is the effect of apoptotic mechanisms (96). It was 
previously considered that persistent elevations of [Ca2+]j after exposure of neurons 
to cytotoxic doses of glutamate were aprerequisite to explain the subsequent neuro­
toxic cell death (97). More re cent observations, however, point to the importance of a 
sharp initial rise of [Ca2+Jj after short toxic glutamate exposure, that is followed by a 
period of recovery to baseline [Ca2+Jj levels preceding a second delayed Ca2+ increase and 
cell damage (98,99) (Fig. 2). 

Apparently, long-term high [Ca2+Jj does not necessarily have to precede ceU degen­
eration. CeU death can be triggered in very early stages of sudden Ca2+ overload and 
includes cytotoxic pathways that require the activation ofthe NMDA channel. Unfor­
tunately, such early but dramatic changes in intracellular calcium in stroke, which are 
so decisive for the further course of the neuro degenerative process, are unlikely to 
offer possibilities for postischemic therapeutic interventions. 
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Fig. 2. Long-tenn effects of a short initial exposure to a toxic dose of glutamate to cultured 
hippocampal neurons. Monitoring of intracellular calcium concentrations (A) indicates a short 
but potent elevation of [Ca2+]j as a direct response to the glutamate exposure, which is followed 
by a delayed secondary calcium increase that eventually leads to cell death by apoptotic mecha­
nisms. This pattern of derangement of intracellular calcium homeostasis has been indicated by 
the time bar in B. (Reprinted with pennission from ref. 98.) 

4.2.3. Glutamate Toxicity and Aging 

It has to be considered that most observations on the behavior of [Ca2+]j are per­
formed in cultured nerve cells that lack the physiological environment of in vivo 
conditions. Besides, experimental studies on ischemia in cell culture are typically car­
ried out on neonatal brain cells. In clinical practice, however, ischemic stroke gener­
ally is manifested at advanced ages, when nerve cells display considerable changes in 
homeostatic calcium regulation. The temporal profile of calcium transients after 
glutamate stimulation in young vs old neurons were elegantly demonstrated by 
Verkhratsky et al. (40). 

In short, in young neurons, Ca2+ levels sharply rise upon stimulation by K+ or 
glutamate, and quickly return to baseline after withdrawal of the stimulus. Aged cells 
have a much higher baseline [Ca2+]j and Ca2+ rises more slowly to lower peak levels, 
but the excess Ca2+ is very slowly removed from the cytoplasm (Fig. 3). There is no 
doubt that the age-related change of a worn calcium homeostasis will have a profound 
although unknown effect on the temporal calcium profile in ischemic conditions. It is 
anticipated, however, that during ischemia a much prolonged elevation after the initial 
stimulation will be present. On the other hand, a counteractive action may be expected 
from the fact that during aging the density of NMDA channels is decreased (100), 
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Fig. 3. The intluence of the aging process is clearly indicated by the response of cultured 
neurons to stimulation by glutamate (and other agents). Cells from neonatal animals have a low 
basal level of [Ca2+]j and respond to stimulation by a sharp rise of calcium elevation directly 
followed by reduction ofthe calcium concentration to the initial baseline level. In the dorsal root 
ganglion cells of aged animals, the basal level is much higher and the glutamate response charac­
terized by lack of peak levels but extremely prolonged, the latter probably the result of deranged 
sequestering and calcium pumping mechanisms. (Reprinted with permission from ref. 40.) 

whereas the density of L-type calcium channels does not appear to be changed in 
senescence. This would imply a reduced vulnerability of aged nerve cells to glutamate 
toxicity invoked by calcium currents mediated through NMDA channels. This assump­
ti on finds support in arecent experiment in which we compared the neurotoxic effect 
of similar concentrations ofNMDA infused in the magnocellular basal nucleus in young 
vs aged rat (101). When comparing the neurotoxic effects of 40 nmol injection in the 
nucleus basalis, the neuronal damage was reduced from 49% in young animals to 36% 
in the aged rats of 26 mo (101). This lower rate of cell death was proportional to the 
decreased presence ofNMDA channels in the aging brain (100). 

4.3. Pharmacological Approaches in Stroke 

It is obvious from the foregoing that the putative sequence of events after stroke that 
ultimately leads to brain tissue damage, at various points offers possibilities for phar­
macological intervention to counteract the presumed cytotoxic mechanisms. Major 
efforts both preclinically and clinically have been directed toward resolving the throm­
bus as primary cause of the ischemic stroke, limiting calcium influx in the ischemic 
region either by way ofNMDA and AM PA receptor blockade, or blockade ofvoltage­
sensitive Ca2+ channels, and enhancement of the activity of free radical scavengers. 
Other approaches include suppression of glutamate release, inhibition of Ca2+ -dependent 
protease activity (102), application of adenosine analogs or adenosine transport inhibi­
tors (103,104) and serotonin lA receptor agonists (105,106), and blockade ofintracel­
lular ryanodine receptors (107), lowering brain temperature during ischemia (J08), to 
mention only some of the reported strategies in ischemia research. The present paper 
specifically deals with nimodipine as a representative of the third category of putative 
anti-ischemic drugs directed towards limiting Ca2+ intlux through the L-type Ca2+ channel. 
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5. NIMODIPINE IN EXPERIMENTAL HYPERTENSION, 
CEREBRAL ISCHEMIA, AND STROKE 

5.1. Pharmacology 

Luiten et aI. 

Among dihydropyridines (DHP) with L-type Ca2+ channel antagonistic activity, 
nimodipine has been identified as having both cerebrovasodilatory and neuronal effects 
at doses that have little or no effect on peripheral circulation (l09,l1O) (Fig. 4). It is 
mainly these characteristics associated with high passage rate over the blood-brain bar­
rier that defines the usefulness ofnimodipine in stroke. Nimodipine binds the DHP­
receptor site ofthe L-channel in a saturable, reversible, and stereospecific fashion (l11). 
The DHP-affinity is strongly increased by depolarization, whereby a preferential inter­
action of nimodipine with the inactivated state exists. Therefore, it is postulated that 
channels that open briefly may not permit sufficient time for pharmacologic action, 
whereas under conditions ofprolonged stimulation ofL-type channels, the antagoniz­
ing effects ofnimodipine will become more prominent (24,112). 

5.2. Pharmacodynamics 

5.2.1. Cerebrovasodilatory Effects 

Conceming the vascular effects, nimodipine shows marked specificity for cerebral 
vessels (l13), dilating cerebral vessels at much lower concentrations than required for 
reduction of systemic arterial pressure. In vitro studies with human arteries have dem­
onstrated that nimodipine is lO-fold more potent on cerebral than on temporal arteries 
(l 14). In several animal models intracarotid administration of nimodipine increases 
cerebral blood flow, especially when cerebrovascular resistance is increased (115,116). 
However, the intravenous administration of nimodipine results in variable effects 
(117-122). The observed increases in cerebral blood flow are mostly accompanied by 
only minor decreases in arterial blood pressure (113). 

5.2.2. Neuronal Effects 

The distribution of binding sites for nimodipine in the rat brain varies according to 
the brain region involved. Binding density is highest in the olfactory bulb and hippoc­
ampus, intermediate in the caudate nucleus and cerebral cortex, and lowest in the cer­
ebellum (l23). Electrophysiological studies with mammalian neurons demonstrate that 
nimodipine in concentrations as low as 10 nM is able to block inward Ca2+ currents 
depending on the state of depolarization (l24). However, only at high concentrations 
(0.1-10 ~ has nimodipine been reported to block the release ofsome neurotransmit­
ters and hormones from neuronal tissue (l 09). Under normal metabolic circumstances, 
nimodipine at concentrations up to 1 j.lM, has also no effect on oxygen consumption by 
isolated brain slices (l09). In vivo studies on healthy animals demonstrate that 
nimodipine, although increasing blood flow, has no effect on cerebral metabolism, 
cortical A TP levels, or phosphocreatine levels (109). In healthy volunteers, EEG stud­
ies show normalization of vigilance by administration of nimodipine in case of both 
high and low initial vigilance levels. Other investigations have shown higher scores in 
"alertness" and "memory function" after nimodipine treatment (110). With regard to 
cognitive function, Disterhoft et al. (90) described the striking influence of nimodipine 
in potently reducing the age-related enhancement ofafter-hyperpolarization ofpyrami-
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dal cells in the hippocampus. It is likely this effect that underlies improved cognitive 
perfonnance in aging after application of compounds like nimodipine. 

5.3. Pharmacokinetic Properties of Nimodipine 

5.3.1. Absorption and Distribution 

When nimodipine is administered to healthy humans by continuous iv infusion, 
steady-state plasma nimodiprne concentrations are reached after 12-18 h (113). After 
oral administration of nimodipine (tablets or capsules) in humans, maximum plasma 
levels are reached after 30--60 min, whereby a linearity exists between dose and plasma 
concentration (125). Absorption of nimodipine from the gastrointestinal tract foIlow­
ing oral administration is nearly complete, but bioavailability is only approx 10%, 
because ofthe first-passage hepatic metabolism (113). Animal studies have shown that 
nimodipine is quickly distributed throughout all tissues and organs after iv or oral 
administration, and that approx 98% ofunchanged nimodipine is bound to plasma pro­
teins (113,126). After administration, nimodipine is also found in the cerebrospinal 
fluid (CSF) although concentrations here are much lower than the mean plasma con­
centrations. This can be explained by the fact that in plasma only the 2% unbound 
fraction of nimodipine can reach equilibrium with the brain (110,125). 

5.3.2. Metabolism and Elimination 

The major step in the metabolie pathway of nimodipine is hydrogenation of the 
dihydropyridine nuc1eus to fonn a pyridine analog. Next, hepatic demethylation occurs 
either before or after fonnation ofthe pyridine analog. Subsequent metabolism involves 
ester hydrolysis and hydroxylation of a methyl group (113). The main metabolites of 
nimodipine have litde or no phannacological activity (127). Following a single oral 
dose in healthy humans, 50% ofthe administered dose is excreted in the urine within 4 
d, almost exc1usively in the fonn of metabolites. An additional 32% is excreted in 
feces, likely due to biliary excretion (128). In rats, after intravenous (as weIl as after 
oral administration of nimodipine), 20% of the dose is excreted in the urine and 
80% in feces (129). Plasma elimination half-life values in patients and healthy volun­
teers ranges from 0.9-1.5 h after iv administration, and from 1.7-5.6 h after oral 
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administration. In patients with liver dysfunction, clearance ofnimodipine is consider­
ably impaired (110). 

5.4. Nimodipine in Experimental Stroke Models 

As described in previous paragraphs, Ca2+ entry into brain cells and vascular smooth 
muscle plays an important role in the pathophysiology ofbrain ischemia. Nimodipine 
has therefore been widely tested for its potential in therapeutic intervention in 
preclinical trials using animal models of cerebral ischemia. We have to realize that no 
stroke model will ever be able to exactly reproduce the circumstances of clinical stroke 
in humans. However, in the last decade, some models have been developed that closely 
approximate certain aspects ofthe clinical situation. Because oftheir close resemblance 
to the cerebrovascular anatomy and physiology in higher species, and their low cost, 
rodents (notably rats and gerbils) are often used for these studies. Cerebral ischemia 
models can be divided into models of transient global ischemia, resulting in selective 
neuronal injury within vulnerable brain regions, and focal ischemia, typically giving 
rise to localized brain infarction (130). 

5.4.1. Nimodipine in Global Cerebral Ischemia Models 

The first observation that nimodipine can prevent postischemic impairment of cere­
bral blood flow raised the interest to test nimodipine in global ischemia models. In the 
rat two-vessel occlusion model, whereby reversible bilateral common carotid artery 
occlusion (CCAO) is combined with systemic hypotension, resulting in marked reduc­
tion of forebrain blood flow and concomitant forebrain ischemia, nimodipine has 
proven to be an effective drug. Treatment before and after the start of ischemia resulted 
in significant neuroprotection in the CA 1 area of the hippocampus (131-133). In con­
trast to what was expected, the protective effects ofpretreatment with nimodipine was 
not mediated by an increased postischemic cerebral blood flow (CBF) (131,133). A 
nimodipine infusion for 24 h, starting 20 min after the ischemic period, resulted in a 
50% reduction of mortality and revealed neuroprotection especially in the hippocam­
pus, whereas no protection was seen in the striatum and the cortex (132). 

Nimodipine has also been tested in a rat model in which reversible bilateral CCAO 
is combined with bilateral vertebral artery occlusion. An advantage ofthis model is the 
ability to achieve a high grade forebrain ischemia in awake, freely moving rats. A 
nimodipine infusion started direct1y after an ischemic period prevented calcium­
calmodulin binding, but did not result in significant histological protection (134). 
Cerebroprotective effects of nimodipine have also been evaluated in gerbils subjected 
to transient bilateral CCAO. The absence ofposterior communicating arteries in these 
animals is responsible for severe bilateral forebrain ischemia following bilateral CCAO. 
Transient occlusion lasting 5 min or less results in delayed cell death of the hippocam­
pal CAI pyramidal neurons (130). Nimodipine applied I h before an ischemic period 
of 5 min was not able to avoid increased calcium levels in the CA I region of the 
hippocampus, and had no significant effect on neuronal survival in that area (135). 

Delayed neuronal death is preceded by prolonged inhibition of protein synthesis. 
Nimodipine administered shortly after an ischemic period did not influence postis­
chemie recovery of protein synthesis (136). Another study with the same ischemia 
model, in which a therapeutic time window for nimodipine was investigated, showed 



Calcium Homeostasis and Nimodipine 83 

also that treatment shortly before and after ischemia had the least protective effects, 
whereas late post-ischemia treatment (up to 24 h after ischemia) strongly prevented the 
delayed neuronal death of the sector CA 1 pyramidal cells (137). 

In the late postischemic stages, no microcirculatory abnormalities are observed, 
which indicates that the mechanism of protection of nimodipine in this model is possi­
bly the result of direct neuronal effects instead of cerebrovascular effects. In a study 
using a rabbit model of transient global cerebral ischemia, performed by intrathoracic 
artery occlusion combined with hypotension, the effects of local nimodipine applica­
ti on to the hippocampus was compared with the effects of systemic administration of 
nimodipine. Both treatments started before ischemia and continued after ischemia, did 
not affect extracellular concentrations of amino acids, but enhanced recovery and nor­
malization of electroencephalographic activity and protected hippocampal neurons 
from early morphologie changes. Only nimodipine given systemically was able to 
attenuate the ischemia-induced drop of extracellular Ca2+ and completely prevented 
postischemic leakage ofthe blood-brain barrier (138). From these results, it was con­
cluded that the vasotropic action of nimodipine played a major role in the mechanism 
of neuronal protection. In a model of cardiac arrest of cats, no effect upon neuronal 
survival was found by postischemic nimodipine administration (139). 

5.4.2. Nimodipine in Foeal Cerebral Isehemia Models 

Nimodipine was extensively tested in rats with focal cerebral ischemia caused by 
occlusion of the middle cerebral artery (MCA). This model has proven to be a very 
useful approach to mimic the ischemic hemispherical infarction in humans and was 
therefore very suitable to test the therapeutie efficacy of drugs (such as Ca2+ antago­
nists) prior to human clinical trials. One of these models is the Tamura model (140), 
which consists of reversible or irreversible proximal MCA occlusion, giving rise to 
infarction of both cortex and caudoputamen. Application of the Tamura model, how­
ever, requires craniotomy. A more recent method without the need for craniotomy is 
the intraluminal filament occlusion of the MCA (141). In this model, a filament is 
introduced into the internal carotid artery by which the origin of the MCA can be 
reversibly occluded. 

Nimodipine is not consistently effective in rats with MCA occlusion. Apart from 
the experimental conditions, the time of drug administration, size and severity of the 
infarct, dose of the drug, and duration of treatment influence the outcome. When 
nimodipine infusion was started before permanent MCA occlusion (according to the 
Tamura method) and continued until sacrifice, cerebral blood flow was increased 
in the parietal cortex compared to controls (142). Also the volume of the ischemic 
damage was less in the cortex. However, the extent of the damage in the central core 
was not decreased by the drug administration. In the same study, it was found that 
nimodipine did not affect CBF in the caudate nucleus, which was associated with the 
lack of effect on ischemic injury in this region. 

Pretreatment with nimodipine prior to MCA occlusion has been shown to prevent 
early loss ofhippocampal CAI parvalbumin immunoreactivity, indicating an early role 
ofL-type channels in neuronal alterations (143). Nimodipine given 30 min after per­
manent MCA occlusion showed also marked improvement on parameters of infarct 
size, and biochemical markers ofinfarction (144). Curiously in another study in which 
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nimodipine was also applied 30 min after MCA ocelusion, it was reported that the drug 
treatment failed to augment CBF (145). Investigators that started treating hypertensive 
rats with nimodipine before irreversible MCA ocelusion, found that nimodipine 
improved circulation through ischemic tissue (146). Also edema volume and cortical 
infarct volume was decreased by nimodipine. Based on further calculations, it was 
coneluded that in the hypertensive rat, the improvement of CBF could not be the only 
factor responsible for the focal ischemic injury reduction. Also the modulating effect 
on calcium influx of neurons is most likely another protective role of nimodipine dur­
ing permanent MCA ocelusions. 

Radiolabeled ligand studies with 3H-nimodipine in rats with MCA ocelusion show 
increased binding ofnimodipine in severely ischemic regions and in later stages (after 
4 h) also in regions with penumbral blood flow levels (147). This can account for the 
results from an experiment in wh ich the effects of nimodipine were recorded at differ­
ent intervals after ocelusion. After only 6 h, nimodipine treated rats started to show a 
reduced infarct compared to vehiele-treated rats (148). These results provide further 
evidence that nimodipine prevents the progression of tissue necrosis in the penumbral 
zone of rats with permanent MCA occlusion, whereas the core region adjacent to the 
site of ocelusion cannot be protected by the Ca2+ antagonist. 

In a model of transient MCA ocelusion by an intraluminal filament, nimodipine 
application directly after the ischemic period reduced abnormal Ca2+ accumulation in 
the MCA supply domain and anterior cerebral cortex, together with reduced neuronal 
damage in the MCA cortex, whereas neuronal injury in the striatum was unaltered 
(149). Drug treatment during reversible MCA ocelusion in cats and continued during 
reperfusion resulted in greater recovery of EEG (150). During reperfusion, dramatic 
hyperperfusion was also seen compared to vehiele-treated animals that displayed 
normal perfusion levels. Next to these results, much lower increases in Ca2+ levels 
were found during ischemia and reperfusion, and less focal cortical damage was 
observed. In baboons, nimodipine infusion started before aperiod of 6 h MCA ocelu­
sion and continued for 4 d revealed a 100% survival, whereas in the vehiele-treated 
group, mortality was 33% (151). There was also less elinical evidence for infarction 
7 d after the ischemic period. Infarction areas observed after 14 d reperfusion tended to 
be smaller, although this was not significant. Nimodipine has also been tested in a rat 
model of photochemically induced focal cerebral thrombosis. Following an intrave­
nous injection of a photo sensitive dye, a light of a special wavelength is used that 
penetrates the skull, and induces platelet aggregation and thrombosis in the vessels 
directly under the dura mater. In this way, focal infarcts can be placed in any desired 
corticallocation (152). Nimodipine injection in this model 5 min after irradiation did 
not reduce the cortical infarct area examined 24 h after thrombosis. 

5.4.3. Nimodipine in Stroke-Prone Spontaneously Hypertensive Rat Strains 

A elose reproduction of elinical stroke in humans associated with hypertension is a 
stroke in the stroke-prone strain of spontaneously hypertensive rats (SHR-SP). Both 
hemorrhages and infarcts occur spontaneously in >80% ofthe male animals (153,154). 
Major sites with a high risk for stroke in these rats inelude the anteromedial and occipi­
tal cortex and basal ganglia (130). A difficulty ofstudying the effects ofneuroprotective 
agents in this model is the large variability oftiming, location, and pathologic features 
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Table 1 
Effects of Nimodipine Treatment of Stroke-Prone Spontaneously Hypertensive 
(SP) Rats Compared to Age-Matched Controls of the Wistar-Kyoto Strain (WK) 

Rel. brain wt Number 
Experimental (per 100 g ofrats 
group Age, wk N Body wt, g Brain wt, g body wt) with strokes 

SP-ONSET 46 5 313 ±15.4 2.0 ± 0.20 0.68 ± 0.11 2 
SP-PLAC 56 7 281 ± 9.3 2.5 ± 0.11 0.91 ± 0.06 7 
SP-NIMO 56 ·7 355 ± 7.1 1.8 ± 0.02 0.51 ± 0.01 2 
WK-ONSET 46 5 412 ± 3.6 2.1 ± 0.01 0.50 ± 0.002 0 
WK-PLAC 56 8 412 ± 10.2 2.0 ± 0.02 0.47 ± 0.01 0 
WK-NIMO 56 8 405 ± 3.8 2.0 ± 0.03 0.49 ± 0.01 0 

Of each rat strain, three groups were compared, the values of body and brain weight, ratio of brain to 
body weight, and animals with stroke were measured at onset of the experiment at the age of 46 wk and 
after a lO-wk treatment period (from the age of 46-56 wk). The major outcome was that nimodipine pre­
vented loss ofbody wt and the occurrence of stroke in the SP animals. Nimodipine treatment characteristi­
cally prevented the high increase of brain weight in the SP rats, which resulted from the development of 
brain edema concomitant with stroke (154). 

of the strokes. On the other hand, this model is very suitable for testing prophylactic 
effects of calcium entry blockers on the occurrence of strokes and concomitant brain 
edema (154). In aging SHR-SP rats treated chronically with nimodipine (applied in 
food 1000 ppm) for 10 wk, all animals survived the experimental period, while 2 out of 
7 rats developed minor strokes, without any significant reduction of systolic blood 
pressure (Table 1). 

In contrast, all placebo-treated animals developed severe strokes with a mortality of 
50% (J 54). Selective GABA-ergic and parvalbumin-positive neuronal death that 
occurred in placebo-treated SHR-SP rats was prevented by nimodipine treatment. Pro­
phylactic effects of nimodipine were also seen in other studies (155,156). Nimodipine 
postponed the time point when stroke started to develop and reduced mortality. Even in 
low doses (2 mg/kg/d), nimodipine delayed the onset ofstroke (155). During the occur­
rence ofan acute stroke in these strain ofrats, nimodipine improved the cerebral micro­
circulatory derangement (157). Also, after onset of stroke, nimodipine treatment has 
shown beneficial effects in SHR-SP. Administration ofthe Ca2+ antagonist after symp­
toms of stroke, increased the survival time and attenuated the increase of the Ca2+ 

content ofthe brain (158). Besides, fewer hypertensive cerebraliesions were reported 
and in some areas of tissue rare faction an increase in number of functional capillaries 
was observed. Investigators, using the active avoidance task as a memory test, found 
ameliorating, probably secondary effects ofnimodipine on the impaired leaming abil­
ity in poststroke SHR-SP (159). 

In summary, in models oftransient global ischemia, the efficacy ofnimodipine depends 
on the type ofanimal model and the mode oftreatment. Protection is especially promi­
nent in the penumbral zone of the hippocampus, whereas there is generally no protec­
ti on found in the striatum and cortex. In stroke models that evoke delayed neuronal 
death, nimodipine is most effective in the late postischemic stages when CBP has 
reached normal levels, indicating a direct cytoprotective effect. In focal cerebral 
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ischemia caused by pennanent MCA occlusion, both nimodipine pretreatment and post­
treatment prevents progression of tissue necrosis in the penumbral zones of the cortex. 
Also, in models of transient MCA occlusion, nimodipine showed neuroprotection in 
cortical brain areas. In SHR-SP rats, nimodipine had both prophylactic and protective 
effects in case of stroke. Improvement of cerebral microcirculatory disturbance by 
nimodipine is responsible for these effects. 

Disagreement exists about the protective mechanism of nimodipine in models of 
global and focal ischemia. There is evidence for protective effects through L-type chan­
nel blockade both in neuronal membranes and in the cerebrovascular domain. Most 
likely, both mechanisms are involved in neuroprotective effects ofnimodipine in stroke. 
Unfortunately only few investigators have studied the temporal course of neuro­
protection by nimodipine in the differential animal stroke models. Data about the effects 
of delayed treatment with nimodipine after onset of stroke, which resemble the clinical 
situation, are lacking. 

6. CLINICAL RESULTS WITH NIMODIPINE 
IN ACUTE ISCHEMIC STROKE 

6.1. Introduction 

The promising results obtained in the early experimental studies on dihydropyridines 
in cerebrovascular and stroke model studies opened the dOOf for application of these 
compounds and nimodipine in particular in clinical ischemic stroke trials. In the early 
period of nimodipine application, however, the L-type channel blockers were prima­
rily considered as vasoactive compounds albeit with a preferential action on cerebral 
vasculature (J 60). Although some reports already defined views on the relationship 
between neuronal calcium and cell death in stroke-affected brain regions (J 61), the 
breakthrough in insight of neuronal damage mechanisms in ischemic conditions was 
yet to come (75). A major characteristic of nimodipine was its capacity of transport 
over membranes and passage over the blood---brain barrier, in particular the entry ofthe 
cerebrovascular wall by passage over the endothelial lining of intraparenchymal vas­
culature. This way, a compound like nimodipine was essentially capable ofinduc­
ing-vasoactive responses in intracerebral vessels in the stroke affected brain. As 
has now become weIl recognized, a second way of action of dihydropyridines is 
their impact on maintenance or restoring Ca2+ levels in neuronal tissue. This charac­
teristic feature of DHP as nimodipine is particularly important where Ca2+ balance is 
under threat as a result of ischemic events and leading to irreversible processes of 
neuronal injury or cell death. 

6.2. Clinical Trials with Nimodipine in Ischemic Hemispheric Stroke 

The first experience with nimodipine in clinical use was reported by Gelmers (J 62) 
in 1984. In this preliminary single-blind study in the Netherlands, 29 patients suffering 
from acute ischemic stroke were treated with 120 mg/d for aperiod of28 d and com­
pared to 31 controls. Treatment effects were followed for mortality and neurological 
scores, the latter assessed with an adapted Mathew Scale. The outcome of this study 
was promising and indicated a neurologic improvement in the 4-wk treatment period, 
which was significantly better for the nimodipine-treated patients compared to the pla-
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eebo group. The study did not speeifieally mention the average time point of the start 
of the treatments after the onset of stroke. 

Based on this preliminary study, Gelmers et al. (163) published a seeond double­
blind multicenter trial ofnimodipine in isehemie stroke. This trial included 93 patients 
in eaeh group that were seleeted and treated in basieally the same fashion as in the 1984 
study. Treatments in this study were reported to have started within 24 h after the 
oeeurrenee of stroke. The larger number of patients and improved methodology, how­
ever, permitted a more refined analysis of the outeome and identifieation of more 
parameters. In the nimodipine-treated group, the mortality rate during the 4-wk treat­
ment and in a 6-mo follow-up period was found to be signifieantly 10wer than in eon­
tro1s. However, the better outeome in terms of redueed mortality was only valid for the 
male segment of the nimodipine-treated patients. There was also a signifieantly better 
improvement as assessed by the degree of neurologie impairment in the nimodipine 
group. Interestingly, the neurologie improvement by nimodipine in this study was most 
signifieant in patients defined by the Mathew score as showing a moderate-to-severe 
neurologie deficit at the start ofthe treatment program. Patients with either minor neu­
rological damage or extremely poor neurological scores did not benefit from the 
nimodipine treatment. 

The 1988 paper ofGelmers (163) was followed by a third report (164) in whieh the 
authors pooled the outeome of five nimodipine trials in the Netherlands, Spain, Italy, 
Germany, and Austria (165,166). All trials were performed with basically similar pro­
toeols and methods of treatment assessment as previously indieated (162,163). In this 
larger survey that involved 335 nimodipine-treated patients and 346 placebo-eontrols, 
again mortality and neurologie outeome at the end oftreatment were reeorded. The size 
ofthe trial allowed a further differentiation in treatment results and yielded the follow­
ing major conclusions. Mortality during the 3- or 4-wk treatment period was 51 % lower 
in the nimodipine group, whereas a signifieant inereased improvement of neurologie 
outeome was also established for the entire nimodipine group. It was further ea1culated 
that the impact of nimodipine is on1y positive for patients with an initial neurologie 
score of moderate-to-severe. Furthermore, patients >65 yr old were more 1ike1y to 
benefit from the nimodipine treatment, whieh was a more speeifie outeome ofthe Span­
ish trial (165). A c1ear and eritieal finding in the Italian study (166) was that astart of 
treatment within 12 h after the oeeurrenee of stroke symptoms signifieantly inereased 
the chance for a better outeome. 

Not all clinieal trials with nimodipine, however, eame to the same moderately posi­
tive eonclusions for the effieaey oftreatment in stroke. Nimodipine (120 mg/d) given 
to a group of 24 patients (vs 28 plaeebo-eontrols) during 2 wk with Mathew seale 
scores of around 65 at the start of treatment did not provide any change in the normal 
development of neurologie score during the treatment period or the 4-mo follow-up 
(167). It appears that the outeome ofthis rather limited trial eonfined to stroke patients 
with only a moderate neurologie deficit at the entry of the trial is in line with similar 
observations in the Gelmers reports on subgroup analysis based on severity of the 
neurologie dysfunetion. 

In the same year, an extensive British trial on 607 nimodipine and 608 p1aeebo­
eontrol eases was published by the Trust Study Group (168). Treatment in this trial was 
also based on 120 mg/d with nimodipine for 21 d started within 48 h ofstroke onset, 
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but the end-point of the impact of treatment was assessment of functional recovery 
after 6 mo by use ofthe Barthel index and an arbitrary Activities ofDaily Living Scale. 
The outcome of this study was negative in the sense that no beneficial effect of 
nimodipine could be recorded after a follow-up of 24 wk, neither in functional recov­
ery nor mortality. In fact, the nimodipine group tended to show a somewhat delayed 
recovery speed. Subgroup analysis of start of treatment within 24 h also showed no 
positive influence of the dihydropiridine. 

A second major, carefully designed multicenter clinical trial on nimodipine in acute 
ischemic stroke carried out in the Uni ted States provided the following outcome on 
efficacy and also safety ofnimodipine treatment (169). The trial was based on a placebo 
group of 264 patients and three groups of 265, 268, and 267 stroke patients receiving 
60, 120, or 240 mg/d nimodipine, respectively, during 21 d. Follow-up check was car­
ried out after 3 and 6 mo. Neurological function was determined using the Toronto and 
motor strength scales. In spite of the large number of cases, there were no differences 
in mortality rates between the placebo and the three nimodipine groups. Also clinical 
outcome values for all patients that started treatments within a 48 h limit after stroke 
onset, did not reveal any differences either established by the Toronto and motor score, 
or other scores including the Mathew scores used by the Gelmers trials. Further sub­
group analysis demonstrated the importance of the interval after stroke. In particular, 
the subgroup receiving 120 mg/d nimodipine that started within 18 h after stroke symp­
toms had a better neurologic outcome expressed as a significantly lower rate of neuro­
logic worsening. The critical importance of starting point of treatment in this American 
study was further emphasized by the positive correlation between nimodipine treat­
ment efficacy when started within 18 h from on set and a negative computed tomo­
graphic scan. This latter finding may prove to be of crucial value since it suggests that 
a positive outcome in clinical efforts to limit brain damage is reasonably only to be 
expected in the time period before irreversible infarction has developed. 

A more recently reported clinica1 study (170) was carried out in Fin1and on 176 
nimodipine treated (120 mg/d for 21 d) and 174 placebo-controls. A subgroup stratifi­
cation was included as to address analysis parameters that proved to be of potential 
importance in treatment efficacy as became apparent from previous studies such as age 
(16-59 yr and 6Q.--{)9 yr), start oftreatment (within 24 hand 24-48 h), and initial sever­
ity of stroke (mild and severe). The results of this study show some contrast to the 
earlier findings of Gelmers et al. (162-164). Mortality in the nimodipine group was 
higher than in the controls, but this difference was not significant. Comparison of the 
neurologic outcome of all subgroups mentioned with regard to age, severity of stroke, 
or start of treatment in this study showed no differences between nimodipine and 
placebo treatments. 

Based on the positive neuroprotective results yielded with intravenous nimodipine 
infus ions during stroke models in primates (151), several clinical trials were under­
taken with intravenous application ofthe drug. In a Canadian study, 84 patients entered 
the trial within 48 h after stroke and received 2 mg/h intravenous nimodipine for IOd, 
followed by oral (180 mg/d) nimodipine for 6 mo. The drug-treated patients had a 
mildly better neurologic score at the end ofthe treatment period, which was, however, 
not statistically significant. A European study (1 71) comprised groups of stroke patients 
that either received intravenous nimodipine of 1 mg/h or 2 mg/h for 5 d after which 
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treatment was continued with oral nimodipine application of 120 mg/d for 21 d. The 
trial, however, was prematurely terminated because of safety reasons, whereas the 
placebo groups scored better than the intravenous drug-treated groups. Analysis of 
diastolic blood pressure in the various groups indicated a relatively fast reduction 
of postischemic blood pressure that positively correlated with an unfavorable neuro­
logie outcome. 

The overall conc1usions of all clinical data that became available on nimodipine 
application in ischemic hemispheric stroke were recently summarized by Kakarieka et 
al. (173) and Mohr et al. (174). As was also indicated in the survey above, (163) older 
patient groups with moderate to severe neurologie deficit and subjected to treatment within 
12 h may benefit from the calcium antagonist. In particular, the time interval between 
start oftreatment after stroke, the initial improvement ofresidual blood flow, and main­
tenance ofblood pressure and the restoration ofblood flow have come into focus apart 
from the neuroprotection ofthe jeopardized neuronal tissue in the ischemic penumbra 
(173). In this respect, it was demonstrated by a large-scale MCA occlusion study in 
monkeys that occlusion of more than 8 h generally resulted in extensive and probably 
irreversible cellular necrosis (175). 

In this line of evidence, an interesting and recent clinical nimodipine study was 
initiated by Limburg and colleagues who in 1994 started a double-blind, placebo-con­
trolled ischemic stroke trial aimed at 1750 patients (M. Limburg, personal communica­
tion). This "very early nimodipine use in stroke" (VENUS) trial carried out in the 
Netherlands is characterized by the start of treatment within 6 h after onset of stroke. 
The protocol requires participation of general practitioners, who in the Netherlands are 
usually the first physicians to see a patient. Patients receive 30-mg tablets four times 
daily for IOd, after which the condition of patients is assessed by the Rankin Handicap 
Scale to be repeated after a foIlow-up period of 3 mo. It may be anticipated that the 
outcome ofthis study will, at least, provide more conclusive data on the essential issue 
of early intervention. 

6.3. Summary and Conclusions 

Our knowledge on stroke, the pathophysiologie mechanisms leading to stroke­
induced brain damage and possibilities for therapy have dramatically increased during 
the last two decades. Experimental research in in vivo animal models as weIl as in cell 
cultures have greatly added to our insight in the cellular and molecular processes 
involved in neuronal injury and neuronal cell death in ischemic conditions. However, 
the prec1inical scientific approach was often directed towards the unraveling of cellular 
and molecular steps in the cascade of events leading to cell death, and much less to­
wards the design of a realistic therapeutic application. It may be expected that the much 
better understanding of the pathophysiology of ischemic stroke will yield better and 
more adequate therapies or combinations of therapies. In this respect, it appears that 
the strong urge for stroke treatments has given way to somewhat premature c1inical 
trials. Nonetheless, the experience obtained with clinical and preclinical applications 
of compounds like nimodipine and other calcium antagonists have greatly contributed 
to the current views on the crucial role of intraceIluiar calcium homeostasis in vascular 
and neuronal tissue in health and disease. Such knowledge not only applies to condi­
tions with acute threat to brain tissue as in stroke, but also in relation to chronic-
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progressive decline of neural function and aging-associated neurodegeneration as in 
dementia and Alzheimer' s disease (68,176,177). 

An important more recent finding of experimental study of ischemic brain damage 
is the impact of the initial early phase of glutamate exposure of the postsynaptic neu­
rons. There is now evidence that when NMDA channel-mediated calcium elevations 
reach toxic threshold levels, degenerative processes are triggered that probably set in 
motion the train of programmed cell death. The question then arises whether the severe 
ischemic event once started and the subsequent neurodegenerative processes can still 
be influenced in such a way that cell death on a large scale can be prevented. The 
outlook is not overtly optimistic but it has been argued that very early removal of the 
primary cause of atherothrombosis by thrombolytic treatment combined with second­
ary neuroprotective therapy may prove a fruitful strategy in stroke treatment (178). 

7. FUTURE OUTLOOK 

From the tangibly modest clinical benefits of various stroke treatments, it may be 
expected that future strategies will follow different approaches of this devastating dis­
ease in the aging population, notably of developed nations. In view of the powerful 
effects of several anti-ischemic drugs when applied before the application of stroke or 
the protective effects in stroke-prone rat models, a prophylactic approach with Ca2+ 

antagonists might be anticipated. Short- or long-term prophylactic application of 
neuroprotective drugs to high-risk populations has been suggested as a reasonable way 
to go when safe compounds for lengthy administration are available (179). 

The question remains of what possibilities are left when the neuronal injury has 
become a fact, which will be the reality in most cases in which treatment cannot 
be started early enough for successful intervention, which is probably the case in acute 
insults as in stroke. A major new effort in eNS research is starting to surface since 
results of experimental study point to the challenging possibilities offered by the activ­
ity of growth factors. This more recently discovered class of peptides with receptors 
responding to them on various groups of nerve cells, are potentially promising tools for 
activation of remaining neuronal systems. It has long been known that both axonal and 
dendritic neuritic processes possess an impressive capacity of outgrowth in denervated 
brain regions, a process indicated as neuritic sprouting. Recent studies indicated that 
regenerative phenomena may considerably be promoted by growth factors (180,181). 
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Glutamate N eurotoxicity and Stroke 

Tihomir P. Obrenovitch 

1. INTRODUCTION 

Glutamate is the principal excitatory neurotransmitter in the mammalian central 
nervous system (CNS), subserving postsynaptic excitatory responses in many cortical 
efferent systems and in intrahippocampal pathways. When glutamatergic terminals are 
depolarized, vesicular glutamate is released into the synaptic eleft in a Ca2+ -dependent 
manner (1). There, glutamate interacts with several distinct families ofreceptors located 
principally on postsynaptic neurons. N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-
5-methyl-4-isoxazole-propionic acid (AMPA), and kainate receptors are termed 
ionotropic because they open cation channels upon their activation by an agonist (2,3). 
Excitatory postsynaptic potentials are commonly composed ofboth AMPA and NMDA 
receptor-mediated components. In contrast, metabotropic receptors are linked to sec­
ond messenger systems. Depending on the cell type and receptor subtype, metabotropic 
receptors might mediate inositol phosphate metabolism, release of arachidonic acid, or 
changes in cyelic adenosine monophosphate (cAMP) levels (4). Glutamate is removed 
from the synaptic eleft and extracellular space by Na+ -dependent, high-affinity mono­
carboxylic acid carriers located in both neurons and glia (1). Efficient uptake of 
glutamate contributes to the termination of its actions on synaptic receptors since there 
is no extracellular enzyme to breakdown glutamate (5). 

Neuronal death subsequent to excessive glutamate-mediated excitation, often referred 
to excitotoxicity, stands out as a critical factor common to a variety of neurological 
disorders, ineluding stroke (6,7). Excessive inward currents of Ca2+ and Na+ through 
glutamate-gated ion channels, possibly supplemented by release ofCa2+ from intracel­
lular stores subsequent to metabotropic receptor activation, leads to intracellular Ca2+ 
overload, which is a common mediator of cell death (8-10). As glutamate antagonists 
are neuroprotective in stroke models, lesions of excitatory pathways reduce hippocam­
pal cell death, and extracellular glutamate concentrations markedly increase during 
ischemia, it is generally assumed that the trigger of ischemia-induced excitotoxicity is 
high extracellular glutamate (11-13) (Fig. I). This chapter has three objectives: 

1. To illustrate that the current concept of ischemia-induced excitotoxicity (Fig. 1), centered 
on high extracellular glutamate, conflicts with key experimental evidence. 

2. To show that this oversimplified theory may lead to inappropriate strategies for the protee­
tion of neurons against ischemia. 
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Postsynaptic 

Fig. 1. Schematic illustration of the current hypothesis of ischemia-induced excitotoxicity, 
centered on high extracellular glutamate subsequent to excessive presynaptic release and deficientl 
reversed glutamate uptake. G, G-protein; PLC, phospholipase C; IP3, inositol-l,4,5-triphosphate. 

3. To propose alternative mechanisms, involving glutamatergic neurotransmission, which 
may be detrimental to neuronal survival in ischemia. 

Some of the arguments put forward below have been developed in more detail in 
recent reviews (14-17). 

2. NEUROTRANSMITTER EFFLUX IN CEREBRAL ISCHEMIA 

2.1. Excessive Efflux During Ischemia 
Is Not Specific to Excitatory Neurotransmitters 

Intracerebral microdialysis has made it possible to examine changes in the composi­
ti on of the brain extracellular fluid (ECF) in living experimental models (18). Ihis 
method has rapidly become popular in stroke research because the ECF is the neuronal 
microenvironment in which neurotransmitters and drugs are available to synaptic 
receptors, and through which nonsynaptic cell-cell chemie al signalling takes place. 
Since Benveniste and coworkers first reported in 1984 (19) that extracellular concen­
trations of the excitatory amino acids glutamate and aspartate increased markedly in 
the rat hippocampus during ischemia, numerous studies have confirmed and character­
ized this phenomenon in different brain regions, with various models of focal and glo­
bal ischemia, and also in humans (Fig. 2) (15,20). This efflux of excitatory transmitters 
is constantly referred to in stroke pharmacology, but ischemia provokes similar changes 
in inhibitory and modulatory compounds that are potentially protective (15,21). 

Changes in GABA and taurine are often overlooked despite relevant findings: Ihe 
relative increase of extracellular GABA is more pronounced than that of glutamate 
(22-24); ischemic efflux of excitatory and inhibitory amino acids are synchronous 
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(23,24); and K+-evoked release ofGABA and taurine remained unchanged up to 5 days 
after 20 min of forebrain ischemia, whereas those of glutamate and aspartate were 
reduced to 3540% of control (25). The latter finding suggests that either the presynap­
tic release of glutamate is more vulnerable to ischemic damage than that of inhibitory 
amino acids, or a selective vulnerability of glutamatergic neurons (25,26). 

The efflux of adenosine is also relevant because this inhibitory neuromodulator pro­
tects against cerebral ischemia (27), reduces excitotoxicity both in vitro and in vivo 
(28-30), and is released at a higher blood flow threshold than glutamate (31). As 
adenosine inhibits excitatory amino acid release by acting on presynaptic Al receptors, 
several studies have examined whether the protective effect of adenosine correlates 
with reduced glutamate release. Conclusive evidence for such a link is still lacking, 
however, and adenosine may be neuroprotective via other mechanisms (15,27). 

2.2. The Large Glutamate Efflux Produced by Severe 
Transient Ischemia Is Rapidly Cleared During Reperfusion 

Glutamate released into the extracellular space during ischemia is rapidly cleared 
during reperfusion, and to basal levels. This is another important and well-established 
feature (15) that is seldom mentioned when the excitotoxic hypothesis of ischemia­
induced neuronal loss is discussed. By incorporating an electrode within the micro­
dialysis probe to record electroencephalogram (EEG) and extracellular direct current 
(DC) potential at the dialysate sampling site (32), we showed that ECF glutamate began 
to recover as DC potential started to normalize, i.e., with cellular repolarization (Fig. 2) 
(33). Even after 20 min of forebrain ischemia with sustained depolarization, which 
produces marked histologic damage (34), both glutamate and aspartate returned to nor­
mal levels within 10-15 min (24). Ischemia-induced glutamate release is also revers­
ible with repeated transient ischemic insults, and there is no evidence of a cumulative 
effect (35,36). These data clearly indicate that glutamate uptake, deficient or even 
reversed during ischemia, recovers rapidly as transmembrane ionic gradients are 
restored. Postischemic recovery of presynaptic glutamate uptake was also demonstrated 
in striatal synaptosomes (37) and this mechanism was apparently preserved 4 d after 
ischemia in the rat hippocampal CAI (38). Rapid return to baseline during reperfusion 
was also observed with other neurotransmitters (15). 

The rapid clearance of excitatory amino acids from the extracellular space during 
reperfusion conflicts with findings suggesting that postischemic events related to 
glutamatergic systems may contribute to delayed neuronal death subsequent to tran­
sient ischemia. For example, lesions of the CAI afferent immediately after 20-min 
forebrain ischemia offered neuroprotection (39), as did postischemic administration of 
glutamate receptor antagonists (40-43) or voltage-gated Na+-channel modulators 
(44,45) in some studies. 

2.3. There Is No Sustained 1ncrease 
of Extracellular Glutamate in the Penumbra 

The concept of penumbra in focal ischemia was introduced to define regions with 
blood flow below that needed to sustain electrical activity (i.e., neuronal function), but 
above that required to maintain cellular ionic gradients, and leads in time to irrevers­
ible cellular damage (16,46). Determination of glutamate efflux in the penumbra is 
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important because it is especially responsive to protection with glutamate receptor 
antagonists (14,47). It is a difficult task, however, because the penumbra is a narrow, 
unstable rim whose location cannot be accurately predicted in individual experiments, 
and implantation of a microdialysis probe is likely to alter its fragile state (6). 

To circumvent this methodologie al problem, we have modified the rat four-vessel 
occlusion model of cerebral ischemia (48) to produce sustained and controlled periods 
ofpenumbral ischemia in the forebrain (i.e., electrical silence without anoxie depolar­
ization). This approach is similar to that previously described to create a consistent 
"metabolie penumbral zone" (49). The severity of ischemia was continuously regu­
lated using EEG and DC potential as feedback parameters, recorded with an electrode 
within the microdialysis probe used to monitor neurotransmitter changes (32). During 
30 min of penumbral ischemia, extracellular concentrations of excitatory amino acids 
in the striatum rose only slightly. Massive overflow of neuroactive compounds only 
occurred with sustained anoxie depolarization (Fig. 2) (24). These findings strongly 
suggest that excitotoxic processes in the penumbra are not related to sustained increases 
in the extracellular level of excitatory amino acids, initiated within this region. 

With focal ischemia, however, excessive glutamate could conceivably leak from the 
ischemic core, damaging nearby neurons, resulting in further efflux of glutamate, and 
thus extending tissue damage according to a self-propagating event (9). However, care­
ful examination of glutamate toxicity in rat cerebellar slices has invalidated this 
hypothesis. As long as the transmembrane Na+ and K+ gradients were maintained, 
which is the case in the penumbra (16,46), 1 00 ~ glutamate in the incubation medium 
was only toxic to the outermost regions ofthe slice (51). 

Another cause of transient glutamate efflux in the penumbra is recurrent spreading 
depression (SD), which propagates in regions adjacent to the ischemic core and 
contributes to the extent oftissue damage (see Section 4.2.). By slightly increasing the 
K+ concentration in the medium perfused through the microdialysis probe to avoid 
buffering the transient increase in extracellular K+ associated with propagating SD, we 
have demonstrated a large, synchronous, transient increase in extracellular glutamate 
(52,53), probably ofpresynaptic vesicular origin (17). It is very likely that in the pen­
umbra, where energy supply is compromised, the clearance of such transient glutamate 
release is slower because high-affinity glutamate uptake is tightly coupled to trans­
membrane Na+/K+ ionic gradients 0), and low blood flow reduces the capacity ofthe 
brain tissue to restore normal ionic gradients (54,55). Nevertheless, as the concept of 
the ischemic penumbra implies absence of anoxie depolarization in this region, there 
should be no sustained increase in extracellular glutamate in this condition. The con­
trary would indicate progression towards infarction. 

2.4. Ischemia-lnduced Histological Damage: 
Is It Linked to High Extracellular Glutamate? 

Between 10 and 20 min of a uniform severe reduction of cerebral blood flow in rats 
(two-vessel occlusion combined with systemic hypotension) produced similar increases 
in extracellular glutamate in the dorsal hippocampus, anterior thalamus, somatosen­
sory cortex, and dorsolateral striatum, i.e., vulnerable and nonvulnerable brain regions 
(56). Similarly, extracellular glutamate levels were increased in both CAI and CA3 
fields of the gerbil hippocampus during 5 min of ischemia, which resulted in selective 
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Fig. 2. Changes in dialysate glutamate during cerebral ischemia of graded severity (bottom 
traces). Microdialysis probe, incorporating an electrode for the recording of EEG and DC 
potential (upper trace), were implanted in the striatum of anesthetized rats. Dialysate glutamate 
concentration was continuously monitored by enzyme-fluorescence (50). Two to three hours 
after implantation, animals were subjected to the following procedure: 20 min of penumbral 
conditions (i.e., EEG silence without anoxic depolarization) produced by controlled four-ves­
seI occlusion (24); 40 min of recirculation; 5 min of complete forebrain ischemia; >60 min 
recirculation before cardiac arrest. Note that marked glutamate efflux only occurred during 
complete ischemia with anoxic depolarization. Data are from a single representative experi­
ment. The bottom left insert shows the changes in dialysate glutamate during penumbral condi­
tions; its scale is 20-fold smaller than that used for representing glutamate changes throughout 
the procedure. Figure reproduced from Obrenovitch (1995) (17) with permission of 
Springer Verlag (Wien). 

delayed neuronal death only ofthe pyramidal neurons; CA3 neurons were spared (57). 
Therefore, regional susceptibility to ischemic damage does not appear to be directly 
linked to glutamate efflux. 

A significant correlation was found between the magnitude of glutamate efflux and 
the volume of ischemic damage in rat brain following middle cerebral artery occlusion 
(MCAO) (58,59). However, this does not imply that poor neuropathologic outcome 
was a consequence of a more elevated ECF glutamate during ischemia because there 
was also a significant correlation between tissue damage and efflux of other neuroac­
tive amino acids. Therefore, it appears that neurotransmitter efflux is a generalized 
consequence of ischemia, increasing with the severity of the insult (15). This efflux is 
presumably not limited to neurotransmitters because similar changes were observed 
with compounds which have a high intra-/extracellular concentration ratio but no clear 
involvement in neurotransmission. A good example of such a compound is N-acetyl­
aspartate (NAA) (60). 
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Numerous experimental and pharmacological procedures have been carried out to 
test whether neuroprotection correlates with reduced glutamate efflux during ischemia. 
These indude lesions of excitatory pathways, hypothermia, fasting, and a wide range 
of drugs. Overall, these experiments have provided conflicting data and failed to 
produce convincing evidence (15). Testing the hypothesis that high extracellular 
glutamate correlates with ischemic injury is c1early beset by the difficulty of separating 
cause from effect. 

2.5. Does High Extracellular Glycine Contribute to Excitotoxicity? 

It is established that the· NMDA receptor has a distinct binding site for glycine, and 
that occupation of this site by glycine is a requirement for NMDA/glutamate receptor 
activation (61-63). Submicromolar concentrations of glycine markedly potentiate 
NMDA responses in cultured neurons and other in vitro preparations (64). At higher 
concentrations, glycine mayaIso act as an agonist at the NMDA recognition site (65). 
As extracellular glycine levels were found to remain elevated in the rat hippocampus 
for up to 80 min after transient global ischemia in some studies (56,66-68), it was 
speculated that high ECF glycine may contribute to ischemia-induced NMDAIglutamate 
receptor activation and, therefore, to excitotoxicity. Several factors however make this 
hypothesis questionable (15). 

Firstly, the persistent increase in ECF glycine during reperfusion was moderate 
(56,66) and furtherworkprovided conflicting evidence: No sustained increase ofECF 
glycine was found in the striatum of rats subjected to 15-20 min of forebrain ischemia 
(24,69); there was no evidence ofpersistent changes in ECF glycine in the hippocam­
pus of gerbils subjected to three episodes of2-min forebrain ischemia, despite marked 
neuronal damage 4 d later (36); and extracellular glycine did not change during 30 min 
ofpenumbral conditions (24). 

Secondly, the functional importance of the potentiation of NM DA responses by 
glycine in vivo remains unc1ear (62,63,70,71). This potentiation was detectable with 
glycine concentrations as low as 10 nM in cultured neurons (64) and its ECso varied 
from 0.2--0. 7 ~ with various in vitro preparations. These low concentrations contrast 
with the much higher glycine levels present in the ECF (5-12 ~ (56). The hypothesis 
that glycine levels may be kept lower dose to synaptic receptors is debatable (63). 
Glycine uptake systems are present in synaptosomes as weIl as in neurons and glial 
cells but they may not be capable of reducing ECF glycine concentrations below a few 
~ since their Km is 10-100 ~. Even the c10ned neuron-specific glycine transporter 
expressed at high levels in regions with a high density ofNMDA receptors had a Km 
>100 ~ (72). Studies initiated to verify whether or not the NM DA receptor glycine 
site was saturated in vivo have provided conflicting data (15,62,63). Recently, we have 
shown that very high concentrations of glycine (> I mM) were necessary to evoke a 
detectable depolarization in the rat striatum, and that glycine did not potentiate 
NMDA-evoked responses (Fig. 3) (71). The possibility remains that an endogenous 
glycine antagonist such as kynurenate may keep the NMDA receptors in a glycine­
sensitive state (73). 

A third element conflicts with the concept that high extracellular glycine is neuro­
toxic: Glycine activates strychnine-sensitive glycine-operated Cl- channels resulting 
in hyperpolarization and inhibition (74). The inhibitory action of glycine is important 
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Fig. 3. Effect of increased extracellular glycine on NMDA-evoked responses in the rat 
striatum. Step increased concentrations of glycine (1-100 mM) were coapplied with 200 IJM 
NMDA for 2 min through a microdialysis electrode, which made it possible to monitor changes 
in the DC potential precisely at the site of drug application (77). Only > I 0 mM glycine signifi­
cantly potentiated NMDA-evoked responses, by approx 10%. These representative data from a 
single experiment were taken from Hardy et al. (1995) (71). 

in the spinal cord and brain stern, but generally considered of minor significance in upper 
brain regions. Nevertheless, glycine-induced inhibitory responses, antagonized by 
strychnine, were observed in supraspinal areas (75), and glycine by itselfhas modest 
anticonvulsant properties in a number of seizure models, including against NMDA­
induced seizures (76). 

Therefore, the potential excitatory and deleterious action of high extracellular 
glycine remains unproven, and the increase in dialysate glycine observed in ischemia 
could equally be considered as inhibitory and potentially protective (78,79). Neverthe­
less, as occupation of the glycine site coupled to the NMDA receptor is required for 
NMDA/glutamate receptor activation, this site remains an attractive target for poten­
tial neuroprotective agents (80). 

To summarize this section, the widely accepted concept that glutamate efflux is 
critical to neuronal survival in ischemia (Fig. 1) conflicts with important elements: 
There is no obvious excitatory/inhibitory imbalance at the extracellular level; in tran­
sient ischemia, glutamate accumulation is cleared within minutes of recirculation, a 
feature that is not compatible with postischemic pharmacological protection and 
delayed neuronal death; the penumbra is especially responsive to protection with 
glutamate receptor antagonists, but sustained, high extracellular glutamate does not 
occur in this region; and regional vulnerability to ischemic damage is presumably not 
linked to glutamate efflux. 

3. KINETICS AND ORIGINS 
OF GLUTAMATE EFFLUX IN SEVERE ISCHEMIA: 
IMPLICA TIONS FOR NEUROPROTECTION 

3.1. Possible Origins of Glutamate Efflux in Severe Ischemia 

Under resting conditions, the level of glutamate in the cytoplasm of brain cells is 
around I O,OOO-fold higher than that in the extracellular space, a gradient maintained by 
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high-affinity acidic amino acid carriers present in both presynaptic and glial plasma 
membranes (1). High-affinity glutamate uptake requires the simultaneous presence of 
external Na+ and internal K+, and its efficacy is dependent on the Na+/K+ gradient 
across the plasma membrane (81). In glial cells isolated from the retina of salamander, 
raising external K+ to 10 mM was sufficient to reverse glutamate uptake; this effect 
was activated by intracellular glutamate and Na+, and increased by membrane 
depolarization (82). Intracellular acidosis during ischemia mayaiso contribute to 
inhibitionlreversal of glutamate uptake (83-85). The revers al of glutamate uptake has 
two important characteristics: It reflects a change in the driving forces (i.e., ionic gra­
dients ) and not an alteration of the carrier protein; and the resulting efflux of glutamate 
is of cytoplasmic origin (metabolic pool of glutamate) and therefore Ca2+ -independent. 
As cerebral ischemia implies deficiency ofthe Na+/K+ ATPase (86) leading to disrup­
tion of the transmembrane ionic gradients with anoxic depolarization (87), moderate 
insults are likely to produce an imbalance between glutamate efflux and uptake (88), 
whereas more severe insults may reverse glutamate uptake processes (13). 

Another potential source of glutamate efflux in ischemia is exocytosis of neurotrans­
mitter glutamate, i.e., Ca2+-dependent release from presynaptic vesicles (1,89). How­
ever, all exocytosis processes share a feature that is critical within the context of 
ischemia-energy dependency. Vesicular release in response to a stimulus is tightly 
regulated, mainly at the fusion step, and this step involves ATP hydrolysis (90). As 
A TP rapidly decreases during ischemia (91,92), exocytosis of glutamate is likely to be 
limited in this condition. 

Cellular swelling subsequent to ischemia (93,94) mayaiso contribute to increasing 
extracellular glutamate concentration because hypotonic swelling of cultured astro­
cytes inhibited glutamate uptake and increased its release (95,96). Swelling-induced 
glutamate release, which did not appear to involve reversal ofthe Na+ -dependent uptake 
carrier, was inhibited by a number of anion transport inhibitors (95), including L-644, 711, 
which improved outcome in an experimental brain trauma/hypoxia model (97). Finally, 
in addition to the potential mechanisms outlined above, cellular lysis mayaiso be 
responsible for glutamate leakage and high extracellular glutamate levels in ischemia. 

3.2. Time Course of Glutamate Efflux in the Ischemic Core 

We have studied the time course of changes in extracellular glutamate and their 
Ca2+-dependency in the rat striatum during focal ischemia produced by MCAO, using 
microdialysis coupled to enzymatic flow analysis of the dialysate for optimum time 
resolution (98). When the probe was perfused with control artificial CSF, ischemia 
produced a biphasic increase in extracellular glutamate that started from the onset of 
ischemia. During the first phase, lasting around 10min, dialysate glutamate increased 
to around 35 ~ (vs baseline of approx 5.8 J.lM). Then, dialysate glutamate increased 
progressively to its maximum (80--85 J.lM), reached after around 1 h of ischemia, where 
it remained for at least 3 h (98). A similar pattern of changes was obtained during 
complete ischemia produced by cardiac arrest, with a probe implanted in the rat cere­
bral cortex and dialysate glutamate recorded by enzyme-amperometry (Fig. 4) (99) or 
measured each minute by high performance liquid chromatography (HPLC) (JOO). 
Biphasic changes in extracellular glutamate during severe ischemia indicate the 
involvement of several mechanisms and multiple subcellular origins. 
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Fig. 4. Biphasic changes in dialysate glutamate (bottom trace) and corresponding DC poten­
tial (upper trace) during complete ischemia produced by cardiae arrest (CA). Mierodialysis 
probes were implanted in the cortex of anesthetized rats, and glutamate reeorded by enzyme­
amperometry. In this experiment, the exocytotic phase (Ist peak) of glutamate release was 
especially marked; note that it was closely assoeiated with anoxie depolarization. Data are from 
Zilkha et al. (1995) (99), reprinted with permission ofthe authors and Elsevier Science-NL. 

3.3. Magnitude of Exoeytotie Glutamate Release in the Isehemie Core 

The initial component of the extracellular glutamate kinetic was no longer detect­
able when Ca2+ was omitted from the perfusion medium (98), suggesting that it origi­
nated from vesicular glutamate. This implies that residual A TP was maintained at a 
level sufficient to sustain exocytotic release for several minutes after ischemia onset, 
probably at the expense ofphosphocreatine whose depletion precedes that of ATP (92). 
Experiments with cardiac arrest (Fig. 4) showed that exocytotic release during ischemia 
was closely associated with anoxie depolarization, an event that combines massive 
Ca2+ influx (87) with residual ATP levels ofaround 1/3 normal (101). 

The findings outlined in Seetions 3.2. and 3.3. strongly suggest that the magnitude 
of Ca2+-dependent glutamate release during ischemia (Fig. 4, 1st peak) is minor in 
comparison with that of the total efflux of glutamate. A number of previous studies 
agree with this characteristic (15): Exocytosis could not be sustained for more than a 
few minutes because magnetic resonance spectroscopy (MRS) showed total A TP deple­
ti on within 10 min of complete ischemia (102); a large part of glutamate released by 
synaptosomes during cyanide-induced anoxia was independent of Ca2+ (103); and 
glutamate was released from cultured astrocytes exposed to hypoxic-hypoglycemic 
conditions and the magnitude of this release was larger than that from neurons, even 
though astrocytes do not have any presynaptic terminals (104). 

3.4. Does the Reversal of Glutamate Uptake 
Contribute to Efflux of Metabolie Glutamate In Vivo? 

In order to test whether the second phase of glutamate release in ischemia was due to 
revers al of its uptake, we have studied the effect of selective blockade of high-affinity 
glutamate transporters, using L-trans-pyrrolidine-2,4-dicarboxylate (L-trans-PDC), a 
new selective inhibitor of these transporters (105). As the revers al of glutamate uptake 
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results from alterations oftransmembrane ionic gradients, and not from a change in 
the carrier protein, L-trans-PDC inhibits the reversed as weIl as normal glutamate 
uptake (5). The L-trans-PDC was applied through the microdialysis probe, starting 10 
min before cardiac arrest and continued throughout the postmortem recording period. 
Although 2.5 mML-trans-PDC markedly increased basal levels ofdialysate glutamate, 
the time course of postmortem glutamate changes was barely altered (17). The maxi­
mum rate of release and the increase in dialysate glutamate appeared slightly exacer­
bated during the first exocytotic phase, but the kinetics ofthe second, Ca2+-independent 
phase were essentially unchanged. In contrast to data obtained with rat cultured astro­
cytes (84) and hippocampal slices (106), these findings obtained in vivo do not support 
the reversal of glutamate uptake as a major contributor to increased extracellular 
glutamate during complete ischemia. The primary mechanism of glutamate efflux in 
the ischemic brain remains to be determined. 

3.5. Implications for Neuroprotection 

In addition to contradicting important data (see Section 2.), the common concept of 
ischemia-induced excitotoxicity illustrated in Fig. 1 may lead to inappropriate thera­
peutic strategies. Indeed, ifwe accept that high extracellular glutamate is the trigger for 
neuronal loss in ischemia, then rational targets for drug development should be the 
reduction of ischemia-induced glutamate efflux through the two mechanisms that are 
the most often advanced: presynaptic, vesicular release, and reversed electrogenic 
uptake (Fig. 1) (13). 

3.5.1. Inhibition of Presynaptic, Vesicular Glutamate Release 

The ischemic penumbra is not exposed to sustained high extracellular levels of 
glutamate (see Section 2.3.). Transient glutamate release, presumably of vesicular 
origin, only occurs with propagating SD, and high extracellular glutamate may not 
contribute to SD initiation or propagation (see Section 4.2.). In the ischemic core, most 
of the released glutamate is of metabolic origin, probably from both neurons and glia 
(see Section 3.3.). By themselves, these findings question the validity of therapeutic 
strategies aimed at preventing or reducing excessive release of neurotransmitter 
glutamate in ischemia, although the possibility that glutamate changes at the 
synaptic level may be smalI, but pathologically important and cannot yet be totally 
disclaimed. In addition, selective inhibition of presynaptic vesicular release may 
be difficult because the synaptic machinery for release of neurotransmitter 
glutamate is not unique to glutamatergic synapses (89), nor to synaptic transmis­
sion in general, but common to a wide range of secretory and membrane-fusion 
processes (90). 

The reduction of ischemia-induced glutamate efflux by the antiepileptic drug 
lamotrigine and its analog (BWlO03C87 and BW6l9C89) is often considered as caus­
ative of neuroprotection (44,79), but this prevalent interpretation conflicts with key 
findings (15, 107): 

1. The action of these drugs on high extracellular levels of glutamate during ischemia is not 
specific. Extracellular aspartate, GABA, glycine, and taurine are reduced to a similar extent 
(44,79). Presumably, the nonspecific reduction in neurotransmitter efflux is due to these 
compounds reducing the severity ofischemia (see Section 2.1.) (107,108). 
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2. BWI003C87 reduced hippocampal CAllesions even when administered up to 2 h after 
forebrain ischemia, i.e., long after complete return of extracellular glutamate to normal 
levels (33,35,44). 

3. BWlO03C87 reduced extracellular glutamate levels in both cortex and caudate during 
MCAO in rats, but only the cortex was protected (79). Similarly, the reduction in 
microdialysate glutamate concentration by lamotrigine did not relate to cerebroprotection 
in the striatum (l09). 

The cerebroprotective actions of lamotrigine and structural analogs are more likely 
a direct consequence ofuse-dependent down-modulation ofvoltage-gated Na+ chan­
nels, and this mechanism of action should be recognized as such (107). Again, reduc­
ti on of ischemia-induced neurotransmitter efflux by putative neuroprotective agents 
does not imply that the former is causative. 

The beneficial effects of riluzole in rodent models of ischemia are also attributed to 
an antiglutamate action because of unusual actions on glutamatergic transmission 
(110,111). Riluzole-inhibited responses evoked by excitatory amino acids without bind­
ing to ionotropic glutamate receptors (112). It also reduced spontaneous glutamate 
release and increased the size ofits potassium-releasable pool (113). However, as with 
the lamotrigine-related compounds, riluzole may be neuroprotective because it is a 
highly specific blocker ofNa+ channels in their inactivated state (107). 

3.5.2. Inhibition of Reversed Glutamate Uptake 

In addition to the disputed contribution of reversed uptake to glutamate efflux in 
stroke (see Section 3.4.), interfering with glutamate transporters to reduce this form of 
release may be a problematic strategy. Firstly, competitive inhibitors of glutamate car­
riers, such as L-trans-PDC, mayaiso evoke glutamate release by heteroexchange 
(105,114). Secondly, as the reversal of electrogenic uptake mechanisms results from 
alterations of transmembrane ionic gradients and not from a change in the carrier 
protein, pharmacological inhibition of reversed glutamate uptake in severely ischemic 
regions would imply reduced efficacy of normal uptake in normal and penumbral areas. 

The elements reviewed in Sections 2. and 3. also challenge the validity ofischemic 
models that rely on application of glutamate or its agonists to in vitro preparations 
(14,115) or to the brain oflaboratory animals (116). 

4. ALTERNATIVE NEUROTOXIC MECHANISMS 
INVOLVING GLUTAMATERGIC SYSTEMS 

Although the analysis (see Sections 2. and 3.) disputes the hypothesis that high 
extracellular glutamate is the triggering event leading to neuronal death in ischemia, 
one cannot deny the enormous body ofpharmacological data indicating that glutamate 
antagonists are neuroprotective in a number of stroke models (14). This apparent con­
tradiction suggests a broader definition of excitotoxicity, whereas other abnormalities 
involving glutamatergic systems, in addition to the direct actions of increased extracel­
lular levels of glutamate on its receptors, are neurotoxic (Fig. 5). A few selected possi­
bilities are examined in this chapter. 

4.1. Alterations of Glutamate Ionotropic Receptors 

The exceptional diversity of glutamate-operated ion channels, the complexity of their 
modulation, and the probable involvement of second messenger systems, provide a 
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Fig. 5. Diagram illustrating multiple processes involving glutamatergic systems, initiated 
during ischemia or delayed (shaded captions), potentially capable ofinducing neuronal death. 
SD, spreading depression. Reproduced from Obrenovitch and Richards (1995) (15), with per­
mission of Lippincott-Raven Publishers. 

number of opportunities for detrimental mechanisms to occur. Among the glutamate 
ionotropic receptor family, this section focuses on the NMDA-gated channel because it 
opens at the lowest glutamate concentrations, is highly permeable to Ca2+, and the 
complexity ofits modulation is unique (J 17). In addition to increased glutamate levels 
at the NMDA/glutamate receptor site, excessive and potentially deleterious cation per­
meability may result from different types of alterations: abnormal allosteric modula­
tion, i.e., response to ligand binding (Mg2+, Zn2+, glycine, polyamines); chemical 
modification, namely redox and phosphorylation; and indirect modulation by activa­
ti on of other glutamate-gated ion channels. The hypothesis that high extracellular 
glycine may contribute to excitotoxicity has been discussed previously in Section 2.5. 

4.1.1. Reliefofthe Voltage-Dependent Mg2+-BlockofNMDA-Gated Channels 
Adefeet of the Mg2+ block of NMDA-gated ehannels (118), leading to persistent 

Ca2+ and Na+ influx, stands out as a potential excitotoxic mechanism (119). As the 
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maintenance of cellular membrane potential is energy-dependent, this anomaly is cer­
tainly relevant to illnesses associated with inadequate energy supply (i.e., ischemia, 
anoxia, hypoglycemia, and so on) but it also provides a link between excitotoxicity and 
defective mitochondrial energy metabolism (120). The data outlined below c1early sug­
gest that the relief of the voltage-dependent Mg2+ -block is a key contributor to the 
transition of glutamate from neurotransmitter to neurotoxin. 

With cultured cerebellar granule cells, the toxicity of glutamate is markedly 
increased by omitting glucose from the incubation medium, anoxia, inc1usion of 
inhibitors of oxidative phosphorylation or Na+/K+-ATPase, or removal of Mg2+ 
(121,122). This indicates that ATP production and functioning Na+/K+-ATPases are 
essential for generating a resting potential sufficient to maintain the voltage-dependent 
Mg2+ block ofthe NMDA receptor channel. 

The gradient of K+ across the cellular membrane is the principal determinant of its 
resting potential, and hyperpolarization by opening ATP-sensitive K + channels abol­
ished excitotoxicity and cyanide neurotoxicity in cultured neurons (123,124). In ac cord 
with these results, the sensitivity of cortical cultures to hypoxia was markedly increased 
when the K+ concentration in the serum-free medium was raised from 5.4 to 25 rnM 
(i.e., K+-induced chronic membrane depolarization), and hypoxia-induced cytotoxicity 
in these conditions was attenuated by NMDA receptor blockade (125). 

4.1.2. Polyamine Potentiation ofNMDA/Glutamate-Evoked Responses in Ischemia 
At low micromolar concentrations, the polyamines, spermine and spermidine, act at 

specific domains ofthe NMDA receptor ionophore complex to potentiate the effects of 
glutamate and glycine (126), and polyamines are released by NMDA receptor activa­
tion (127). Therefore, changes in endogenous polyamines during ischemia could con­
tribute to neuronal damage by exacerbating NMDA receptor stimulation (128). This is 
an interesting hypothesis but the multiple actions ofpolyamines on ion channels make 
it very difficult to test (15). Inhibition of polyamine synthesis with difluoromethyl­
omithine (DFMO) reduced the neurotoxic effect of NMDA applied to the striatum 
(129) and the volume of cortical infarct after MCAO in rats (130). In contrast, treat­
ment with polyamines protected hippocampal CAl and striatal neurons from delayed 
degeneration after global ischemia in the gerbil (131), and prevented glutamate neuro­
toxicity in the rat retina (132). In addition, a large body of evidence supports the con­
cept that polyamine responses after neural trauma may be critical components of a 
protective process in the injured neurons (131). Whether or not polyamines contribute 
to ischemia-induced excitotoxicity, the polyamine site(s) remains a relevant target to 
develop NMDA receptor antagonists with a better therapeutic index (133). 

4.1.3. Redox Changes 
The function ofthe NMDA receptor-ionophore complex can be modulated by redox 

changes, presumably by reversible oxidation and reduction of thiol groups located on 
the extracellular domains ofthe NMDA receptor complex (134). In a number ofprepa­
rations, NMDA-evoked responses are potentiated by exposure to disulfide-reducing 
agents such as dithiothreitol (DTT), whereas thiol oxidizing agents reduce NMDA 
receptor activation and NMDA neurotoxicity. It is noteworthy that fully oxidized 
NMDA receptors remain functional (i.e., NMDA-evoked currents are not completely 
blocked), suggesting that physiological redox modulation may occur to control the 
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overactivity ofNMOA receptors induced by a reductive process, without affecting their 
basal responses (134). 

Several endogenous redox compounds can contribute to maintain the redox equilib­
rium ofNMOA receptors in vivo, and ischemia may favor reduction (i.e., excessive cation 
permeability). Measurements of NAOH fluorescence consistently showed that brain 
tissue redox is in a reduced state during ischemia (135-137). The concentration of 
L-cysteine, an excitotoxic, thiol amino acid, increases during ischemia both in brain 
tissue and extracellular fluid (138,139), and L-cysteine is released by depolarization 
(140,141). The oxidizing agent methoxatin, which inhibited NMOA-evoked responses 
in cortical neurons by actiIig on redox sites (142), reduced the infarct volume in a rat 
model ofhypoxic ischemic injury (143). On the other hand, oxidation ofNMOA recep­
tor redox sites may provide the molecular basis for the neuroprotective effects of nitric 
oxide (NO) (144), although NO still demonstrated inhibitory properties on NMOA 
receptors when their sulfhydryl groups were alkylated by N-ethylmaleimide, suggest­
ing the presence of a supplementary, metal ion redox site (145). 

The redox site could constitute a relevant target for selectively preventing the del­
eterious consequence of enhanced NMOA receptor function because oxidation reduced 
NMOA-evoked responses without preventing the induction and expression of physi­
ological long-term potentiation (146). This suggests that this strategy may be used to 
block the toxic action of excessive NMOA receptor activation without detrimental 
effects on cognitive and memory processes mediated by this receptor (see Section 4.3.). 

4.1.4. Protein Kinase C Activatfon 
Activation of intracellular protein kinase C (PKC) enhances NMOA-evoked 

responses, apparently by increasing the probability of channel openings and reducing 
the voltage-dependent Mg2+ block ofNMDA receptor-channels (117). The modulation 
of NMDA receptor-channels by PKC provides a positive feedback loop that may 
potentially be excitotoxic, whereas activated PKC would result in larger and longer 
glutamate-mediated excitatory responses, causing more Ca2+ influx and further PKC 
activation (147). Whether this occurs in stroke remains unclear (15). It is worth noting 
that gangliosides, which are potent inhibitors of PKC, protected cultured neurons 
against glutamate toxicity (148) and had some beneficial effects against cerebral 
ischemia (149) (see, however, ref.150). 

Emphasis has been placed on abnormal modulation of the NMOA receptor iono­
phore complex in this section, but the role of endogenous excitotoxins such as 
quinolinic acid, L-cysteine, and acidic sulphur-containing amino acids cannot be ruled 
out (Fig. 5) (15). 

4.2. Recurrent Spreading Depression in Focal Ischemia 

Spreading depression (SO), propagating transient suppression of electric activity 
associated with membrane depolarization, is weIl documented in focal ischemia 
(14,16), and spontaneous cortical SO was reported in patients with severe head 
injury (151). Spreading depression is deleterious to the outcome of focal ischemia, 
probably because it produces marked disruption in ionic homeostasis, acidosis, 
increased energy demand, and neurotransmitter efflux (152) in regions in which 
residual blood supply can only sustain basal ionic homeostasis (14,16). 
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Two factors strongly suggest that the beneficial effect ofNMDA receptor blockade 
in focal ischemia may result from SD inhibition: The penumbra is selectively pro­
tected by NMDA receptor antagonists, even when the drug is administered after 
ischemia onset (14); and NMDA receptor activation is aprerequisite for SD, since 
both elicitation and propagation of SD are exclusively sensitive to competitive and 
noncompetitive antagonists of NM DA receptor-channel complex (153,154). In the 
context of this article, it is interesting to mention that, although K+ -induced SD 
strictly requires NMDA receptor activation, neither its initiation nor its propaga­
tion requires high extracellular glutamate (155,156). This clearly illustrates that 
the sensitivity 0/ an experimental or pathological phenomenon to glutamate recep­
tor antagonists does not necessarily imply involvement 0/ high extracellular 
glutamate in its genesis. 

4.3. Persistent Enhancement of Synaptic Efficacy 

Delayed neuronal death subsequent to transient ischemia may result from a patho­
logical extension of long-term potentiation (L TP), i.e., a form of synaptic plasticity 
exhibited by glutamic acid ion channel receptors (157). In the hippocampus, a high­
frequency stimulation of excitatory synapses leads to a persistent increase of the 
potency of AMP A receptors. The induction of this form of L TP (L TP A)' which is that 
occurring in physiological conditions, depends on the activation of NMDA receptor 
during the stimulation. Other forms of L TP can be induced, for example when Mg2+ 

concentrations are reduced to increase NMDA currents and/or AMPA receptors 
blocked (158,159), when NMDA receptors are potentiated (LTPN). Like LTP A' LTPN 

requires NMDA receptor activation for its induction. 
Under normal conditions, L TP is input-specific, i.e., synapses are potentiated only if 

they are active when the postsynaptic membrane is sufficiently depolarized to relieve 
the Mg2+ block ofthe NMDA-operated channel (157). However, during ischemia, either 
anoxie depolarization or recurrent SD, superimposed upon other abnormalities (see 
Section 4.1.), may induce widespread or generalized LTP, which might be hazardous 
to neurons as some of them receive thousands of excitatory synapses. This hypothetical 
mechanism that implies persistent changes in glutamatergic synaptic transmission, is 
compatible with the protective action of glutamate receptor antagonists administered 
after the insult (see Section 2.2.). It is also supported by the following findings: Expo­
sure of rat hippocampal slices to a short anoxic-aglycemic episodes generate a form of 
LTP that is induced and expressed exclusively by NMDA receptors (i.e., analogous to 
LTPN) (160); NMDA receptor-mediated excitatory responses were enhanced in hip­
pocampal slices prepared from gerbils that had been subjected to 5 min of ischemia 
(161); and Ca2+ uptake evoked by electric stimulation was also enhanced postis­
chemically (162). 

1 t is interesting to note that, in contrast to physiological L TP (L TP A)' both anoxia­
induced LTP and L TPN (induced by electrical stimulation under low Mg2+ and AMP A 
receptor block) were mediated by the NMDA receptor redox site since their induction 
was prevented by reduction ofthese sites (146,163). This suggests that it may be pos­
sible to selectively block anoxia-induced LTP with drugs acting on the NMDA recep­
tor redox sites (135) (see Section 4.1.3.). 
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5. CONCLUDING REMARKS 

It has been established that excessive flux of Ca2+ (and presumably Na+) through 
glutamate-operated ion channels leads to intracellular Ca2+ loading and neuronal death, 
but the origins of these malfunctions are unclear. The oversimplified concept that 
glutamate becomes neurotoxic because of high extracellular levels resulting from 
excessive presynaptic release or altered uptake (Fig. 1) conflicts with key findings. 
Furthermore, recent evidence seriously questions the dogma that high extracellular 
glutamate is excitotoxic in vivo. Extraordinarily high concentrations of glutamate must 
be applied to the brain to produce significant depolarizations (77); marked increases of 
endogenous extracellular glutamate by drug-induced inhibition of glutamate uptake, to 
levels above those observed when anoxic depolarization occurs, only produces minor 
depolarizations (164), and these are not due to activation of glutamate ionotropic 
receptors (165); and accumulation of glutamate in the extracellular space subsequent to 
uptake inhibition was not sufficient for inducing neuronal damage (166). 

It has become important and timely to broaden the notion of excitotoxicity by 
including alternative hypotheses such as alterations of postsynaptic glutamate 
ionotropic receptors and metabotropic receptors, and derangements of glutamatergic 
systems leading to synchronized receptor activation (e.g., spreading depression) or 
persistent increase in synaptic efficiency (anoxia-induced LTP) (Fig. 5). This extended 
notion of excitotoxicity presumably applies to other neurological disorders, especially 
epilepsy (167). 

Finally, this analysis makes clear that a number of conclusions based on data 
obtained using cultured neurons do not apply to in vivo situations. Questions related to 
the pathophysiology and pharmacology of stroke must be addressed in the living, func­
tional brain. 
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Glycine Antagonists for Treatment 

of Ischemic Brain Injury 

Midori A. Yenari, David C. Tong, and Gregory W. Albers 

1. INTRODUCTION 

Pharmacologic antagonists of glutamate's N-methyl-D-aspartate (NMDA) receptor 
complex have neuroprotective properties, however, the psychomimetic and sedative 
properties ofthese agents have limited their clinical development (1-4). Recent work 
has shown that activation of the NMDA receptor complex involves glycine. Whereas 
glycine is an inhibitory neurotransmitter that modulates activity in spinal cord inter­
neurons, recent evidence has shown that there are additional glycine binding sites that 
can facilitate excitatory neurotransmission in the central nervous system (CNS). There 
is experimental evidence that glycine enhances NMDA-mediated responses in neurons 
by acting at a distinct site within the NMDA receptor complex. A number of com­
pounds are known to antagonize this site, thereby !nhibiting NMDA responses. These 
compounds offer great potential in the treatment of stroke and other causes of CNS 
injury. Prec1inical work suggests that these agents also have neuroprotective properties 
and may not cause the phencyc1idine (PCP)-like side-effects seen with typical com­
petitive and noncompetitive NMDA antagonists. Although currently there is limited 
clinical experience with glycine site antagonists, preliminary data suggest that these 
agents are weIl tolerated in humans. 

2. THE NMDA GLUTAMATE RECEPTOR AND ITS GL YCINE SITE 

Glutamate's NMDA receptor complex is a ligand-gated ion channel, penetrable to cal­
cium and regulated by both a voltage-gated and magnesium block. It consists of several 
different regulatory domains 5-7) (Fig. 1). One site is the neurotransmitter recognition 
site that binds compounds such as glutamate, aspartate, and NMDA and is blocked by 
competitive NMDA antagonists such as Selfotel (CGS 19755). Another site is located 
within the channel itself and binds magnesium in a voltage-dependent fashion. This ion 
channel binds compounds only when the channel is open. Noncompetitive antagonists 
such as PCP, dizocilpine (MK-801), dextromethorphan and aptiganel hydrochloride (CNS 
1102) act here. Other sites include zinc and polyamine sites as weIl as the glycine site. 
All ofthese sites are amenable to pharmacologic manipulation and are therefore poten­
tial targets for pharmacologic treatment of stroke and other types of CNS injury. 
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Fig. 1. Diagram of glutamate's N-methyl-D-aspartate receptor complex. There are separate 
glycine and polyamine sites. 

While spinal cord glycine receptors are typically detected using radioiabeied 
strychnine, glycine also binds brain regions that are not bound by strychnine (6,8-
IO). This so-called strychnine-insensitive glycine site was discovered to be part of 
the NMDA receptor complex. Glycine potentiates NMDA responses in both whole 
cell preparations and neocortical brain slices (11-13), and appears necessary for 
receptor activation (14-16). In fact, NM DA channel opening does not occur unless 
glycine is bound. Under physiologic conditions, this site is appears nearly satu­
rated (14,17,18). Glycine also attenuates desensitization of the NM DA receptor 
complex by preventing the dec1ine in receptor response following prolonged stimula­
tion by NMDA (19-23). 

There is experimental evidence that glycine plays a role in mediating excitotoxic 
injury during stroke. Using microdialysis techniques in various in vivo models, several 
groups showed that both glycine and glutamate are elevated during cerebral ischemia 
(24-27). Studies in cultured neurons also demonstrate that glycine potentiates NMDA­
induced injury (28). Glycine-mediated neurotoxicity may occur in by more than one 
mechanism (29). For example in concentrations of300).tM, glycine potentiates NMDA­
induced toxicity, however in concentrations 50-100 times higher glycine may injure 
neurons through activation of the GABA receptor. 

A number of compounds that interact with the strychnine-insensitive glycine site 
have been identified (Fig. 2). These compounds have helped elucidate the interactions 
between glutamate and glycine. Some of these agents prevent glycine from binding to 
the NMDA receptor and possess neuroprotective properties. 
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3. CLASSES OF GLYCINE SITE ANTAGONISTS 

3.1. Kynurenic Acid and Derivatives 

Yenari, Tong, and Albers 

Kynurenic acid (kyn) is a quinoline derivative and ametabolite oftryptophan. Found 
endogenously in low concentrations in the mammalian CNS (30), it is also a competi­
tive inhibitor of the glycine modulatory site (6,31,32). Kynurenic acid was found to 
displace glycine from binding to cortical membranes (33). Investigators observed that 
kyn NMDA could abolish NMDA responses and these responses return with the addi­
tion of excess glycine or D-serine, a glycine agonist. This reversal is observed follow­
ing the application of MK -801, providing further evidence that kyn actes at a site 
distinct from the NMDA channel itself (34-37). Derivatives ofkyn were developed by 
substituting various carbon sites with different halogens such as fluorine, bromine, and 
chlorine (38). Substituting a chlorine at the 7 position, 7-chloro-kynurenic acid (7-CI­
kyn), increases the affinity for binding at the glycine site. The concentrations at which 
the compound inhibits glycine binding by 50% (IC50) were decreased from 41 ~ for 
kyn to 0.56 ~for 7-CI-kyn. 7-CI-kyn also antagonized NMDA-induced responses by 
20-fold compared with kyn (35,39). Additional halogen substitutions at the 5 but 
not 6 or 8 positions further increased the affinity for glycine site binding (40,41). 
5,7-dichloro-kynurenic acid (5,7-diCI-kyn) was found to be about 4 times more selec­
tive than 7-CI-kyn (40). Substitution ofthe hydroxyl group at the 4 position with a thiol 
group produced compounds that possessed even higher affinity and selectivity (42,43). 
Kyn's IC50 as measured by glutamate-induced ileal muscle contraction in the guinea 
pig myenteric plexus was 160 ~ and decreased to 70 ~ with the thiol substituted 
thiokynurenate (thio-kyn). IC50 for radiolabeled glycine and N-(l-(thienyl)cyclohexyl) 
piperidine (TCP) binding in rat cortical membranes was 25 ~ for kyn compared to 9 
~ for thio-kyn. Substitution of 7-CI-kyn with a thiol group produced 7-CI-thio-kyn 
that also demonstrated greater affinity for the glycine site compared to the hydroxyl form. 

3.1.1. In Vitro Studies ofNeuronal Injury 

In vitro studies have shown that kyn and its derivatives can reduce neuronal injury. 
Using a model ofhypoxic degeneration produced by exposing neurons to an oxygen­
free environment for 30 min, Priestley et al. (44) found that 7-CI-kyn prevented cell 
death as measured by release oflactate dehydrogenase (LDH) and neuron specific eno­
lase (NSE). This protective effect was dose dependent. The doses of the compound 
required to produce 50% protection (IC50) were 18 ~ and 1 0 ~ for LDH and NSE 
methods, respectively. This potency, however, was less than that ofthe NMDA antago­
nist, MK-801 in which the IC50 was 15 nM (both LDH and NSE methods). In a neu­
ronal cell culture model of NMDA-induced toxicity, 7-CI-kyn was found to reduce 
cellular injury caused by the addition of 50 ~ NMDA. The IC50, as measured by 
LDH production, was 0.4 ~ (28). 7-CI-kyn was also found to attenuate injury follow­
ing a 10 min exposure to 1 0(}-300 ~ ofNMDA plus 1 0(}-300 ~ of glycine with an 
IC50 of 8.6 J..LM (LDH method) (29). In a hippocampal cell culture model of 
excitotoxicity, 7-CI-kyn reversed injury induced by a 15 minute exposure to 3 mM 
glutamate with an IC50 of 6 ~. These neurons were still protected even if 7-CI-kyn 
was added in a delayed fashion, following glutamate removal (IC50 5 ~. The addi­
tion of glycine to the medium, however, reversed the protective effect providing 
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evidence that this compound acts through the glycine site (45). The disubstituted 
kyn derivative 5,7-Cl-kyn was also found to protect rat cultured cortical neurons 
against NMDA-induced injury (41). Following a 10-min exposure to 300 JJMNMDA, 
1 JJM 5,7-CI-kyn decreased neuronal injury by 55-79%, whereas 10 JJM decreased 
injury by 62-90%. 

U sing a model of oxygen and glucose deprivation in hippocampal slices, application 
of 100 JJM7-CI-kyn 10--15 min prior to a 35-min ischemic insult showed better preser­
vati on of CAI cells compared to controls (46). This protective effect was reversed if 
excess glycine was added to the preparation. Whereas a similar protective effect was 
observed in a parallel experiment using the noncompetitive NMDA receptor antagonist 
MK-801, the protective effect was not reversed with glycine, providing evidence that 
7-Cl-kyn exerts its effect at the glycine site in this model as weIl. 

Kyn's thiol derivatives were also found to have potent neuroprotective properties 
(42). Thio-kyn, 7-CI-kyn, and 7-0CH3-thio-kyn decreased glutamate-induced injury 
more effectively than the corresponding hydroxyl derivative. In particular, 7-CI-thio­
kyn was five times more effective than 7-CI-kyn in reducing this injury with an IC50 of 
0.19 JJM for 7-Cl-thio-kyn and an IC50 of 1.0 flM for 7-CI-kyn. In addition, this protec­
tive effect of 7-CI-thio-kyn appeared to be partially attributed to inhibition of lipid 
peroxidation, suggesting that this compound also acted as a free radical scavenger. 
Non thiol substituted kyn derivatives did not appear to have this property. 

3.1.2. Animals Models ofCerebrallschemia 

In vivo studies have also demonstrated neuroprotective properties of kyn and its 
derivatives. Germano et al. (47), using a rat model of permanent MCA occlusion, 
showed that 300 mg/kg of kyn given intraperitoneally (ip) could significantly reduce 
infarct size by about 40% and improve behavioral scores if given shortly before, but 
not 1 h after the onset of ischemia. Monitoring ofblood pressure and body temperature 
did not reveal differences between experimental groups; therefore, the neuroprotective 
efficacy did not appear to be due to hypothermia. By administration of0.44 f.lg or 0.88 
f..I,g 7-Cl-kyn, Verrecchia et al. (98) found a significant reduction in stroke volume using 
a mouse model of permanent MCA occlusion. Because of poor blood-brain barrier 
permeability, the compound was given intracerebroventricularly (icv) 5 min prior to 
occlusion. A dose of 0.44 f.lg reduced infarct size by ab out 38% compared to parallel 
controls, and 0.88 f..I,g reduced infarct size by 27%. Similar to the observations made in 
cell culture models, the protective effect was reversed if 11 f..I,g D-cycloserine, a partial 
glycine agonist, was added. 

Chen et al. (49) studied 7-Cl-thio-kyn in a rat model ofpermanent MCA occlusion. 
By giving this agent intravenously (iv) 5 min before the onset of ischemia, they found 
significant neuroprotective effects at doses of 20 and 30 mg/kg with reductions of 
infarct size by about 40%. The protective effect was seen primarily in the cortex, rather 
than the basal ganglia. A trend showing reduction in infarct volume was seen using a 
dose of 10 mg/kg, though this was not statistically significant. Since application of a 
potentially neuroprotective agent after the onset of injury would have more clinical 
utility, they administered 20 mg/kg 7-Cl-thio-kyn iv to animals either 5 min before or 
15 or 60 min after occlusion. They found similar protective effects if the drug was 
given before or 15 min after MCA occlusion, but no protective effect when given 60 
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min afterward. Although difficult to translate these observations to human stroke, the 
"therapeutic window" for 7-CI-thio-kyn in rats appears to be brief, somewhere between 
15 to 60 min. 

The kyn derivatives also appear to have efficacy in global models of cerebral 
ischemia. Intraventricular administration of 2 Jll (500 !lM) 7-CI-kyn given immedi­
ately before the onset of 20 min of bilateral carotid occlusion demonstrated 50% 
improvement in CA1 cell counts measured 7 d later (50). Significant neuroprotection 
was also seen when 7-CI-thio-kyn was given intraperitoneally to gerbils subjected to 5 
min of bilateral carotid occlusion (51). Hippocampal CA1 cell counts measured 7 d 
later showed very robust protection (approx 95% preservation) in treated animals 
compared to ischemic controls. Multiple injections of 100 mg/kg were given 
beginning at the onset ofreperfusion and every 30--60 min there after for up to 6 h (a 
total of five doses). The investigators found that 7-CI-thio-kyn significantly low­
ered body temperature and, therefore, the protective effect could have been due to the 
induced hypothermia rather than the direct effects of the compound itself. They there­
fore repeated the experiment and maintained normal body temperature for 6 h after the 
onset of ischemia in both treated and control groups. A significant neuroprotective 
effect of 54% was still observed. 

3.1.3. Other Animal Models of Brain Injury and Neurodegenerative Disease 

Work with glycine antagonists in models ofNMDA-induced neurotoxicity also 
demonstrated efficacy and may have relevance to human stroke as well as clini­
cal conditions such as Alzheimer's, Huntington's, and other neuro degenerative 
diseases. In one such model, 12.5 nMNMDA is directly injected into the striatum 
of neonatal rats. Neuronal injury is detected in the striatum, hippocampus, and 
adjacent cortex. The extent of injury is quantified by comparing hemisphere 
weights. By coinjecting NMDA with kyn or 7-C1-kyn, dose dependent neuro­
protection, as defined by preservation of ipsilateral hemisphere weight, was 
observed by postinjection d 5 (52). The 7-C1-kyn was found to have increased 
potency compared to kyn. One hundred nanomolars ofkyn reduced injury from about 
20% (contro1s) to 2%, whereas 40 nM of 7-C1-kyn reduced injury from 17 to 3%. 
The IC50s of kyn derivatives were estimated at 34.1 nM for kyn and 17.6 nM for 
7-CI-kyn. 

In a different model of neuronal degeneration, intrastriatal injection of 200 nM of 
the excitotoxin, quinolinate, was followed 1 h 1ater by injection of 10--50 nM 7-C1-kyn 
(53,54). A dose dependent preservation of the enzymes choline acetyltransferase 
(CAT) and glutamate decarboxylase (GAD) was observed 7 d later. Complete 
neuroprotection was observed at a dose of 50 nM. This protection was reversed 
with the addition of the glycine agonist, D-serine. Furthermore, preservation of 
these enzymes was still seen ifadministration of50 nM7-CI-kyn was de1ayed up to 
2 h for GAD and up to 5 h for CAT. Hippocampa1 injury caused by 60 nM 
quinolinate showed complete neuroprotection from this compound as measured in 
the pyramidal cell layer. Striatal injury caused by other glutamate receptors subtype 
DL-a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AM PA) or kainate were not 
attenuated by 7-CI-kyn, confirming that this agent appears to be relatively selective for 
NMDA mediated injury. 
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The thiol substituted kyns that have higher affinity for strychnine-insensitive gly­
cine sites were studied in a few models ofbrain injury as weIl. Using an in vivo model 
of striatal injury, direet injeetion of 50--80 nM 7-Cl-thio-kyn following a 250 nM 
injeetion of quinolinate significantly preserved cellular choline acetyl transferase and 
L-glutamie acid deearboxylase (42). 

Kyn also appears to have efficacy in traumatic brain injury models. In rats subjected 
to lateral fluid percussion, 300 mg/kg of kyn was given intravenously 15 min after 
injury. Using functional measures of cognitive ability, kyn-treated rats performed sig­
nificantly better with less of aneurologie deficit than injured eontrols (55). Pathologic 
analysis 48 h following injury, showed that kyn decreased cerebral edema formation as 
weIl as attenuating regional tissue calcium increases. 

While kyn and its derivatives exhibit substantial neuroprotective properties in sev­
eral different models of cerebral ischemia and brain injury, poor blood-brain barrier 
permeability limits their potential for c1inical use. Other compounds with better sys­
lemic absorption have been developed and have recently entered c1inical evaluation. 

3.2. R -( + )-3-amino-l-hydroxypyrro lid-2 -one (HA -966) 

R-(+)-3-amino-l-hydroxypyrrolid-2-one (HA-966) is a cyc1ic compound with a 
chemical structure similar to cyc1oserine. It is a pYITolidine derivative and resembles 
the cyc1ic form of gamma-aminobutyric acid (GABA) (56,57). It has both partial gly­
cine agonist and antagonist properties, but like kyn, was found to reverse NMDA 
responses. In a cortical wedge preparation, 200 ~ HA-966 reduced NMDA-evoked 
responses by about 32%, but this could be reversed if I 00 ~ glycine were added 
(6,18,58-60). HA-966 is not as selective for the glycine site, however, as 7-CI-kyns iso 
The IC50 for glycine binding is approx 8.5 ~ (59). In radioligand studies, HA-966's 
IC50 for glycine site binding was about 50-fold greater than that of other excitatory 
amino acids, whereas 7-CI-kyn's was about 270-fold greater (35,58). A major c1inical 
advantage ofHA-966 compared to kyn and its derivatives is that it does penetrate the 
blood-brain baITier following parenteral administration (6,58,61,62). Methyl deriva­
tives of HA-966 have been synthesized and studied. R-(+)-cis-methyl-HA-966 
(L687 ,414) was found to have about a 10 times greater affinity for the glyeine site, with 
less partial agonist and less intrinsic efficacy (63-65). An advantage ofthis compound 
is that is has reasonable bioavailability after oral administration (65,66). 

3.2.1. In Vitro Studies ofNeuronal Injury 
HA-966 blocks NMDA-induced toxicity in neuronal cell culture with an IC50 of 30 
~ (28) and hypoxic injury with an IC50 of 150--175 ~ (44). Compared to the IC50s 
of7-CI-kyn, HA-966's protective effect is at least 10--1 OO-fold less. This may be attrib­
uted in part to its partial agonist properties. 

3.2.2. Animal Models of Cerebral Ischemia 

Neuroprotective properties have been demonstrated with HA-966 in focal models of 
cerebral ischemia. This compound was given intraventricularly 5 min before the induc­
tion of ischemia in a mouse model of permanent MCA occ1usion (48). Significant 
decreases in infarct volume as measured by triphenyl tetrazolium chloride (TTC) (a 
mitochondrial stain) of 20 and 40% measured 24 h later were seen with doses of 20 J.!g 

and 40 J.!g, respectively. These investigators also conducted parallel experiments with 
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7-Cl-kyn and found comparable degrees ofneuroprotection with both compounds (see 
Section 3.1.2.). Physiological parameters were not reported in this study and therefore 
it is unclear whether temperature and other variables were monitored. 

Using a model ofpermanent MCA occlusion in rats, Gill et al (67) studied HA-966's 
methyl derivative, L687,414. They found that 14 or 30 mg/kg L687,414 given intrave­
nously as a bolus followed by a 4-h continuous infusion of 14 or 30 mg/kg/h, respec­
tively, immediately after occlusion, resulted in a significant reduction in infarct volume. 
The degree ofneuroprotection did not appear dose dependent. In this study, infarct size 
reductions of about 34% were seen with the 14 mg/kg dose and 20% were seen with the 
30 mg/kg dose. Corresponding steady-state serum levels were 25 and 60.8 Jlg/mL. 
Lower doses (17.6 mg/kg given as a single bolus and 7 mg/kg given as a bolus fol­
lowed by a 4-h infusion) were not neuroprotective. Early decreases in mean arterial 
pressure occurred about 15-30 min into treatment in the dose ranges that were found to 
be neuroprotective. This decrease was on the order of 13-16 mmHg and could have 
potentially worsened the infarct in the treated groups. Serum glucose and arterial blood 
gases were monitored and not found to be different between groups, but neither body 
nor brain temperature was reported. Other glycine site antagonists have been shown 
to decrease temperature (51,68); therefore, some ofthe neuroprotective effects of 
L-687,414 could have potentially been caused by hypothermia. Since infarcts can 
progress over several days, another caveat in this study is that infarct volume was mea­
sured only 4 h following the onset of ischemia. 

3.2.3. Other Animal Models of Brain Injury 

Studies conducted in in vivo models of direct neurotoxicity have also demonstrated 
beneficial effects of HA-966. When given intraperitoneally to perinatal rats, 15 min 
after direct injection ofNMDA, the compound produced a reduction in brain injury in 
a dose-dependent fashion (69). Doses of 25 and 50 mg/kg ip showed 30 and 52% 
reduction in NMDA-induced injury, respectively. The HA-966 was not effective in 
this model when quisqualate was injected, further emphasizing that its major effect is 
on the glycine site ofthe NMDA receptor. 

In a rat model ofneuronal degeneration, quinolinate-induced striatal in jury, as mea­
sured by attenuation of CA T and GAD loss, was reduced in a dose-dependent fashion 
with doses of 100-500 nM HA-966 injected intrastriatally. When the injection of 500 
nM HA-966 was delayed by 1, 2, 5, or 8 h, enzyme preservation was seen with delays 
up to 2 h for GAD and 5 h for CAT. Intrahippocampal injection of 500 nM HA-966, 
given I h after direct injection of 60 nM quinolinate, offered partial protection from 
pyramidal cell loss. HA-966 also reduced neurotoxicity caused by direct intrastriatal 
injection ofNMDA, but not by non-NMDA glutamate agonists. Compared to 7-Cl-kyn, 
however, HA-966 was less efficacious (see Section 3.l.3.). Specifically, HA-966 was 
about 20-fold less effective than 7-CL-kyn in this model (53,54). 

HA-966 also showed efficacy in another model of nervous system injury induced by 
direct injection of25 nMNMDA. HA-966 was given intraperitoneally to perinatal rats 
15 min following injection ofNMDA. Brains were harvested and weighed 5 d later. 
However, the protective benefit of HA-966 compared to noncompetitive NMDA 
antagonists such as Mk-801, dextromethorphan, and CGS-19755 was found to be sev­
eral hundred fold less (70). 
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3.3. Indole-Containing Compounds 

Indole-2-carboxylic acid (l2CA) has also been shown to competitively inhibit the 
strychnine insensitive NMDA site (71). Although it is a weak antagonist, halogenation 
at the 5 and 6 positions increases the affinity (72). Optimal antagonism was found with 
the derivative 2-carboxy-6-chloro-3-indoleacetic acid. This compound appears to have 
adequate bioavailability after intraperitoneal administration and a serum half life of 
about 25-35 min (73). 

Limited work with I2CA has demonstrated that it, too, possesses neuroprotective 
properties. In a rat model oftraumatic brain injury, I2CA in doses of20 and 50 mg/kg 
given intravenously was found to decrease cognitive dysfunction and neurologic defi­
cit when administration was begun 15 min after lateral fluid percussion (55). Pathologic 
examination 48 h later showed decreased edema formation and reduced local tissue 
sodium as well as reductions in potassium, magnesium, and zinc in treated animals. 

3.4. The Quinoxalinediones 

Whereas kyn and its derivatives to have neuroprotective properties in animal mod­
els, their poor blood-brain baITier (BBB) permeability limits their clinical potential. 
The HA-966 and I2CA, have adequate BBB permeability following systemic 
administration, but have less affinity for the glycine site compared to kyn and deriva­
tives. HA-966 also appears, compared to kyn and its derivatives in animal models, to 
be a less efficacious a neuroprotectant (44,48,54). A new dass of glycine antagonists, 
the quinoxalinediones was developed that has both high affinity for the glycine site and 
good BBB penetration following systemic administration (74). This c1ass includes 
5-nitro-6,7-dichloro, 1,4-dihydro-2,3-quinoxalinedione (ACEA-1 021) and 5-nitro-6,7-
dibromo 1,4-dihydro-2,3-quinoxalinedione (ACEA 1031), that are both potent com­
petitive antagonists of the strychnine insensitive glycine site with a Kb 6--8 nM in 
oocytes and 5-7 nM in neurons (75). 

3.4.1. In Vitra Studies in Neuronal Injury 
ACEA-1021 has been studied in several in vitro and in vivo models of cerebral 

ischemia. In a hippocampal slice model, ACEA-1021 demonstrated dose dependent 
neuroprotection when given 10-15 min prior to 35 min of combined oxygen and glu­
cose deprivation (46). Brain injury 48 hiater, as determined by CA1 subfield fluores­
cence, was markedly reduced compared to controls. The neuroprotective efficacy of 
ACEA-1021 was found to be comparable to that of7-CI-kyn in this model (see Section 
3.1.1.). Temperature differences were carefully controlled, thereby eliminating the 
possibility of a hypothermic effect. ACEA-1 021' s protective effect was also reversed 
in the presence of excess glycine and this was not the case in a parallel experiment 
using MK-801. 

3.4.2. Animal Models of Cerebral Ischemia and Brain Injury 
In a rat model oftransient focal cerebral ischemia, Wamer et al. (68) demonstrated 

neuroprotective effects of ACEA-1021. Rats were subjected to 90 min ofMCA occ1u­
sion followed by 96 hofreperfusion. Intraperitoneal treatment with ACEA-1021 was 
given 55 min prior to ischemia, at the end of the ischemic period, and 180 min into 
reperfusion. A dose-dependent reduction in infarct size and neurologic scores was seen. 
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Treatment with a higher doses (30 mg/kg) demonstrated about a 75% reduction in cor­
tical infarct volume as measured by histology and improvement in neurologic scores. 
A lower dose 10 mg/kg showed about a 50% reduction in cortical infarct. Serum levels 
were measured 50 min following administration of the first dose and were about 40 ~mL 
for the 10 mg/kg dose and 70 j.lg/mL for the 30 mg/kg dose. Other quinoxalinediones 
were studied as weIl. ACEA-103l was also found to have neuroprotective properties 
using the same paradigm. Whereas ACEA-103l in comparable doses to ACEA 1021 
showed a benefit, the protective effect was less robust (68). Actual brain temperatures 
were not measured in these studies, but rectal temperatures were slightly lower in the 
treated groups, raising the concem that the neuroprotective effect may have been in 
part due to hypothermia. Temperature differences between treated and control groups 
in the ACEA-l 031 study appeared even more significant. However, subsequent studies 
have shown significant benefits of ACEA 1021 in temperature controlled parodigms. 
5 -chloro-7 -trifluoromethy 1-1,2,3 ,4-tetrahydroquinoxaline-2,3, -dione (A CEA -1011 ) 
was also studied, but a much lower (3 mg/kg) dose was used, and no neuroprotection 
was seen. 

A study by Marek et al. (76) using another model of transient focal ischemia demon­
strated a protective effect of several different quinoxalinediones when given immedi­
ately following occ1usion in both cortical and subcortical regions. Doses of 10 mg/kg 
given as an iv bolus followed by an infusion on mg/kg/h for 22 h were used. Infarction 
was measured by the TTC method. ACEA-102l showed the most marked efficacy as 
infarct size was reduced by 89% within cortical regions and 42% within subcortical 
regions in treated animals. Other quinoxalinediones (5-nitro-6,7-dimethyl-1,4-dihydro-2,3 
quinoxa1inedione and 5-nitro-6-methyl-7-chloro-1 ,4-dihydro-2,3-quinoxalinedione) 
showed reductions of 72-75% within cortical regions and no improvement within 
subcortical regions. 

Sauer et al. (77) demonstrated long-term protective effects of ACEA 1021. Using a 
rodent model of permanent MCA occ1usion, 40 mg/kg of ACEA 1021 was given intra­
venously immediately following, then IP 2 h after occ1usion. Significant reductions in 
infarct volume of 47% were seen as measured by in vivo MRI scans 2 and 28 d later as 
well as histopathology at 28 d. Treatment with a single dose at the onset of ischemia, 
however, did not result in significant neuroprotection. 

Whereas the effects of administering quinoxalinediones prior to or immediately fol­
lowing the onset of cerebral ischemia produced very large reductions in infarct size, 
delayed administration of this compound also appeared promising. Using a rat model 
of permanent focal ischemia, doses of 3 mg/kg and 10 mg/kg of ACEA 1021 given 
intravenously were found to be significantly neuroprotective if given up to 1 h follow­
ing the onset ofischemia (76). A trend towards smaller infarcts was seen when given 3 
h afterwards, and no improvement was seen when given 6 h later. 

Using diffusion-weighted MRI and magnetic resonance spectroscopy to study the 
metabolic mechanisms underlying ACEA-1021's neuroprotective efficacy, Myseros et 
al. (79) measured cytotoxic edema and metabolic parameters in cats subjected to MCA 
occ1usion. They found that ACEA 1021 prevented decreases in the apparent diffusion 
coefficient (and therefore cytotoxic edema) and lactate. Trends demonstrating pre­
served high energy metabolites, tissue pH and decreases in infarct size measured 5 h 
following occ1usion were also seen. 
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Although there appears to be marked beneficial effects of ACEA 1021 in focal mod­
els of cerebral ischemia, in aglobai ischemia model, no neuroprotective effect was 
seen (68). 

ACEA 1021 has also been studied in a model of acute sub dural hematoma (SDH). 
Following induction of SDH by sub dural injection of autologous blood, brain damage, 
measured 4 hiater, was significantly decreased by 26-39% in the treated groups (80). 
Neuroprotection was observed when ACEA 1021 was given both 15 min before and 30 
min after SDH induction. In addition, arterial blood gases, blood pressure, and 
temporalis muscle and body temperature were carefully monitored and not found to be 
different between treated and untreated grouPS. 

(S)-9-chloro-5-(p-aminomethyl-o-( carboxymethoxy) phenyIcarbamoylmethyl)-6, 7-
dihydro-1 H,5H -pyrido( 1 ,2,3-de )quinoxaline-2,3-dione hydrochloride trihydrate (SM-
18400) is a newly developed quinoxalinedione that appears to have increased affinity 
for the glycine site. Preclinical work with this agent also appears promising. Yasuda et 
al. (81) and Tanaka et al. (82) examined this compound in models of both focal and 
global ischemia. When SM-18400 was given intravenously after 2 h ofMCA occlu­
sion, reduced infarct size was seen 24 h following occlusion in a dose dependent fash­
ion. The highest dose group, 15 mg/kg followed by an infusion of 3 mg/kg/h for 25 h, 
showed a 72% reduction in infarct size within the cortex and 27% reduction in the 
striatum. In the low dose group, 7.5 mg/kg followed by 1.5 mg/kg/hr for 25 h resulted 
in reduction in infarct size by 42% in only the cortex. In two different models of global 
ischemia (rat and gerbil), SM-18400 was given at the time ofreperfusion and 2 h later 
following 15 min ofbilateral carotid occlusion. Both reduced brain edema and mortality. 

3.5. l-Aminocyclobutane-l-Carboxylic Acid 
(ACBC)/l-Aminocyclopropanecarboxylic Acid (ACPC) 

1-aminocyclobutane-1-carboxylic acid (ACBC) and 1-aminocyclopropanecarboxylic 
acid (ACPC) are cyclic amino acid analogs that also interact with the glycine site. Both 
are antagonists with some partial agonist properties (83-85). ACBC was found to an­
tagonize the strychnine-insensitive glycine site with a Ki of 19 ~ and an IC50 of 
6.1 ~ for TCP binding (86). It also blocked glycine's potentiation of NMDA 
responses inXenopus oocytes in a competitive manner (87). ACPC was found to have 
an IC50 of38 nMfor glycine binding and an estimated Ki ofabout 32 nM (88). Follow­
ing parenteral administration, ACBC and ACPC were also found to cross the blood­
brain baITier with half lives of 5 min or less (89,90). Using high performance liquid 
chromatography, however, other investigators found that ACPC has a half-life of 
1.5 h (6,89). Furthermore, a study examining the anxiolytic and antidepressant effects 
of ACPC in mice showed that it was biologically available up to 6 h following 
parenteral and oral administration (91). 

In vitro studies of ACPC showed remarkable preservation of cultured cerebellar 
granule cells exposed to different concentrations of glutamate. The addition of 1 mM 
ACPC along with different concentrations of glutamate showed dose-dependent 
neuroprotection. Application of 5 ~ glutamate reduced cell death by 90% compared 
to control si ster cultures, whereas 37% neuroprotection was seen following the addi­
tion of 1 0 ~ glutamate, and no neuroprotection was seen with the application of 100 
~ glutamate (92). Compared to the neuroprotective effects of other glycine site 
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antagonists in cell culture, however, ACPC appears to be less effective than both 7-CI­
kyn and HA-966 in a similar model of glutamate-induced toxicity (93). Since a clinical 
application of a neuroprotective agent might include prophylactic administration to 
patients at risk for brain injury, Boje et al. (93) studied prolonged exposure with differ­
ent glycine site antagonists. Interestingly, exposing cultures to ACPC and HA-966 for 
20-24 h prior to glutamate application reduced the neuroprotective efficacy of these 
compounds. In addition, this reduction in efficacy was not related to changes in mRNA 
levels of the NMDA RI or NMDA ~I receptor subunits, although the authors sug­
gested that it may be due to changes in other NMDA receptor subunit expression or an 
uncoupling of glutamate and glycine. 

Neuroprotection seen in in vivo models was also somewhat less robust with ACPC. 
In a gerbil model of global ischemia, 150-600 mg/kg ACPC was given intraperito­
neally 5 min after the onset of20 min ofbilateral carotid occlusion (92). The optimal 
dose of 300 mg/kg improved 7 d survival fourfold, whereas doses of 150 mg/kg and 
600 mglkg improved survival two- and threefold, respectively. Hippocampal CAI cell 
counts were significantly increased threefold with the 600 mg/kg dose. In contrast to 
observations made in cell culture models, chronic administration of ACPC prior to the 
onset of 20 min of bilateral carotid occlusion was also found to be beneficial (94). 
Animals given daily doses of 300 mg/kg ip for 6 or 7 d prior to the onset of ischemia 
showed improved survival and neurologic scores, and decreased postischemic seizure 
frequency. Histopathology performed 7 d following the induction ofischemia showed 
preserved hippocampal, striatal, and cortical cell counts. Brain levels after chronic 
administration were 0-6.5 Jlg/g, whereas levels of 50 Ilg/g were measured 30 min after 
a 200 mglkg injection. 

In a model of dynorphin-A induced spinal injury, ACPC was also found to have 
neuroprotective efficacy. Subarachnoid injection of dynorphin-A results in ischemic 
injury by reducing local blood flow (95). When ACPC was administered in doses of 
100 or 200 mglkg ip, the animals had improved neurologic scores by 24 h following 
injury. Histopathology performed at 72 h also showed decreased tissue injury. Further­
more, the addition of 800 mg/kg glycine ip reversed the beneficial effects. 

3.6. 2-Phenyl-l,3-Propanediol Dicarbamate (Felbamate) 

2-Phenyl-I,3-propanediol dicarbamate (felbamate), which has recently been 
approved for clinical use as an anticonvulsant, is feIt to act as an antagonist of the 
strychnine-insensitive glycine site. Felbamate's binding is blocked in the presence of 
5,7-dichloro-kyn, but was unaffected by noncompetitive antagonists of the NM DA 
receptor such as MK-801, polyamine site antagonists such as spermine or other 
anticonvulsants (96). Felbamate also blocked NMDA currents in rat hippocampal neu­
rons (97) and decreased the magnitude of glycine-enhanced intracellular calcium accu­
mulation caused by NMDA (98). In a model of audiogenic seizures, the glycine agonist, 
D-serine could completely reverse the anticonvulsant properties of felbamate (98). 
More recent evidence, however, suggests that felbamate does not affect the glycine site 
by competitive inhibition since felbamate did not reduce specific binding of 5,7-
dichloro-kyn (99). Nevertheless, a few experimental studies have demonstrated that 
felbamate has neuroprotective properties. 
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In a hippocampal slice model, application of 1.3 nM felbamate reduced glycine 
induced injury to CAI cells as measured by orthodromic and antidromic population 
spike recovery (100). This protection was dose dependent with IC50 of 1.04-1.06 mM 
following 10 mM glycine exposure. Surprisingly, in this model, felbamate was not 
effective in reducing injury caused by glutamate. By modifying this model to evaluate 
hypoxia, the same investigators found that felbamate could reverse hypoxic injury and 
this protection could be reversed by the addition of glycine. The IC 50 for hypoxic 
protection was 198.7 ~mL (101,102). 

In a neonatal rat model of hypoxia and ischemia, animals were subjected to perma­
nent bilateral carotid artery occ1usion followed by a I-h exposure to 6.5% oxygen 4-5 
hiater. Felbamate, 300 mg/kg ip was given one hour before the onset ofhypoxia. Patho­
logical examination 72 h later showed that felbamate reduced hippocampal injury by 
77% and cortical injury by 38% compared to controls. Corresponding serum levels 
were 115-148 ~mL following 90-240 min of administration. Brain temperature did 
not differ between treated and control groups (103). Posthypoxic treatment was also 
studied in this same model (104). Doses of 100,200,300,400, and 500 mg/kg were 
given 1 h following the onset of hypoxia. A "U" shaped dose response curve was 
observed. Whereas optimal neuroprotection was seen with the 300 mg/kg dose (52% 
reduction in cortical infarction), less dramatic protection was seen with the 200 and 
400 mg/kg doses (30 and 40% reduction in cortical infarction, respectively), and no 
effect was seen with doses of 1 00 and 500 mg/kg. Maximal benefit was seen with the 
300 mg/kg dose in the hippocampus where 91% of the dentate gyrus neurons were 
preserved. The therapeutic window of felbamate's neuroprotection was studied. By 
delaying the administration of 300 mglkg felbamate, efficacy was seen if treatment 
commenced up to 4 but not at 6 h following the onset ofhypoxia. Corresponding phar­
macokinetic data showed that felbamate levels reached a plateau about 1 h following 
injection with plasma concentrations ofabout 60-120 ~/mL. 

3.7. New Glycine Site Antagonists 
Newer glycine site antagonists, including ZD9379 and GV150526A, have been stud­

ied in the laboratory over the past year. ZD9379 was studied in a rodent model of 
permanent MCA occ1usion (105). Treatment that was begun after 30 min ofischemia 
resulted in significant neuroprotection using doses of 1, 5, and 10 mg/kg with redue­
tions in infarct size of 38, 50, and 45%, respectively. GV150526A was studied in a 
different rat model of permanent MCA oec1usion (78). In this study, this agent was 
compared to other potential neuroproteetive agents. When given prior to the onset of 
isehemia, GV150526A was found to have higher levels of efficaey than MK-801, 
ACEA 1021, Eliprodil (a polyamine antagonist and N-type calcium ehannel blocker), 
and U92032 (a T-type calcium channel antagonist and antioxidant). When given 1 h 
after the onset of isehemia, all of the agents tested had similar effieaey, but only 
GV150526A demonstrated effieacy even when treatment was delayed 6 h. Further work 
in this area should prove enlightening. 

4. TOXICITY OF GLYCINE SITE ANTAGONISTS 

The strategy of treating stroke by limiting toxie glutamate receptor aetivation with 
eompetitive or noneompetitive antagonists has been an appealing one; that is theoreti-
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cally relatively safe; however, significant adverse reactions have been reported in early 
clinical trials. Common side effects experienced by patients given these agents included 
dysphoria, hallucinations, dizziness and ataxia (1-4). In addition, pathologic examina­
tion of animals given various types of NM DA antagonists revealed neuronal micro­
vacuolization within regions of the retrosplenial cortex and cingulate gyrus (106-109). 
Expression ofthe nonconstitutive 72-kDa heat shock protein (HSP72) was also found 
in these same areas (11 0,111). Although the clinically apparent side-effects are not 
prohibitive and the significance of the microvacuolization remains unclear, glycine 
site antagonists appear to have a superior safety profile (Table 1). 

4.1. Pathological Effects 

Unlike NMDA antagonists, microvacuolization of neurons in the cingulate gyrus 
was not seen in rats given the glycine site antagonists, kyn, HA-966, and ACEA-1 021. 
Expression ofthe nonconstitutive 72-kDa heat shock protein (HSP72) in animals given 
10-50 mg/kg 7-CI-thio-kyn ip was not seen, however, in animals given MK-801 (1 
mg/kg), HSP72 expression in the cingulate and retrosplenial cortex was robust (49). 

Whereas microvacuolization was not detected in animals given glycine antagonists, 
recent work has disclosed new histologic findings of unknown significance. Brains of 
animals given 10 and 30 mg/kg ACEA 1021 examined with light microscopy revealed 
granulated neurons. Electron microscopy showed that these granules corresponded to 
mitochondrial cristae in various states of disarray with evidence of increased mito­
chondrial tumover (112). 

Studies ofL-687,414 also did not appear to affect neuronal morphology or cerebral 
glucose metabolism in doses found to be efficacious against experimental cerebral 
ischemia (113). MK-801, on the other hand, appeared to increase glucose metabolism 
within limbic structures following optimally neuroprotective doses. 

4.2. Behavioral Effects: Memory, Sedation 

Whereas both laboratory and clinical studies of competitive and noncompetitive 
NMDA antagonists have often been reported in transient behavioral abnormalities, 
impairment of cognition and ataxia (1-5, 114,115), glycine site antagonists did not 
appear to cause these disturbances as dramatically. Compared to the competitive and 
noncompetitive NMDA antagonists, the glycine antagonists, kyn and 7-Cl-kyn did not 
cause impaired learning or locomotion in rats given doses in ranges that were 
anticonvulsant (114,115). 

Behavioral abnormalities in rats given 7-CI-thio-kyn were not as severe as those 
seen with typical NMDA antagonists. Groups of animals were given either MK-80 1 
(1 mg/kg ip) or 7-CI-thio-kyn (10-50 mg/kg ip). Whereas MK-801-treated animals 
developed marked sedation and catatonia, 7-Cl-thio-kyn-treated animals were slightly 
sedated for 2 h, then had complete recovery (49). In animals given high doses of7-CI­
thio-kyn (100 mg/kg ip), no gross behavioral signs were observed compared to control 
animals (51). 

Early work showed that 1 mg/kg ip HA-966 did not produce any obvious behavioral 
changes in mice. With doses as high as 5-10 mg/kg, however, animals became sedated 
and flaccid (116). Experience with even higher doses of HA-966 demonstrated more 
serious consequences (69). Animals receiving 50 mg/kg HA-966 ip frequently became 



T
ab

le
 1

 
S

ig
n

if
ic

an
t F

ea
tu

re
s 

o
f 

V
ar

io
u

s 
G

ly
ci

ne
 A

nt
ag

on
is

ts
 

G
ly

ci
ne

 A
nt

ag
on

is
t 

K
yn

ur
en

ic
 A

ci
d 

(K
yn

) 
D

er
iv

at
iv

es
 

K
yn

, 
7-

C
I 

K
yn

, 
5,

7 
di

 C
l 

K
yn

, 
T

hi
o-

K
yn

,7
-C

I 
th

io
ky

n 

P
yr

ro
li

di
ne

s 
H

A
-9

66
 

L
68

7,
41

4 

In
do

le
 D

er
iv

at
iv

es
 

12
C

A
 

Q
ui

no
xa

li
ne

di
on

es
 

A
C

E
A

-I
02

1 

S
M

-I
 8

40
0 

C
yc

li
c 

A
m

in
o 

A
ci

d 
A

na
lo

gs
 

A
C

P
C

 

F
el

b
am

at
e 

O
th

er
s 

Z
D

93
79

 
G

V
l5

05
26

A
 

A
dv

an
ta

ge
s 

V
er

y 
hi

gh
 a

ff
in

it
y 

fo
r 

th
e 

gl
yc

in
e 

re
ce

pt
or

 
H

ig
h 

ef
fe

ct
iv

en
es

s 
in

 c
er

eb
ra

l 
is

ch
em

ia
 

ne
ur

ot
ox

ic
it

y,
 a

nd
 T

B
I 

m
od

el
s 

N
o 

m
ic

ro
va

cu
ol

iz
at

io
n 

at
 n

eu
ro

pr
ot

ec
ti

ve
 d

os
es

 

C
an

 b
e 

gi
ve

n 
or

aU
y 

A
cc

ep
ta

bl
e 

B
B

B
 p

en
et

ra
ti

on
 

N
o 

m
ic

ro
va

cu
ol

iz
at

io
n 

at
 n

eu
ro

pr
ot

ec
ti

ve
 d

os
es

 
M

uc
h 

hi
gh

er
 a

ff
in

it
y 

fo
r 

gl
yc

in
e 

re
ce

pt
or

 

N
eu

ro
pr

ot
ec

ti
ve

 in
 T

B
I 

m
od

el
s 

A
cc

ep
ta

bl
e 

B
B

B
 p

en
et

ra
ti

on
 

G
oo

d 
B

B
B

 p
en

et
ra

ti
on

 
V

er
y 

hi
gh

 g
ly

ci
ne

 r
ec

ep
to

r 
bi

nd
in

g 
af

fi
ni

ty
 

N
o 

m
ic

ro
va

cu
ol

iz
at

io
n 

at
 n

eu
ro

pr
ot

ec
ti

ve
 d

os
es

 
E

ff
ec

ti
ve

 u
p 

to
 2

 h
 a

ft
er

 o
cc

lu
si

on
 i

n 
an

im
al

 m
od

el
s 

M
ay

 b
e 

ef
fe

ct
iv

e 
in

 s
pi

na
l 

co
rd

 i
nj

ur
y 

E
ff

ec
ti

ve
 u

p 
to

 6
--8

 h
 a

ft
er

 M
C

A
 o

cc
lu

si
on

 in
 a

ni
m

al
s 

N
eu

ro
pr

ot
ec

ti
ve

 l
ev

el
s 

ac
hi

ev
ab

le
 i

n 
vi

vo
 

E
ff

ec
ti

ve
 in

 a
ni

m
al

 m
od

el
s 

M
or

e 
ef

fe
ct

iv
e 

in
 a

ni
m

al
 m

od
el

s 
th

an
 A

C
E

A
, M

K
-8

01
, e

tc
. 

E
ff

ec
ti

ve
 u

p 
to

 6
 h

 a
ft

er
 o

ns
et

 o
f 

is
ch

em
ia

 

D
is

ad
va

nt
ag

es
 

S
ho

rt
 ti

m
e 

w
in

do
w

 o
f e

ff
ec

ti
ve

ne
ss

 «
Ih

r)
 i

n
 a

ni
m

al
 

m
od

el
s 

co
m

pa
re

d 
to

 o
th

er
s 

P
oo

r 
B

B
B

 p
en

et
ra

ti
on

 

10
00

10
0-

fo
ld

 l
es

s 
po

te
nt

 th
an

 K
yn

 d
er

iv
at

iv
es

 
in

 c
om

pa
ra

bl
e 

an
im

al
 m

od
el

s 
M

ay
 h

av
e 

re
du

ce
d 

po
te

nc
y 

af
te

r 
24

 h
 

C
au

se
s 

be
ha

vi
or

al
 c

ha
ng

es
 a

nd
 m

ot
or

 i
m

pa
ir

m
en

t 
at

 n
eu

ro
pr

ot
ec

ti
ve

 d
os

es
 i

n 
an

im
al

s 

N
o 

st
ud

ie
s 

to
 d

at
e 

in
 c

er
eb

ra
l 

is
ch

em
ia

 m
od

el
s 

C
au

se
s 

at
ax

ia
 a

t 
ne

ur
op

ro
te

ct
iv

e 
do

se
s 

in
 a

ni
m

al
s 

M
ay

 r
eq

ui
re

 p
ro

lo
ng

ed
 in

fu
si

on
 f

or
 e

ff
ec

t 
N

ot
 n

eu
ro

pr
ot

ec
ti

ve
 i

n 
gl

ob
al

 i
sc

he
m

ia
 m

od
el

s 
M

ay
 c

au
se

 g
ra

nu
la

te
d 

ne
ur

on
s/

m
it

oc
ho

nd
ri

al
 d

ys
fu

nc
ti

on
 

O
nl

y 
li

m
it

ed
 s

tu
di

es
 p

er
fo

rm
ed

 to
 d

at
e 

L
es

s 
po

te
nt

 th
an

 7
 C

I-
K

yn
 o

r 
H

A
 9

66
 

M
ay

 h
av

e 
re

du
ce

d 
po

te
nc

y 
at

 2
4h

 
H

ig
h 

ra
te

 o
f a

pl
as

ti
c 

an
em

ia
 r

ep
or

te
d 

in
 s

ei
zu

re
 

pa
ti

en
ts

 o
n

 c
hr

on
ic

 t
re

at
m

en
t 

B
el

l 
sh

ap
ed

 e
ff

ic
ac

y 
cu

rv
e 

(i
.e

., 
hi

gh
 o

r 
lo

w
 d

os
es

 
no

t a
s 

ef
fe

ct
iv

e 
in

 a
ni

m
al

 m
od

el
s)

 

O
nl

y 
li

m
it

ed
 s

tu
di

es
 p

er
fo

rm
ed

 to
 d

at
e 

O
nl

y 
li

m
it

ed
 s

tu
di

es
 p

er
fo

rm
ed

 to
 d

at
e 



142 Yenari, Tong, and Albers 

sedated, often had brief periods of apnea (lasting less than 30 s), and a higher mortality 
rate (17%) compared to animals receiving lower doses (0%). In addition, mortality was 
100% in animals receiving 100 mg/kg or more. Unlike other glycine site antagonists, 
the methyl derivative, L687 ,414, was found to cause impairments in behavior and motor 
function. Doses of 44 mg/kg iv and 27.3 mg/kg ip and higher in mice caused decreased 
performance on the rotorod test. In rats, the doses above 20 mg/kg iv caused impair­
ment in locomotion. PCP-like behavior consisting of head waving, body rolling, and 
hyperlocomotion also occurred with a peak effect seen following an intravenous dose 
of 100 mg/kg. Compared to similar doses of MK-801, however, this effect was less 
dramatic (65,66). Neuroprotection was achieved in rats at doses 14 and 30 mg/kg iv (67). 

In the study of traumatic brain injury, sham-operated animals given either 300 mg/kg 
kyn or 20 and 50 mglkg I2CA intravenously, cognitive performance as measured by a 
water maze test was no different than in untreated shams (55). Preliminary studies in 
unoperated rats showed that doses of I2CA in the range of 20-50 mg/kg iv produced 
ataxia, whereas doses of 50-1 00 mg/kg iv produced 10ss of consciousness and respira­
tory depression. Interestingly, the I2CA derivative, 5-fluoro-I2CA did not appear to 
cause these side effects at a comparable dose (55). 

4.3. Hemodynamie and Physiologie Effects 

No effects on heart rate or respiration were reported in animal studies examining the 
different glycine site antagonists; however, a few groups did find transient decreases in 
b100d pressure. AI 0-50 mg/kg 7-CI-thio-kyn dose given ip to rats transiently decreased 
mean arterial blood pressure from 103 ± 8 to 80 ± 2.7 mmHg for about 1-2 min (49). In 
the study by Gill et al. (67), L-687,414 given to rats with permanent MCA occ1usion 
resulted in transient decreases in mean arterial blood pressure (MAP) in the highest 
dose ranges (plasma levels of about 60.8 lJg/mL). The decrease in MAP was 13-16 
mmHg and occurred about 15-30 min into treatment but recovered spontaneously by 
60 min. In a rat model of sub dural hematoma (SDH) (80), animals given the highest 
doses of ACEA 1021 (15 mg/kg) developed profound hypotension and died when the 
loading dose was given too rapidly. Ihis decrease in blood pressure was prevented by 
giving the loading dose over a longer period of time. Seven of 32 animals given this 
same dose died due to rapid onset metabolic acidosis. Since these animals were also 
subjected to SDH, it is not clear whether this same phenomenon would have been 
observed had the animals been subjected to an ischemic insult rather than the SDH. 
Ihis is nevertheless an area of potential concern as some patients given high dose 
boluses followed by infusions of the noncompetitive NMDA antagonist, dextrorphan 
developed transient hypotension and depressed respirations (1). 

5. CLINICAL EXPERIENCE 
Whereas a number of different compounds acting at the strychnine-insensitive site 

were found to be neuroprotective in experimental ischemia and neuronal injury mod­
els, clinical development has been hampered by problems with drug delivery. Many of 
these drugs penetrate the blood-brain barrier poorly, or require very high doses for 
efficacy. A few ofthese compounds do, however, have acceptable pharmacologic prop­
erties and have recently been given to humans. Clinical experience in stroke patients is 
limited, although a few early clinical trials are in progress. 
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5.1. Felbamate 

There has been extensive clinical experience with felbamate, primarily in the treat­
ment of seizures. In six clinical trials of felbamate, encompassing about 250 patients, 
the most commonly noted side-effects include headache and dizziness (117-122). Other 
reported side-effects include nausea, vomiting, ataxia, fatigue, diplopia, constipation, 
and somnolence. These effects were usually seen in patients on multidrug anti­
convulsant therapy. In one trial of patients on felbamate monotherapy, the primary 
adverse effects were anorexia, altered taste perception and insomnia (121). Arecent 
report has associated the drug with choreoathetosis (123). Skin necrosis has also been 
reported, usually in association with multiple drug regimens, but also during 
monotherapy (124). In general, the majority ofthese adverse effects have been minor. 

Unfortunately, postmarketing surveillance has shown that felbamate is associated 
with an unacceptably high incidence ofaplastic anemia (125). As of January 1995,33 
cases of aplastic anemia were reported. The estimated incidence is 1: 10,000 (125). In 
comparison, the incidence of aplastic anemia in patients taking carbamazepine is estimated 
to be at most 1 :200,000 (126), and probably is significantly less. The felbamate related 
anemia may not respond to discontinuation of the drug and least eight fatalities have 
been reported. Other blood dyscrasias such as thrombocytopenia have also been 
reported (127). All of the reported cases have occurred between 2.5 and 6 mo after the 
start oftherapy. 

These findings have led to the manufacturer' s (Carter Wallace ) voluntary withdrawal 
ofthe drug from the market. Currently, chronic felbamate treatment is indicated only in 
unusual circumstances such as refractory seizures in which no other alternatives 
are available. 

F elbamate has not been used clinically for the treatment of acute stroke. Of interest, 
the levels of felbamate found in brain tissue obtained from temporal lobectomy pa­
tients has ranged from 13-73 J,Jg/mL (dosages in these patients ranged from 2000-
3600 mg/d) (128). In rat experimental models of cerebral ischemia, brain tissue 
neuroprotective levels of felbamate have ranged from 35-60 }JgImL; at a dose of 250-
500 mglkg (103,104,129). Therefore, potentially neuroprotective levels of felbamate 
are likely attainable in humans at current dosages. Because of felbamate's relatively 
low short term side-effect profile, these levels appear to be safe in vivo. 

Based on the recent adverse experience in epilepsy patients, it seems unlikely that 
this drug will be tested for the treatment of stroke in the near future. However experi­
mental data suggests that it could be potentially useful in this setting, since short term 
use should limit the risk of aplastic anemia. This issue will require further investiga­
tion, as weIl as commitment on the part of the drug's manufacturer and government 
regulatory authorities. 

5.2. ACEA 1021 

A phase I trial in normal volunteers has been completed and an early phase 11 trial in 
stroke patients is nearing completion with ACEA 1021. In the phase I trial, 30 healthy 
male volunteers had no serious adverse events when doses ranging from 0.013--2.0 mg/kg 
were given intravenously over 15 min. At the highest doses, some transient sedation, 
dizziness, and nausea occurred. Serum drug levels at the highest doses were above the 
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levels that were neuroprotective in in vivo ischemia models (130). Pharmacokinetic 
data from this study suggested that the terminal half-life was about 6 h. 

5.3. ACPC 

ACPC is in the early phases of c1inical testing in patients undergoing coronary artery 
bypass, but no published data are yet available (91,131). 

6. CONCLUSIONS 

The role of strychnine-insensitive glycine site antagonists in the treatment of stroke 
appears promising. Glycine receptor antagonists are characterized by a functional effect 
on the NMDA receptor that is comparable to direct antagonists. However, unlike the 
competitive and noncompetitive NMDA antagonists, their side-effect profile 
appears to be more favorable. Whereas NMDA antagonists have a high incidence of 
neuropsychiatric and behavioral side-effects, animal research and early and c1inical 
experience suggests that these adverse effects are much less apparent with glycine 
antagonists (Table 1). 

The initial glycine antagonists studied were hampered by poor CNS penetration and 
lower potency. Newer formulations with higher potency and acceptable blood-brain 
baITier permeability have been developed and clinical trials to evaluate these com­
pounds are underway. The clinical effectiveness ofthese agents will be determined by 
large-scale efficacy and safety trials. Overall, however, several of these compounds 
apper to have the potential to become safe and effective agents for the acute treatment 
of brain ischemia. 
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Free Radical-Mediated Cerebral Damage 

After Hypoxia/Ischemia and Stroke 

Tomohiro Matsuyama 

1. INTRODUCTION 

Free radicals are not biological curiosities or anomalies but are byproducts of cellular 
physiology generated by specific enzymes, by autoxidation, and by energy transfer 
reactions in alllife forms using oxygen. Under physiological conditions, sophisticated 
antioxidant defense systems prevent the reactive O2 metabolites from potential injuri­
ous interactions with cell components critical for the viability of cells. However, under 
the conditions of hypoxia/ischemia or reoxygenationlreperfusion, the equilibrium 
between the O2 radical and its antioxidant defense system is lost. This imbalance leads 
to radical-induced cell damage (1). This chapter contains the mechanism of toxicity 
posed by oxygen stresses and the responses of brain cells to these common etiologies 
that may happen in stroke. 

2. MECHANISM OF ISCHEMIA/HYPOXIA INJURY 

2.1. Reactive Oxygen Species (Table 1) 

The sequential four-electron reduction of oxygen, which occurs during normal 
oxidative mechanisms, results in the production of highly reactive, potentially tissue 
damaging, oxygen species including superoxide anion (02'-), the hydroxyradical (OH), 
hydrogen peroxide (H20 2)(2), and nitric oxide (NO) (3). The brain contains rich 
amounts ofunsaturated fatty acids and catecholamines, which are thought to be target 
molecules for peroxidation induced by reactive oxygen species (free radicals). There­
fore, in the case that the huge amount of free radicals are produced by the neural cells, 
a free radical-induced cell damage happens easily. The mechanism for free radical 
production, however, still remains unclear because there are lots of difficulties in mea­
suring radical species in vivo. Here, the characteristics of reactive oxygen species and 
their role in the cell pathology are described. 

2.2. Superoxide 

Superoxide anion (02'-) is a product of the radiolysis of oxygenated water, and at 
present, it is understood to be a common product of both spontaneous and enzyme­
catalyzed oxidations. It is generated by the mitochondrial respiratory chain reaction to 
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Table 1 
Reactive Oxygen Species 

°f­
H20 2 

·OH 
102 

ROOH 
ROO· 
RO' 
NO 
ONOO-

QR= lipid. 

Superoxide radical 
Hydrogen peroxide 
Hydroxyl radical 
Singlet oxygen 
Hydroperoxidea 

Peroxyl radicala 

Alkoxyl radicala 

Nitric oxide 
Peroxynitrite 

Matsuyama 

oxygen and hydrogen peroxide (4,5) or through xanthine-xanthine oxidase pathway 
(6). NormaIly, superoxide dismutases (SODs) act to dismute the superoxide. There­
fore, the concentration of intracellular superoxide is very low under homeostatic con­
ditions in general. However, when the mitchondria are injured or the abnormal increase 
in uptake of oxygen is induced by vigorous hyperoxic or hyperbaric therapy, superox­
ide acts as cytotoxic byproduct of a variety of normal processes in aerobic metabolism. 
It also can react with hydrogen peroxide to generate singlet oxygen and hydroxy­
radicals, which are even more reactive and cytotoxic than superoxide or hydrogen 
peroxide (6). Superoxide is known to inactivate both creatine kinase in cardiac 
muscle cells and glutamine synthetase which converts glutamate to glutamine in 
brain (7-9). In addition, both superoxide and hydroxyradicals can increase the release 
of glutamate, which is known as an excitotoxic amino acid (EAA) and inducer ofneuronal 
injury (10). 

2.3. Nitric Oxide 

Nitric oxide (NO) is now known to be produced in a variety of mammalian cells 
such as neurons, platelets, macrophages, renal mesangial cells, and vascular smooth 
muscle ceIls.1t was at first identified as an endothelium-derived relaxing factor (EDRF) 
(3,11,12). In blood vessels, it acts as a strong vasodilator via the activation of intracel­
lular cyclic GMP, and in platelets it inhibits platelet-aggregation. NO also has been 
proposed as a neurotransmitter both in the central (13,14) and peripheral (15) nervous 
systems. In the hippocampus, it is suggested that NO liberated from postsynaptic neu­
rons travel back to presynaptic terminals to cause long-term potentiation (LTP), which 
is a type of synaptic plasticity that is thought to contribute to certain forms of leaming 
in mammals (16-18). 

NO is synthesized from L-arginine as a base by nitric oxide synthase (NOS) (19). It 
reacts with hemoglobin, and its stable decomposition products are nitrite (N02-) and 
nitrate (N03-)' NO also reacts with superoxide to produce peroxynitrite anion (ONOo-) 
(20), which is even more toxic than superoxide (Fig. 1). Therefore, in the area in which 
the superoxide is generated abundantly, for example in the ischemic/hypoxic brain 
upon reperfusionlreoxygenation, the formation of peroxynitrite as weIl as other radi­
cals accelerate the brain damage. 
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Fig. 1. Schematic representation of interaction between 02'- and NO, and their metabolism. 
Most of mammalian cells possess two types of SOD (CuZnSOD and MnSOD) and NOS. The 
amount and function of radical species generated in the cells are considered to depend on the 
amount ofthese scavenging enzymes. 

2.4. Excitatory Amino Acids and Free Radicals 

Several pathophysiological mechanisms for cerebral ischemialhypoxia injury have 
been proposed, such as increased excitotoxicity, intracellular calcium overload, inhibi­
tion of protein synthesis, and alteration of gene expression. An ischemic-hypoxic epi­
sode causes the release ofexcitatory amino acids (EAA) such as glutamate and aspartate 
from the presynaptic terminals, which synaptically stimulate the neuron to increase of 
Ca2+ influx. Such EAA-calcium theory has long received considerable attention. Recent 
studies have proposed that free radicals have a very important role in regulating this 
mechanism. In vitro studies have shown that superoxide stimulates the release ofEAA, 
which in turn increases the production of free radicals (10). NO also mediates the action 
ofthe excitatory neurotransmitter glutamate (21,22) via the NMDA receptor-mediated 
neurotransmitter release (23). Thus, these two metabolic events (free radical formation 
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Fig. 2. Hypothetical vicious cycle between free radical formation and excitotoxicity. Since 
SOD mimetic prevents the excitotoxic cell death but not the Ca2+ influx induced by excitotoxic 
amino acids, the site of its action is considered to center on postreceptor events. Therefore, free 
radicals generated in the cell are suggested to activate directly the postreceptor signal transduc­
tion system (31). 

and excitatory amino acid release) are correlated. Moreover, they cooperated and form 
a vicious cycle that leads to necrotic or apoptotic neuronal death (Fig. 2). 

Since Demopouros et al. (24) has reported a possible role offree radicals in neuronal 
death after brain ischemia, a number of in vivo studies have suggested that the forma­
tion of free radicals in the brain is an important step in the sequence of events that link 
cerebral blood flow reduction to excitotoxicity, during the acute ischemic attack and 
when blood and oxygen eventually return to the brain upon reperfusion (25-30). These 
studies have not provided direct evidence for the effects of free radicals on the excito­
toxic brain damage. For this, one need to measure formation of such reactive oxygen 
species directly in the brain. Arecent work has shown that inactivation of the TCA 
cycle enzyme, aconitase, can be used as a marker ofintracellular 02'-levels (31). The 
same study revealed that the cell-permeable SOD mimetic decreases both aconitase 
inactivation and cell death produced by excitotoxic amino acids, implying direct evi­
dences for 0i- generation in the pathway of excitotoxic injury (Fig. 2). 

2.5. Cellular Sources of Oxygen-Free Radicals in Brain 

Because of their very short life-span, it is very difficult to measure the free radical 
reaction in vivo. Several studies have attempted to detect the reaction by directly mea-
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suring the formation of free radicals or metabolites. These include the detection of 
radical formation following global ischemia, by electron spin resonance spectrometry 
(ESR) (32), and the measuring of lipoperoxide (33) and conjugated diens formation 
(34). NO formation by nitric oxide synthase (NOS) can be examined by enzymatic 
histochemical method using NADPH-diaphorase (35). 

By using the mentioned techniques, however, one could not determine the precise 
site of free radical generation in the brain following ischemia/hypoxia episodes. Brain 
parenchyma has very low amounts of xanthine oxidase (36) which is an important 
enzymatic origin for generation of superoxide. On the other hand, endothelial cells 
contain rich amounts ofthe enzyme xanthine oxidase. Therefore, one ofthe candidates 
generating free radicals may be the endothelium which has an adhesive interaction 
with the activated leukocytes (37). The leukocyte itselfis also an important candidate 
for the generation of free radicals, and the leukocyte-endothelial cell interaction has 
been attributed an important role in the ischemia/reperfusion injury ofthe brain (38). 

Neurons and glial cells also can generate oxygen-free radicals. Neurons are rich in 
mitochondria, and the mitochondrial respiratory chain including the ubiquinone and 
NADH dehydrogenase complex can be intracellular sources of superoxide. Other 
intracellular sources include microsomal cytochrome P450 system, plasma-membrane 
NAD(P)H oxidases, nuclear membrane and cell membrane-bound enzymes such as 
cyclooxygenase, and lipoxygenase, which causes lipid peroxidation (39.40). 

Thus, such reactive oxygen species are normally generated in all the cells by spe­
cific enzymes, by autooxidation, and by energy transfer reactions. Because the free 
radical toxicity might be the result from "imbalanced" conditions between the genera­
tion of free radicals and antioxidant defense system (2), measuring characteristics of 
the cellular antioxidant defense system may help to establish concepts about free radi­
cal-dependent neural injury after cerebrovascular accidents on ischemia/hypoxia. 

3. PATHOLOGY OF FREE RADICAL TOXICITY 

3.1. Neuronal Cell Injury 

Neuronal damage following hypoxic-ischemic insults has been studied morphologi­
cally. In the transient global cerebral ischemia/hypoxia model, there are two types of 
cell injury, that is acute ischemic cell change and delayed neuronal death (41,42). 
Morphologically, acute ischemic cell change is defined as a change in the cytoplasm 
micro-organelles. Ultrastructurally, swollen mitochondria are found that appears as 
microvacuoles at a light microscopic level, also dilations of tubules, vesicles, and cis­
temae of the endoplasmic reticulum, and an increase in ribosomes are observed. The 
damaged neurons are surrounded by swollen astrocytic processes. 

In contrast, delayed neuronal cell death typically affects the hippocampal CAI pyra­
midal neurons, and starts 2-4 d after the ischemic episode produced by carotid artery 
occlusion in gerbils and rats. The ultrastructural examination shows that the affected 
neuron contains a picnotic nucleus and cytoplasmic condensation, and also mitochon­
drial disarrangement is seen. The damaged neurons are surrounded by the processes of 
microglia, and sometimes the microglia invade the damaged area to remove the debris 
ofthe degenerating neurons. This morphology is clearly distinct from that occurring in 
acute ischemic cell change (43), suggesting that different mechanisms are responsible 
for these two types of cell death following ischemic insults (44). 
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3.1.1. Necrosis and Apoptosis 

Apoptosis is a morphologically distinct form of cell death that is involved in many 
physiological and pathological processes (4~9). Because apoptosis is an integral part 
of the developmental program, and is frequently the end-result of a temporal course of 
cellular events, it is sometimes referred to as programmed cell death (PCD). The con­
ventional features of apoptosis include: 

1. Intracellular compaction of nuclear chromatin and cytoplasm into sharply circumscribed, 
uniformly dense masses surrounded by lysosomal membranes (apoptotic bodies). 

2. Endonuclease digestion, double-stranded cleavage of DNA to produce fragments that are 
multiples of approx 185 bp (DNA laddering). 

3. Cell death, which requires activation of a "cell death" gene program and therefore is inhib­
ited by RNA and protein synthesis inhibitors (for details, see Chapter 1). 

In contrast, necrosis is a cell death that is caused by energy failure owing to lack of 
oxygen and glucose supply.1t has been long believed that necrosis is the main cause of 
neuronal degeneration after cerebrovascular accidents, and both neurons and glial cells 
died in the infarct brain. However, the selective vulnerability of the hippocampal neurons 
(CAI pyramidal cells) to ischemia could not be explained solely by the energy failure. 
Neurons that are prone to die following the ischemic insult, maintain their energy level 
as normal during the early reperfusion period, suggesting that these neurons survived 
the insult but undergo other metabolic changes that trigger a cell death program. Recent 
studies have proposed that apoptotic cell death is involved in a neuronal cell death 
caused by the ischemic insult (50-52). Thus, delayed neuronal death in hippocampal 
CAI neurons has been considered to be a candidate ofneuronal apoptosis. Indeed, the 
inhibition of protein synthesis by cyclophosphamide has been reported to ameliorate 
the delayed neuronal death in gerbil (52). Moreover, DNA laddering has been observed 
in the hippocampus following transient ischemia (53,54). However, the neurons 
exhibiting delayed neuronal death have shown molphogically distinct features from 
the cells showing typical apoptosis in peripheral tissues (54). In addition, although the 
DNA fragmentation has been observed within the cells of the postischemic brain by 
using in situ nick-end labeling of biotinylated dUTP mediated by terminal deoxy­
transferase (TUNEL re action) (55), no evidence has been presented that the apoptotic 
cells are ofneuronal origin. Nevertheless, one can imagine that neurons have their own 
feature of apoptosis, and some oncogenes associated with induction of apoptosis such 
as c-fos and c-jun, have been found in the vulnerable hippocampal neurons following 
ischemia (56-58). 

Many of the chemical and physical treatments capable of inducing apoptosis are 
known to evoke oxidative stress. For example, both ionizing and ultraviolet radiation 
can provoke apoptosis, and at the same time generate free radicals such as H20 2 and 
·OH (59). Duvall and Willy (60) have suggested that the H20 2 may induce either 
apoptosis or necrosis, depending on its doses applied to the cells. Some agents other 
than free radicals, such as antineoplastic agents and cell toxic cytokines, may induce 
apoptosis by eliciting free radical formation. It is weIl established that both TNF /TNF 
receptor and Fas ligandIFas antigen can activate pathways that lead to apoptosis in 
various cell types (61). Fas antigen mRNA is induced in some neural cells after 
ischemic insult (62,63) (Fig. 3). Stimulation ofthe TNF receptor results in a rapid rise 
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Fig. 3. Photomicrographs showing Fas antigen hybridization in layer IV of the cerebral 
cortex (A) and the caudate putamen (CPu) (B) from a mouse 6 h after transient global forebrain 
ischemia for 30 min. 

in the levels of intracellular free radicals (64). In addition, the apoptosis induced 
through these pathways can be blocked by increasing the ability of cell to scavenge or 
detoxify the free radicals, for example, by treatment with SOD, catalase, and glu­
tathione peroxidase (65) . This implies that oxidative stress may be a cause of decreased 
ability of a cell to scavenge or detoxify free radicals, and that such oxidative stress is 
closely associated with mechanisms that trigger cell death programs leading to 
apoptosis. Arecent study has shown that NO also acts as an inducer of apoptosis in 
macrophages and monocytes (66). How can oxidative stress induce apoptosis? It is 
possible that intracellularly generated free radicals may result in the activation of genes 
responsible for apoptosis, conceivably through an oxidative stress-responsive nuclear 
transcription factor such as NF-KB (67). 

3.1.2. Ischemic Preconditioning (Ischemic Tolerance) 
Ischemic tolerance has been first reported by Kitagawa and Kirino (68,69) using a 

gerbil model of global cerebral ischemia. Ischemic preconditioning is a phenomenon 
observed after a brief episode of nonlethai ischemic insult in which vulnerable neurons 
acquire an endogenous tolerance to the ischemic insult that is otherwise lethai to them. 
It has been proposed that two major factors are prerequisites for the development of 
ischemic tolerance: ischemic stress strong enough to perturb the energy metabolism of 
the neurons, and a long enough interval between nonlethai and lethai ischemia for 
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induction of gene expression and protein synthesis. In addition to brief ischemia, also 
prolonged but mild hypoperfusion (70), hyperthermic stress (71,72) and metabolic 
stress that generates oxygen-derived free radicals (73) have induced tolerance to sub­
sequent lethai ischemia in hippocampal neurons. 

The mechanism underlying this ischemic tolerance has remained unclear. Because 
the tolerance is shown to be weIl correlated with both the biosynthesis of and the amount 
ofstress proteins such as the 72 kD-heat shock protein (HSP72) (74,75), one can specu­
late that this phenomenon is induced by some genetic alteration that may change the 
cellular phenotype from a vulnerable to a tolerant one. HSP72 production has been 
shown in various kinds of stress as weIl as heat stress. Oxidative stress with copper 
chelating agents such as diethyl dithiocarbamate (DDC), increase the intracellular con­
tent of thiobarbituric acid-reactive substance, a reliable index of lipid peroxidation, 
and also it induces the HSP72 synthesis in the brain (73). 

Although the precise mechanism by which heat shock proteins might attenuate cell 
injury remains unclear, it seems essential for survival ofneuronal cells to induce syn­
thesis ofHSP72, prior to and/or after lethai ischemia (68-73). HSP72 binds ATP and 
may conserve energy for cellular metabolism under pathophysiological conditions. 
Heat shock proteins have been associated with stabilization of the cytoskeleton (76), 
augmented activity of intracellular antioxidants (77), and preservation of cytosolic 
enzymatic activity (78). Thus, experimental evidence linking cytoprotection with 
induction ofHSP72 is promising (79,80). 

On the other hand, ischemic tolerance has been detected in various brain regions 
such as the cerebral cortex, as weIl as in the hippocampus (70). Brief occlusion ofthe 
middle cerebral artery induces tolerance in cortical neurons to a subsequent episode of 
potentially lethai ischemia (81). Since this tolerance corresponds to the phenomenon of 
cortical spreading depression rather than to the expression ofHSP72 in the cortex, one can 
suggest that the expression of HSP72 is more likely one of trigger processes that cause 
ischemic tolerance. Besides heat shock proteins, immediate early genes such asfos and 
fun and their products induced after transient global ischemia (82) have also been pro­
posed to be responsible for ischemic tolerance. These proteins act as transcription fac­
tors at specific DNA target sites such as AP-l (activator protein-l) and CRE (cyclic 
AMP-responsive element) (83,84). Among them, c-jun protein is likely to participate 
in the control of rescue or survival genes following severe neuronal injury irrespective 
ofthe pathogenetic mechanism (57,85). 

3.2. Glial Cell Response 

Recent findings suggest that glial cells may be more actively involved in brain func­
ti on than has been previously thought. Glial cells are classified as astrocytes, oligoden­
drocytes, and microglia. Astrocytes are strategically located to exert neurotrophic 
functions, and oligodendrocytes to form myelin sUITounding the axons. Microglia are 
considered to be the macrophages ofthe central nervous system. Because glial cells 
are intimately associated with most neurons, one can consider the significance of active 
neuron-glia interaction. Recent studies have shown that astrocytes produce a number 
of growth factors that can promote neurite outgrowth and cell survival. For example, 
nerve growth factor (NGF) and basic fibroblast growth factor (bFGF) promote cell 
survival and neurotransmitter synthesis (86,87), and can protect neurons against 
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Table 2 
Cytokines Produced by Neural Cells 

Astrocytes TNF-a, TGF-ß, IL-l, IL-5, IL-6, IL-8, G-CSF, M-CSF, 
GM-CSF, IFN-a, INF-ß 

Microglia TNF-a, TGF-ß, IL-l, IL-5, IL-6 

Cytokine Receptors Expressed on Neural Cells 

Astrocytes 
Microglia 
o ligodendrocytes 
Neuron 

IL-6R, IL-7R, GM-CSFR, M-CSFR 
IL-2R, IL-3R, IL-4R, IL-6R, GM-CSFR, M-CSFR 
IL-2R, IL-3R, IL-4R, M-CSFR 
IL-6R, GM-CSFR 
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ischemic damage (88,89). Glial cells also produce a variety ofinflammatory cytokines 
and express their receptors (90). Some cytokines such as tumor necrosis factor-u (TNF -u) 
and interleukin-l (lL-I) can exert both neurotrophic and neurotoxic effects (91,92). 
Thus, glial cells are implicated to have a variety of functions to maintain the extracel­
lular environment of the central nervous system, but it is also possible that when the 
glial cells were exposed to ischemic/hypoxic insult, that they may turn to accelerate the 
brain injury rather than to exert the beneficial effects on it. 

3.2.1. Proliferation and Activation ofGlial Cells After Ischemia 

Both astrocytes and microglia showed a proliferation in the injured area after an 
ischemic insult. In the model of global cerebral ischemia, which showed delayed 
neuronal death in the CA I sector of the hippocampus, the number of GF AP-posi­
tive astrocytes increased throughout the hippocampus. However, this glial response 
is noticeable at late periods ofrecirculation around 24--48 h after ischemia. In contrast, 
microglia activation becomes visible within 30 min of reperfusion, when the 
microglia response was detected by the lectin reaction using griffonia simplicifolia 
B4-isolectin (93). These findings suggest that microglial activation precedes the 
astrocyte response. The significance of the time-lag of proliferation among them 
remains unc1ear, but early studies have suggested the presence ofmicroglial regulation 
of astrocytic hyperplasia (94). 

3.2.2. Cytokine Network 

Evidences have been accumulated that glial cells contribute to form a cytokine net­
work in the central nervous system (9{)-92). Cytokines are reported to have a multiple 
function such as proliferative and/or mitogenic effects on either glial cells or neurons. 
They stimulate or suppress the synthesis of other cytokines, and can induce major his­
tocompatibility c1ass (MHC) antigens both in astrocytes and microglia, implicating 
that they act as antigen-presenting cells (APC) and exert immune responses within the 
central nervous system (90). Cytokines synthesized in neural cells and their expressing 
receptors are shown in Table 2. 

Astrocytes and microglia are expressing similar cytokines and receptors, and often 
express both the ligand and receptor of one cytokine within single cells, suggesting that 
these cytokines act either in a paracrine or autocrine manner. However, these cells do 
not always have common stimulating factors for the production of similar cytokines. 
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For example, both astrocytes and microglia produce IL-6 (95,96). Granulocyte-mac­
rophage colony-stimulating factor (GM-CSF) stimulates the synthesis of IL-6 in 
microglia but not that in astrocytes, whereas TNF-a induces IL-6 only in astrocytes 
(97). In addition, they have different intervals of cytokine production after the same 
stimulus such as lipopolysaccharide (LPS). For example, the production ofTNF-a by 
microglia has been reported to precede the TNF-a synthesis by astrocytes following 
LPS stimulation in culture (98). A detailed and precise network of cytokines has not 
been fully analyzed in the central nervous system. However, in vitro studies have 
revealed apart of the mechanism, that is, IL-l and TNF -a produced by microglia 
induce the synthesis ofIL-6 in astrocytes, which in turn produce GM-CSF to stimulate 
the synthesis of IL-6 in microglia (97,98). However, it is still equivocal whether this 
network functions in vivo. In the rat closed head injury model, it has been shown that 
the temporal profile ofIL-6 synthesis lagged 2-4 h behind that ofTNF-a in the injured 
brain (99). 

The effects of ischemia/hypoxia on the cytokine network in vivo have been reported 
by some authors. In general, cytokines show an increase in their levels after ischemial 
hypoxia injury, in good agreement with the in vitro experiments (91,100). However, 
the cell population that is generating cytokines is not clearly defined in the brain. It is 
very difficult to detect cytokines histochemically, probably because oftheir very small 
amount of synthesis by the cells. Nevertheless, some cytokines have been demonstrated 
in the glial cells and even neuronal cells in the brain (100,101). 

In a mouse model of transient global cerebral ischemia, which can produce the hip­
pocampal neuronal death similar to the delayed neuronal death in rat and gerbil model, 
both astrocytes and microglia have shown to be immunopositive for TNF-a (Fig. 4) 
(101). In that model, the TNF-a-positive glial cells are visualized as early as 1.5 h after 
reperfusion, suggesting very rapid synthesis ofTNF-a following ischemialreperfusion 
insult. These cells might be microglia, because TNF-a immunopositive cells could 
be distinguished from the GF AP immunoreactive astrocytes. GF AP-immunoreactive 
astrocytes also synthesize TNF-a for about 1 d after ischemic insult (Fig. 5). The 
presence of time-lag seen between the microglia and astrocytes, which is in good 
agreement with results obtained from in vitro experiment (97,98), can explain the tar­
get cell-dependent and time-dependent function of TNF-a in the injured brain by 
ischemialreperfusion. 

TNF is a cytokine with multiple biological activities (102), including microglial 
activation (103), blood-brain barrier (BBB) interruption (104), cell adhesion (105), 
cytotoxicity (106), and release of other cytokines (97). The rapid induction ofTNF-a 
gene activation by ischemic insults (100,101) which may follow a typical cytokine 
response, suggests the involvement of some immediate early genes such as c-fos and 
NF-KR that might be important in initiating the cytokine metabolic cascade. 

3.2.3. Oxygen-Reactive Proteins 

The effects of oxygen deprivation followed by reoxygenation have been extensively 
studied on cultured astrocytes. The period of hypoxia is associated with upregulation 
of glucose transporter (107), activation ofIL-6 and TNF-a (108), and activation of AP-l 
(109). In contrast, during reoxygenation, oxygen-free radicals appear to induce synthe­
sis and elaboration of synthesis ofIL-6, RNA splicing factors such as RA301 (110), 
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Fig. 4. Photomicrographs showing TNF-a immunoreactivite cells (TNF) and microglia that 
are stained with antimacrophage antibody (M0) in the hippocampus from a mouse 3 d after 
transient forebrain ischemia for 30 min. Microglia that migrated in the CA 1 pyramidal layer 
express TNF-a immunoreactivity. 

and stress proteins such as oxygen regulated proteins (ORP) in astrocytes (111). One 
mechanism through which such reactive oxygen species impact on the biosynthetic 
apparatus is through activation of the transcription factor NF-KB (112). The ORP is 
localized to the endoplasmic reticulum, and is induced in gerbil brain following 
ischemic insult, suggesting an important role in astrocyte adaptation to oxygen depri­
vation (111). Inhibition of RA301 expression with an antisense probe reduced the 
release of IL-6 by astrocytes subjected to hypoxia/reoxygenation, suggesting that this 
rapidly induced factor regulates the elaboration of cytokine synthesis (110). The pres­
ence ofORPs and RA301 in injured astrocytes places it at the criticallocus for control­
ling de novo protein synthesis and processing, especially of rapid elaborating proteins 
such as cytokines. 

3.3. Endothelial Injury 

During cerebral ischemia and reperfusion, alteration of endothelial cell interactions, 
coagulation system activation, and leukocyte-endothelial cell interactions are a few 
events affecting microvascular integrity. The subject of oxygen free radical generation 
during vascular occlusionlreperfusion is quite relevant to the discussion of microvas­
cular phenomena and has been reviewed (113-115). Oxygen radicals such as °2'- and 
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Fig. 5. Astrocyte that is double-positive for TNF-a and GFAP, located in the hippocampus 
from a mouse 1 d after transient forebrain ischemia for 30 min. 

'OH, may be generated from capillary endothelial cells (J 16) and activated polymor­
phonuclear (PMN) leukocytes (J 17, 118) during and/or after ischemia, and in tissues 
containing activated leukocytes and macrophages during inflammation (J 19). 

In the vascular endothelium, Ca2+ -dependent conversion ofxanthine dehydrogenase 
to xanthine oxidase occurs during ischemia (J 16,120,121). Hypoxanthine transport and 
xanthine oxidase activity have been identified in cerebral microvessels (J 22). Mem­
brane lipid peroxidation results from xanthine oxidase activity, which together with 
free radicals genera ted from other sources such as the mitochondrial respiratory chain, 
leads to significant alteration in endothelial cell function. Vascular consequences of 
free radical generation include arteriolar dilatation (J 23), disturbances ofpermeability 
(J 24), and direct injury ofvascular endothelium and myointimal cells (125). 

Ihe interaction of activated PMN leukocytes with postcapillary endothelium gener­
ates oxygen free radicals at the contact region (J 26). Ihis may in turn facilitate their 
interaction and lead to transmigration ofleukocytes. One report examining transmigra­
tion of PMN leukocytes across cerebral microvascular endothelial cells in vitro has 
appeared (J 27). Cytokines such as TNF-a are also generated by endothelial cells sub­
jected to ischemia and reperfusion. Cultured endothelial cells exposed to cytokines 
provide some indication of endothelial responses following ischemic injury. INF-a, 
IL-I ß and interferon (IFN)-ß up-regulate surface adhesion molecule expression such 
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as intercellular adhesion molecule (lCAM)-l on human cerebral endothelial cells (128), 
release the chemotactic factors, and promote transendothelial leukocytes migration 
(102). The appearance ofTNF-a. as intermediaries in the development ofischemia has 
been seen in the very early stages of ischemia and reperfusion as well as in the later 
inflammatory stage (J 01). Thus, ischemia/reperfusion stress facilitates the ischemic 
injury both by leukocyte migration and activation of leukocytes and endothelial cells, 
subsequently forming the inflammatory stage of cerebral ischemic injury. üxygen radi­
cal generation may contribute to cytokine release and expression of adhesion mol­
ecules both on leukocytes and endothelium. 

3.4. Damage of Blood-Brain Barrier 

The blood---brain barrier mainly consists of cerebral endothelial cells and perivascular 
structures such as astrocytes. PMN leukocyte activation and endothelial conver­
sion of hypoxanthin to xanthine by xanthine oxidase may generate oxygen free 
radicals and cause lipid peroxidation of endothelial cell membranes. Xanthine oxi­
dase has been identified richly in brain microvessels (122). The findings of super­
oxide dismutase, glutathione peroxidase, and catalase in rat isolated cerebral 
microvessels suggest the existence of some protective mechanism against mem­
brane lipid oxidative injury (129). Exposure of cultured human cerebral endothelial 
cells to exogenous H2Ü2 has been shown to alter their permeability (130). These find­
ings imply that alterations in cerebral endothelial permeability may result from free 
radical-mediated injury. 

4. THE EFFECTS OF ISCHEMIAIHYPOXIA 
ON ENDOGENOUS ANTIOXIDANT ENZYMES 

Free radicals damage cellular membranes as well as DNA (131). The cells has 
many strategies to prevent the propagation of radical reactions. It is possible to scav­
enge reactive oxygen directly with endogenous antioxidant enzymes such as super­
oxide dismutase (SüD), catalase (CAT), or glutathione peroxidase (GPx). SOD 
catalyzes the conversion of Ü2'-: 

202"- + 2H+ ~ H20 2 + O2 

The heme-containing enzyme catalase transforms H2Ü2 into water and oxygen. GPx 
also reduces peroxides. The selenium-dependent GPx reduces H2Ü2 as well as organic 
hydroperoxides. An important reaction is the transformation of H2Ü2 into a hydroxy 
radical (üH), which is extremely reactive, by traces oftransition ions such as iron and 
copper. This Fenton reaction proceeds as follows: 

Fe2+ + H20 2 ~ Fe3+ + ·OH + OH-

Although it is still uncertain whether -DH or an iron-oxygen complex is the ultimate 
reactive initiating species, it is evident that safe storage ofiron ions is crucial (132). In 
many cases, these scavenger enzymes function as the effective protection against oxy­
gen free radicals providing the cells with the use of radical biochemistry without the 
risk ofuncontrolled reactions in the physiologic state. However, it is uncertain whether 
these enzymes can act beneficially or not on the injured neuronal cells suffering 
ischemic/hypoxic damage. This chapter describes the alteration in the synthesis ofthese 
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endogenous enzymes on the ischemia/reperfusion injury, which may or may not cause 
neuronal cell death. 

4.1. Superoxide Dismutases 

4.1.1. Functional Significance of SOD on IschemiajReperfusion 
The influence of ischemia and of ischemia followed by reperfusion on the endog­

enous antioxidant defense system against oxygen-dependent generation of free radicals is 
of growing clinical interest. However, the contribution of endogenous SÜD to ischemic 
brain damage remains equivocal. Chan et al. (133) reported a significant decrease in 
SüD activity in rat brain following global cerebral ischemia, suggesting that the deple­
ti on of SÜD indicates a vulnerability to reperfusion, with an influx of superoxide radi­
cals following global ischemia. üther investigators (134,135) have shown that SÜD 
activity did not change during the acute period of focal cerebral ischemia. There are 
stilllimited controlled data that define the cellular and molecular events on the intrac­
ellular antioxidant defense system following ischemia/hypoxia insults. 

Mammalian cells possess two intracellular forms of SÜDs and a third extracellular 
form of SüD with distinct distributions characterized by their catalytic metal ion 
requirements (4,136). Copper-zinc SÜD (CuZnSÜD) is found predominantly in the 
cytosol, and is called as cytosol SüD or SÜD I. In contrast, manganese SÜD (MnSÜD) 
is located in the mitochondria and identified as mitochondrial SÜD or SüD2 (4,137-139). 
Extracellular SüD (SÜD3) contains copper and zinc, and exists in the interstitial space 
of tissues (136). MnSÜD is inducible, whereas CuZnSÜD is constitutively produced, 
but biosynthesis ofboth SüDs is promoted by oxidative stress (4,138).1t is still unclear 
whether these three kinds of SÜDs share the role intracellularly as the first enzymes 
involved in the antioxidant defense system. There have been some reports demonstrat­
ing the altered expression of each SüD at the cellular level in vivo following cerebral 
ischemia/hypoxia. 

CuZnSÜD is contained in most of the mammalian cell population, including the 
neurons and glia. Altematively, MnSÜD shows a more or less heterogenous distribu­
tion. The cellular localization ofthese SüDs in the brain has been determined both by 
in situ hybridization and by immunocytochemistry (30,140--143). In the hippocampus, 
CuZnSÜD mRNA and protein are exclusively located in the pyramidal neurons in CA 
sectors (CAI-3) and the granule cells in dentate gyrus (Fig. 6). Glial cells contain both 
the mRNA and protein, but the intensity of labeling is weaker than that in neuronal 
cells. In contrast, MnSÜD is less observed in CA 1 pyramidal neurons than in other 
hippocampal neurons (141,142) (Figs. 6 and 7). The CAI pyramidal cells are known to 
show the delayed neuronal death following transient global ischemia in rats and gerbils. 
Therefore, this heterogeneity may explain the vulnerability ofthe CAl neurons to the 
ischemic insult as a cause of oxygen-derived free radical generation. Almost no level 
ofMnSÜD mRNA or protein has been observed in glial ceHs ofthe normal brain (Fig. 8A). 

The time course ofthe alteration ofthe SOD level has been examined in detail in the 
global cerebral ischemia model (140,1 41). The model of transient occlusion of bilat­
eral common carotid artery in gerbil can produce almost complete ischemia in fore­
brain and makes it possible to analyze the effect of an ischemic insult on the cellular 
antioxidant defense system in vivo. An ischemic insult of5 min (lethai ischemic insult) 
causes the delayed neuronal death in CAl pyramidal neurons, while an insult of2 min 
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Fig. 6. Photomicrographs showing MnSOD hybridization (A,B) and CuZnSOD hybridiza­
tion (C,D) in gerbil hippocampus from control brain (c) and from brain 7 days after 5 min of 
ischemia (B,D). Note the difference in distribution between the MnSOD- and CuZnSOD-labeled 
cells in control hippocampus. Strong hybridization for MnSOD was induced in the glial cells 
(microglia) in the CAI pyramidallayer at 7 d after ischemia (B), whereas the adjacent section 
showed no hybridization for CuZnSOD with loss of pyramidal neurons (D). 

(sublethai ischemic insult) results in the induction oftolerance to the subsequent lethai 
ischemia by the CAI pyramidal neurons (68,69). The examination of SOD-synthesis 
differences in the affected neurons in relation to their viability after ischemia/hypoxia, 
may allow the analysis of the crucial role of the endogenous SOD in the cell defense 
systems in vivo. 

Alethal ischemic insult results in the transient increase in mRNA levels of both 
CuZnSOD and MnSOD without the subsequent increase in their protein levels in the 
reperfusion period. This suggests the decrease ofSOD activity in the affected neurons, 
when they may need SODs to keep their antioxidant defense system for scavenging of 
free radicals generated upon reperfusion. The discrepancy between the expression of 
SOD mRNAs and the proteins also may be explained by a persistent and selective 
deficit in translation activity in CAI neurons following ischemia (144,145). This trans­
lation block of intracellular protein synthesis is rather commonly observed in other 
endogenous proteins such as HSP72 (146,147). In contrast to the change in the neu­
ronal SODs, glial cell-expressing SODs, especially MnSOD, show the increase in their 
protein levels already in the acute phase of reperfusion, and the expression is observ­
able even before the neuronal cell death could be seen (Fig. 8). The hippocampal con­
centrations of SOD have been reported to increase following lethai ischemia (148). The 
increase in hippocampal SOD may reflect the change ofthe glial expression ofSOD. 

Contrary to the lethai insult, sublethai ischemic insults produce a different pattern of 
express ions of CuZnSOD and MnSOD (149). Although the insult does not affect the 
levels of CuZnSOD mRNA and protein, it increases the expression of MnSOD pro-
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Fig. 7. Photomicrographs showing MnSOD immunoreactivity in gerbil hippocampus from 
control brain (c) and from 1 d after 2 min of ischemia (1 d). The induced MnSOD protein in the: 
vulnerable CAl neurons after the sublethaI ischemia may contribute to the acquisition oftoler­
ance to subsequent lethaI ischemic insult. 

teins as well as the mRNAs in the vulnerable CAl neurons, indicating that the mild 
nonlethai ischemic insult may trigger the MnSOD synthesis in the vulnerable neurons 
(Fig. 7). The overexpression of MnSOD is lasting for a longer period than the HSP72 
induction seen in the same cell population. Because the nonlethai ischemic insult 
induces tolerance in CAl neurons, MnSOD but not CuZnSOD may have an important 
role in the acquisition of tolerance by the vulnerable neurons to oxygen-derived free 
radicals, wh ich might be generated by the subsequent stronger ischemic insult. In fact, 
after acquisition oftolerance, subsequent lethai ischemia does not affect the expression 
of the SODs very much, that is, both CuZnSOD and MnSOD can be detected at a 
significant level in the CAl pyramidal neurons during the whole reperfusion period. 
These findings suggest that neuronal injury may be eliminated when the endog­
enous SOD is abundant enough to scavenge the free radicals generated upon 
ischemic insult, and the balance between the amount offree radical and SOD activity 
may decide the fate of affected neurons. For instance, an increased expression of 
CuZnSOD in transgenic mice offered protection against free radicals generated upon 
focal ischemic injury (150). 
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Fig. 8. Photomicrographs showing MnSOD hybridization in CAl region of the hippo­
campus from control brain (A) and from brain at 3 d after 5 min of ischemia (B). Small 
labeled cells are distributed in both the pyramidallayer (pyr) and stratum radiatum after 3 d 
(B). Arrows indicate labeled cells, which exhibited adefinite polarity in the direction of 
the apical dendrites of pyramidal cells. The location of these cells is similar to that of 
microglial cells. 

4.1.2. Mechanism of SOD Induction 

The severity of ischemia/reperfusion neuronal cell injury is known to depend on the 
duration ofthe ischemic period, and probablyon the production offree radicals. How­
ever, the events occurring during the ischemia have not thoroughly been analyzed. 
During the ischemia, a number of events occur intracellularly, including genetic alter­
ations. The superinduction of numerous rapidly inducible mRNAs has been observed 
following the pharmacologic suppression of protein synthesis (151,152), and such 
immediate early genes (lEG) including c10s and c-jun are known to be induced dra­
matically following focal and global cerebral ischemia (82,153). It has been reported 
that these genes affect various steps of proteoneogenesis, implying that oxidative stress 
triggers protein synthesis. Oxidative stress has been proposed as a mediator of 
apoptosis by activating so called "death genes" (65). On the other hand, oxygen­
derived free radicals have been reported to make proteolysis of various endog­
enous enzymes including CuZnSOD (154). The finding that the free radicals may either 
activate or inactivate the enzymes, in turn, interferes with the analysis of the precise 
mechanism ofthe SOD induction. 
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The free radical production in phagocytes is associated with the induction of heat 
shock response (155,1 56). Thus, the oxidative stress is involved in a variety of events 
such as ischemic/hypoxic and/or reperfusion/reoxygenation stress, heat shock stress, 
chemically induced stress produced by diehyldithiocarbamate (DDC) (73) and phar­
macologically excitotoxin-induced stress (10,23). Although both CuZnSOD and 
MnSOD are reported to be induced by oxidative stress, the mechanism on the factors 
directly related to the induction is still under investigation. 

It is generally believed that CuZnSOD is a constitutive enzyme, whereas mitochon­
drial MnSOD can be induced by a variety ofstimuli (138). Several studies have reported 
differences in the regulation of CuZnSOD and MnSOD in some diseased condi­
tion. A discrepancy between CuZnSOD and MnSOD has been observed both in motor 
neurons after nerve transection (157) and in Parkinsonian substantia nigra (158). In 
gerbils, heat shock stress and chemically induced stress as weIl as mild sublethai 
ischemia induces MnSOD but not CuZnSOD in the affected neurons (73,149). Reduc­
ti on of oxidative stress by iv antioxidant enzyme supplementation also results in the 
similar discrepancy between MnSOD and CuZnSOD mRNA following lethai ischemic 
insult (141). The candidates responsible for triggering such differential expression may 
involve cytokines, because some cytokines such as TNF and IL-l are known to induce 
the mRNA for MnSOD, but not the mRNAs for other antioxidant or mitochondrial 
enzymes including CuZnSOD, glutathione peroxidase, and cytochrome c oxidase in 
human lung celliine (159) and rat pulmonary epithelial cells (160). Such cytokines are 
expressed predominantly in glial cells in the brain, and are induced very quickly fol­
lowing ischemia/reperfusion (101). Many investigators have argued that the elevation 
of oxygen free radicallevels directly increases the concentration of cellular antioxidant 
enzymes. Others, however, have demonstrated that transcriptional induction of SOD 
cannot be a direct consequence of elevated free radical concentrations. More likely, 
according to their observation is that SOD transcription is stimulated by a compo­
nent of the acute inflammatory response such as cytokines (160). However, it is 
also possible that cytokines stimulate MnSOD synthesis by the increase in produc­
tion of 0i- at mitochondria (159). Although the mechanism of SOD gene production 
is unclear, recent reports demonstrates that cellular calcium-activated, phospholipid­
dependent protein kinase C can play an important role in the induction of MnSOD 
mRNA transcription (161). 

4.2. Glutathione Peroxidase and Catalase 

SO D protects cells from the toxicity of O2 '-, whereas catalase (CA T) and glutathione 
peroxidase (GPx) scavenge H20 2• Ifthe activity or amount ofSOD is increased without 
concomitant increase ofGPx and/or CAT, then H20 2 accumulates and reacts with tran­
sition metals in the Fenton's reaction to produce hydroxyl radical (OH), which is one 
ofthe most noxious radical species to the cell membrane. Thus, the glutathione system 
seems to be essential to efficient intracellular management ofpartially reduced oxygen 
and lipid peroxidation products (162). In the rat model of transient ischemia/hypoxia 
(163), up-regulation ofGPx has been shown in affected brain areas such as hippocam­
pus and cortex. In the same model, however, the areas with increased GPx mRNA 
levels are not protected from delayed neuronal death, suggesting that the GPx protein 
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and its enzyme activity are not capable of scavenging all radicals produced in the 
ischemialhypoxia areas. A similar phenomenon is observed in the case of SOD mRNA 
following lethallirreversible ischemic insult in gerbil (140,141). In the lung, both glu­
tathione peroxidase and reductase activities have been reported to be resistant to the 
effects ofboth hypoxia-hypoperfusion and reoxygenation, although MnSOD decreased 
significantly (164). Differential regulations of CuZnSOD and GPx mRNA expression 
have also been found in murine brains (165). Because the CAT activity in the rat fore­
brain is very low (166), GPx and SOD are most likely to be the key enzymes of 
intracellular antioxidant defense systems in the forebrain. Thus, the cooperation of 
SOD with GPx may be protective against oxidative stress only when the cerebral injury 
is reversible. 

5. THE EFFECTS OF ISCHEMIAIHYPOXIA 
ON NITRIC OXIDE SYNTHASES (NOS) 

5.1. NOS Expression in Brain 

NO is synthesized from L-arginine by the enzyme NO synthase. NO is involved in 
the regulation of cerebral blood flow (J 67), in mediating glutamate neurotoxcicity (21-23), 
in long-term potentiation (1fr-18) and in cortical spreading depression (CSD) (168). 
NOS is not only located in the endothelium, but also in neurons, perivascular nerves, 
and astrocytes (169,170). Clearlythere are several distinctNOS enzymes. Recent stud­
ies have revealed at least three isoforms of NOS: neural NOS, endothelial NOS, and 
macrophage NOS. These isoforms have been cloned along with their amino acid 
sequences (14,19,171,172). The former two isoforms are constitutively expressed in 
each cell (constitutive NOS; cNOS) and stimulated with calcium/calmodulin, whereas 
macrophage NOS is induced at the transcriptional level by various cytokines (induc­
ible NOS; iNOS) and is not subjected to regulation by calcium ions (169,173). During 
inflammation, NO is thought to mediate the cytotoxicity of activated macrophages and 
leukocytes (174). In these cells, NO is synthesized by the inducible isoform ofNOS 
(iNOS), an enzyme that produces high, potentially toxic, levels of NO (175). iNOS 
expression has also been observed in astrocytes, microglia, and vascular cells (J 76,1 77). 

Histologically, NOS is localized by either using the reactivity with NADPH-diapho­
rase (NADPH-d) which has been identical to neural and endothelial NOS, or using 
immunocytochemistry for nNOS (14,179,180). Electrochemical measurement has 
revealed that NO increases in brain following focal cerebral ischemia in rat (181). It is 
suggested that NOS activity also elevates during focal ischemia and reperfusion in the 
rat (182). The increase in NO concentration in ischemic brain may be due to the eleva­
tion of enzymatic activity of the constitutive neural NOS (22,183), but it is also con­
ceivable that iNOS induced in the migrated neutrophils contributes to the alteration of 
NOS activity in the postischemic brain (176). 

5.2. Effects of NOS Inhibition on Brain Injury 

A number of studies have been accumulated describing the effects of NOS inhibi­
tors on cerebral circulation and injury: For example, effects on cerebral blood flow 
(CBF) increase accompanying hypercapnia (184,185) or cortical depression (186), and 
glutamate-mediated neurotoxicity (187). In animal models offocal cerebral ischemia, 
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inhibition ofNO synthesis has been reported to reduce infarction volume and ischemic 
injury (183,188). However, these studies may have somewhat controversial results, 
which probably depend on the selectivity for the NOS isoform and/or the duration of 
the action of inhibitors tested. 

There are several compounds that have been reported as NOS inhibitors. NG-nitro-L­
arginine methyl ester (L-NAME) and N-nitro-L-arginine (L-NA) are nonselective NOS 
inhibitors, and 7-nitroindazole (7-NI) is a selective nNOS inhibitor. Aminoguanidine 
is an iNOS inhibitor, which has also been reported to reduce the extent of tissue dam­
age produced by MCA occlusion in rats (189). The beneficial effects of these com­
pounds are likely owing to the reduction ofNO, high levels ofwhich are known to be 
cytotoxic. NO depresses cellular energy production by inhibiting the glycolytic and the 
mitochondrial enzyme (190,191). NO leads to DNA damage, activates a nuclear 
enzyme and may contribute to neurotoxicity (192). Furthermore, NO combines with 
02"- to produce peroxynitrite, a stable oxidant that generates toxic free radicals (20,193) 
(Fig. 1). It is also possible that the beneficial effects of iNOS inhibitor may be due to 
other mechanisms such as interference of the adhesion between activated neutrophils 
to endothelial cells and of the glial cell response, because these cells express a high 
level of iNOS in the postischemic brain in the rat (176). 

NOS is distributed throughout the brain and expressed in most of the neural cell 
populations as well as endothelium, similarly to SOD. The combination ofNOS inhibi­
tors and SOD is of interest as a therapeutic tool of a cerebral ischemic/hypoxic injury 
from the aspect ofthe reduction ofperoxynitrite generation. CuZnSOD transgenie mice 
have been shown to have smaller infarct areas than the control animals following MCA 
occ1usion (194), suggesting neuroprotecting effects of SOD. In the same transgenic 
animals, however, additional donation of a selective nNOS inhibitor has failed to reduce 
the infarct size. This may suggest that in the presence of sufficient SOD, SOD alone is 
enough to protect against cerebral ischemia and even ameriolates NO neurotoxicity by 
reducing the generation of peroxynitrite. 

6. PROTECTION OF FREE RADICAL-MEDIATED BRAIN INJURY 

The therapeutic potential of antioxidant enzymes such as SODs has been proposed 
for numerous c1inical situations. Since these enzymes have a very short circulating 
half-life of only 6-9 min (195), their scavenging action of free radicals may not be 
expected so much when they are administered intravenously. In addition, SOD can be 
inhibited by H20 2 (196), catalase by 02"- (197), and GPx by 02"- (198). Consequently, 
in vivo studies must take into account the pharmacodynamics and tissue distribution of 
circulating enzyme. Nevertheless, a huge number of studies have shown the beneficial 
effects of antioxidant drugs on oxidative injury in various organs. Some of them have 
attempted to modify the native enzymes to keep their long circulation half-lives and/or 
to allow them to be taken up by neurons (199). In even such cases, however, one must 
consider the possibility offorming antigenicity ofthe injected enzymes. 

6.1. Superoxide Dismutases 

Previous studies have shown that exogenously applied CuZnSOD may amelio­
rate brain injury in cerebral ischemia models. Conjugated enzymes include SOD-
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conjugated with divinyl ether-maleic acid copolymer (pyran-SOD) (200), polyeth­
ylene glycol (PEG)-conjugated SOD and catalase (201), and liposome-entrapped 
SüD and catalase (195). These enzymes dramatically increase circulating half-life 
up to 2-40 h without minimal change in enzymatic activity (199,200). It has been 
reported that pyran-SüD has protective effects against delayed neuronal death in 
gerbil, and PEG-SüD and PEG-catalase reduce infarct volume. Liposome-entrapped 
SüD has also been reported to reduce cerebral infarction in focal cerebra I ischemia 
in rats (202). 

Recombinant-human SüD (r-hSüD) (203) should have a shorter half-life than the 
modified SüDs, but possess potential applicability for clinical therapeutics from the 
aspect ofthe antigenicity. In the brain, r-hSüD can reduce the vasogenic edema (204) 
and the hippocampal neuronal injury of delayed neuronal death following global cere­
bral ischemia in gerbil (30,141,205). The protecting effects have been observed 
when it is injected before, but not after, the ischemic insult, supporting the role of free 
radicals generated during the ischemia in the progression of delayed neuronal death 
following ischemia/reperfusion. However, the in vivo results obtained by SüD 
treatment are more or less compromising, because few direct evidences are noted 
for the effect of exogenously applied SüD on reducing cellular oxidative stress in 
vivo. In addition, the native SüD has a limited ability to pass through the blood-brain 
barrier (30,202) and to be taken up by neurons (206). Thus, determining therapeutic 
uses of r-hSüD in cerebral ischemia and reperfusion needs to be approached with 
extreme caution. 

6.2. Other Antioxidant Components 
A number of synthesized compounds have been taken into consideration as antioxi­

dant pharmacotherapeutic agents. Both vitamin C and vitamin E analogs are included 
in good antioxidants (207,208). U74006F has been developed as a potent inhibitor of 
iron-dependent lipid peroxidation and appears to be effective in preventing radical 
damage to the central nervous system (209,210). Cu(IIh(3,5-DIPS)4 is a copper 
complex whose enzymatic activity mimics SüD (211). LY231617 has been developed 
as an antioxidant that can pass through the blood-brain barrier. It inhibits both iron­
dependent lipid peroxidation and arachidonic cascade, and reduces global ischemic 
neuronal injury in rats (212). L-deprenyl is an irreversible inhibitor ofmonoamine oxi­
dase-B (MAü-b) and has been reported to reduce cerebral damage in a transient 
ischemia/hypoxia model of rat (213). 

Although such antioxidant compounds including SüD act as blockers of radical 
processes, it should be noted that these compounds have pro-oxidant action as well 
(211). The possible effects of these compounds functioning as pro-oxidants has not 
fully been elucidated in vivo. Furthermore, it remains to be answered whether such 
antioxidants rather might disintegrate a delicately integrated physiologic system or 
not. Ideally, the antioxidant compound should locate and function only at target 
sites that generate excess amounts offree radicals. From this aspect, treatment with 
transgenic technique to overexpress the endogenous antioxidant enzyme should 
also be targeted to locations with undesirable excessive radical formation, although 
intrinsically increased expression of these enzymes have beneficial effects on cerebral 
ischemic injury (150). 
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7. CONCLUSIONS 

It is now convincing that free radical generation is involved in ischemic stroke, and 
may trigger most ofthe pathological reactions in the stroke brain. Basic research men­
tioned above may clarify the toxic effects of free radicals on the cerebral injury, but 
few researchers have mentioned the physiological contribution offree radicals to main­
tenance of the normal function of the central nervous system. In addition, it cannot be 
excluded that the radical reaction mayaiso be part of mechanisms that protect the neu­
ral cells outside the severely affected zone. Application of antioxidant drugs for the 
treatment of cerebrovascular disease is limited at present, because the precise localiza­
ti on of added antioxidant drugs is difficult to control and is also largely unknown for 
current delivery systems. Although the timely administration of antioxidant, for 
instance, on reconstitution of blood flow in acute ischemic stroke patients, may exert 
the beneficial effects on ischemia/reperfusion injury, one must consider the following 
possible alterations of intra- and/or intercellular events such as genetic and/or 
immunoreactions. The ultimate effect of ischemia/reperfusion injury on neuronal func­
tion and whether such events serve a protective function to limit the ischemic injury are 
under active study. 
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8 
Genomic Responses Following Cerebral Ischemia 

Christoph Wiessner and Konstantin-Alexander Hossmann 

1. INTRODUCTION 

About 20 yr ago, it was shown that within a few hours after complete cerebral 
ischemia the enzymes omithin decarboxylase and S-adenosylmethionin decarboxylase 
were induced in the cortex, despite an inhibition of the overall rate of protein synthesis 
(1) that persists for prolonged periods after the ischemic insult (2). About 10 yr later, 
the postischemic synthesis of the heat shock protein HSP70, and glial fibrillary acidic 
protein (GFAP) was reported (3-7). Meanwhile, the number of studies concentrating 
on ischemia-induced synthesis ofspecific proteins has been exploding. Nevertheless, it 
can be anticipated that at present the exploration of potentially important genes in vivo 
is far from complete. 

The genes already investigated belong to various groups that could have potentially 
important functions in an ischemia-challenged brain, such as protection against envi­
ronmental stress (heat shock proteins such as HSP70, trophic factors, immediate-early 
genes) (8,9), involvement in death programs which may be activated by ischemia (10), 
long term alteration ofthe cellular phenotype (immediate early genes such as cjos and 
c-jun, neurotrophic factors) (8,11) regulation of glia/microglia activation (cytokines, 
cell surface proteins, structural proteins such as GF AP) (12,13), and inflammatory 
events ineluding cell-cell interaction, cell adhesion and cell attraction (cytokines, 
chemokines, adhesion molecules) (14,15). 

The ultimate goal in investigating ischemia-induced genomic alterations in brain 
cells is to contribute to the understanding of the degenerative processes and to define 
targets for highly specific modulation ofthese cellular responses. For example, a elose 
association between gene inductions and programmed cell death (PCD) has been 
described (16-20). PCD is well known to occur in neurons during development ofthe 
central nervous system (21). Therefore, theoretically, this naturally occurring death 
program is intrinsic to each neuron and could be activated under pathological condi­
tions, for example by disturbances of calcium homeostasis, free radical formation, and 
impairment of protein synthesis. These events are well known to occur after cerebral 
ischemia (2,22,23) and have also been implicated in PCD (24). If inductions of genes 
with crucial functions along this pathway could be identified in the ischemia-chal­
lenged brain, it may be possible to interfere with cell degeneration at a very late stage. 
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Alterations in gene expression occur also in astrocytes and microglia in the course of 
activation after the ischemic insult (25). As for neurons, the underlying idea in describ­
ing genomic alterations in glial cells is to contribute to the understanding ofthe activa­
tion process and to define targets for specific modulation. Astrocytic activation, for 
example, may interfere with reorganization of synaptic connections and microglia have 
a considerable cytotoxic potential ifheavily activated. Therefore, it may be possible to 
limit tissue damage and to improve the functional recovery after ischemia by tran­
siently suppressing astrocytic and microglial activation. 

2. GENOMIC RESPONSES TO TRANSIENT FOREBRAIN ISCHEMIA 

Transient global ischemia results in a form of delayed neuronal death that selec­
tively destroys pyramidal neurons ofthe hippocampal CAI sector in rodents (26) as 
weIl as in humans (27). Selective neuronal vulnerability, however, is not specific to 
ischemic insults, but is also found in neurodegenerative diseases and certain types of 
epilepsy (28). The highly ordered laminar structure of the hippocampus, the highly 
synchronized response ofCAl neurons to the insult, and the high reproducibility ofthe 
phenomenon makes delayed neuronal death after ischemia an extremely valuable model 
to investigate mechanisms responsible for this type of neuronal cell death. In addition, 
it offers a unique possibility to investigate regenerative attempts of the tissue to a pre­
cisely localized stereotyped brain lesion. 

2.1. General Features of Ischemia-Induced Genomic Responses in Neurons 
In general, expression of any gene in the first hours after global ischemia is not 

predictive or indicative for survival or degeneration of any cell population (25). These 
responses inc1ude a very early induction ofimmediate early genes, such as c-fos, c-jun, 
and mkp-1, Krox-24, and/osB, which is already obvious at 15 or 30 min after ischemia 
(29-34). In addition, the mRNA coding for the inducible member of the heat shock 
protein family, hsp70, is induced with a similar temporal and spatial pattern (35). This 
general stress response also includes several other typical stress proteins such as 
ornithin decarboxylase (36), grp78 (25), hsp90 (37), and heme oxygenase (38). The 
early responses also inc1ude the expression of brain-derived neurotrophic factor 
(BDNF), nerve growth factor (NGF), and basic fibroblast growth factor (39). Induction 
ofBDNF and NGF, however, is strictly confined to the dentate gyrus and not found in 
any other region outside the hippocampus (40). 

The functional relevance of these early gene inductions to the pathophysiology of 
transient forebrain ischemia is unclear at present. They may represent adaptational 
attempts ofischemia-challenged cells (which are unsuccessful in the case ofvulnerable 
cell populations), but mayaiso be epiphenomena of disturbances of intracellular calcium 
homeostasis and other signaling cascades immediately following the ischemic insult. 

In support for a role of gene activation in adaptational responses are phenomena of 
induced tolerance in global cerebral ischemia. Brief ischemic insults, which do not 
cause injury, can induce tolerance to subsequent, more severe insults (41,42). Initially, 
the heat shock protein HSP70 has been thought to be responsible for this protective 
effect (43,44). Recent studies, however, suggest that HSP70 is not required for ischemic 
tolerance, but that immediate early genes such as c-jun,junB, andjunD or other yet 
undefined proteins are more likely to be involved (45,46). In line with these studies are 
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experiments showing that thennal conditioning of primary neuronal cultures protected 
from subsequent more severe heat shock, but did not induce HSP70 in neurons (Vogel 
et al., in press). 

A number of studies have reported speeifieally elevated mRNA levels for several 
genes in dying CAI neurons 1-2 d after the isehemie insult, i.e., at times rather shortly 
preeeding eell death. In rat models quite eonsistently a late CA1-specifie expression 
for e-fos and e-jun has been deseribed (25,31,47). Elevated ejos and e-jun mRNA 
levels in the CAI seetor at times shortly preeeding eell degeneration have also been 
deseribed following hypoxie/isehemie insults (48). An important point is, that in rat 
models of global isehemia the e-FOS protein (30) eould be deteeted in CAI pyramidal 
neurons by immunohistoehemical methods. 

The CA1-speeifie expression in dying hippoeampal neurons has also been shown 
eonsistently for hsp70 (49) in all forebrain isehemia models, and in the rat also the 
HSP70 protein was found in CA 1 neurons (50). Although delayed in onset of induetion 
as eompared to hsp70, the same late mRNA aeeumulation in dying CAI neurons was 
found for grp78 (25). GRP78, the glucose regulated protein (78) is an endoplasmatie 
protein and belongs to the 70-kDa stress protein family. This late expression of both 
stress proteins eould indicate prolonged eellular stress such as oeeurrenee of misfolded 
or denatured proteins in both the eytoplasm and the endoplasmie retieulum. However, 
it is also noteworthy that hsp70is known to be expressed during eell eycle (51) and that 
the aetivation of a eell death program may be a eonsequenee of eonflicting growth 
regulatory signals leading to an unsueeessful attempt to proeeed through the eell eycle 
(52). In line with this notion is that MAP2e, an isofonn ofMAP2 (mierotubule assoei­
ated protein 2), whieh is nonnally expressed during embryogenesis, is re-expressed 
speeifieally in dying CAI neurons after forebrain ischemia (53). A reeent study reports 
the specifie aetivation of p53 and p21 (WAFl) in the CAI sector following transient 
forebrain isehemia in the rat (54). Expression of p53 is known to be involved in the 
initiation of programmed eell death in various eell types (55,56). In addition, a late 
CAI-specific accumulation ofthe cathepsins B, H, L has been shown in the gerbil (57). 
Cathepsins are eysteine proteases involved in autophagy, a proeess known to greatlY 
increase in severely injured eells (58). 

2.2. Is There Evidence for the Ischemia-lnduced Activation 
of a Death Program in Delayed Neuronal Death? 

The CA l-speeifie neuronal expression of genes at time points rather shortly preeed­
ing eell death in rat models as deseribed above, indeed is similar to events in eertain 
eell types in whieh a death pro gram has elearly been identified. An expression of e-fos 
and e-jun aeeompanying death of neurons is found in sympathetie neurons undergoing 
programmed eell death beeause ofNGF deprival (16). Continuous ejos expression has 
also been described for programmed eell death of neurons during development of the 
CNS (59). Dimers of e-FOS and e-JUN, or homodimers of e-JUN aet as transcription 
factors which can activate other genes, and it may be that "bad" proteins are induced by 
these factors. 1fthis is true, however, after ischemia additional regulatory mechanisms 
must be postulated, since both proteins products are also fonned in the CA3 sector at 
fr-24 h after forebrain isehemia (30). Another immediate-early gene expressed in sym­
pathetic neurons undergoing PCD because ofNGF deprival, mkp-1, was found in the 
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CAI sector following ischemia. The CAI specific expression at 2 d after ischemia, 
however, was not observed (29). An expression of hsp70 shortly before cell death has 
also been reported for epithelial cells of the rat prostate gland, which die by pro­
grammed cell death followmg castration and subsequent depletion of male hor­
mones (19). However, also contrasting findings have been made. The secondary 
peak of c-fos expression has not been found in gerbil models (60). In addition, in 
the gerbil accumulation of immunoreactivity for HSP70 and c-FOS was not 
observed (34,61). Some genes that have been proposed to be markers for cell death 
programs were not found to be activated in dying CAI neurons (62,63). CyclinD1 is 
induced in neurons undergoing PCD because of nerve growth factor withdrawal and, 
therefore, has been proposed to be a marker for PCD (18). Following forebrain 
ischemia, however, this gene is expressed in proliferating microglia rather than in 
dying neurons (62). Sgp-2 mRNA is expressed in prostate gland cells during PCD (20). 
Following transient forebrain ischemia, however, sgp-2 mRNA was induced exc1u­
sively in reactive astrocytes (63). 

Besides investigation on gene expression profiles to assess whether delayed neu­
ronal death inc1udes an active death program, several other studies have been performed 
to address this question. Arecent study demonstrated that CA 1 neurons express high 
levels of the death promoting protein Bax, whereas the levels of the PCD-blocking 
protein Bc1-2 are relatively low (64). This may indicate that CAI neurons are prone 
to undergo programmed cell death. In addition, a further up-regulation of Bax lev­
els was found in CAI neurons in a rat cardiac arrest model (64). Compatible with 
occurrence of PCD are some studies reporting a beneficial effect of infusion of the 
protein synthesis inhibitor cyc10heximide on the survival of CAI neurons foIlow­
ing transient forebrain ischemia (65-67). These findings implicate that the forma­
tion of a protein would be necessary for the progression of delayed neuronal death 
in the hippocampus, a suggestion that has also been made for PCD in neurons upon 
NGF withdrawal (24). However, one study showed that cyc10heximide infusion 
induced prolonged hypothermia in vivo (68) and it is weIl known that hypothermia 
can protect CAI neurons following forebrain ischemia (69,70). Therefore, although 
the in vivo effects ofcyc1oheximide are compatible with the hypothesis ofthe acti­
vati on of PCD, the significance of these results is debatable. Further evidence for 
occurrence ofPCD has been provided by the demonstration ofDNA fragmentation 
in the hippocampal CA 1 sector after ischemia (57,71-73). The activation of endo­
nuc1eases cleaving DNA at intemuc1eosomal sites is one of the hallmarks of most 
PCD paradigms (24). Another indication for PCD in CAI neurons in the rat after 
transient forebrain ischemia is that CA I neurons can be rescued by high doses of 
brain-derived neurotrophic factor (BDNF) (74). Although the precise roles of 
BDNF in the CNS are not completely understood, it appears to be an important 
factor for survival ofneurons within the central nervous system (CNS) (75). Since it is 
closely related to NGF, it is reasonable to assurne that survival promoting effects of 
BDNF are exerted via similar pathways when compared with those ofNGF in periph­
eral neurons. 

In summary, accumulating evidence suggests that an active death program may be 
involved in delayed neuronal death in the hippocampus. For rat models, a role for newly 
formed proteins appears possible, although this has not yet been proven. 
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2.3. Genomic Responses vs General Pro tein Synthesis Inhibition 

Cerebral ischemia is well known to cause prolonged disturbances of protein synthe­
sis (76, 77). This functional disturbance develops within a few min of reperfusion fol­
lowing ischemia and is probably owing to inactivation ofinitiation factors (78). In cell 
populations surviving the ischemic insult, protein synthesis recovers within several 
hours, although this time-course is much slower than the recovery of energy metabo­
li sm (2). This response is a typical cellular stress response, and is also found following 
heat shock in most cell types (9,79). Accordingly, in neuronal cell cultures, which were 
sublethally injured by heat shock, the protein synthesis capacity recovered with a very 
similar time-course compared to the in vivo situation following severe forebrain 
ischemia (80). We have suggested previously that a recovery of protein synthesis is 
closely related to cellular survival following ischemia (81). This notion is supported by 
our recent finding, that preventing the recovery of protein synthesis by cycloheximide 
decreased neuronal survival following otherwise sublethai heat shock in cell culture 
(Vogel et al., submitted). In selectively vulnerable brain regions, protein synthesis never 
recovers after transient forebrain ischemia and, therefore, delayed neuronal death may 
be related to this irreversible suppression (82-84). It is conceivable that critical pro­
teins that may be damaged in the reperfusion phase after ischemia have to be 
replenished to allow long-term survival ofthe cells. For example, it is well known that 
glutamine synthetase is inactivated by oxidation after ischemia (85), whereas the 
cytoskeletal protein spectrin is cleaved (86), presumably by calcium activated pro­
teases such as calpain (87). 

The severely impaired protein synthesis capacity of the brain following forebrain 
ischemia, most probably is the reason why gene products of immediate early genes and 
heat shock protein encoding genes were not found by immunohistochemical methods 
within the first hours after the insults, although the mRNA induction started essentially 
immediately with reperfusion. Occurrence of immunohistochemically detectable pro­
teins corresponds to the recovery of protein synthesis. For example c-fos mRNA was 
not significantly translated into protein up to 1 h of recovery following 30 min fore­
brain ischemia (30). At all later time points examined, however, the c-fos mRNA 
expression patterns corresponded to the occurrence c-FOS immunoreactivity, and this 
was also true for the hippocampal CA I sector. Therefore, despite a persisting overall 
protein synthesis inhibition in the hippocampal CAl sector it may be that certain genes 
such as c-fos can be translated into proteins. The same observation has been reported 
for the heat shock protein hsp70 in rat models of forebrain ischemia (50,88). These 
observations correlate with a partial recovery ofprotein synthesis capacity in the CAI 
sector in the rat (84), and support the notion for a role of newly formed proteins in 
delayed neuronal death in the rat. It should be noted that in gerbil models of transient 
forebrain ischemia, a much more severe inhibition of protein synthesis has been 
observed (83). Accordingly, several studies report on a failure to detect translation 
ofmRNA to proteins in the CAI sector ofthe gerbil hippocampus (34,89,90). How­
ever, in more recent reports the increase of certain proteins has also been reported in 
the gerbil (57). 

In conclusion, the recovery of protein synthesis is an important process for long­
term survival following ischemic insults. In addition, the permanent depression of 
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protein synthesis is very likely to be fundamentally involved in the development of 
delayed neuronal degeneration in the hippocampal CA1 sector. However, the overall 
depression of protein synthesis does not exclude that the residual protein synthesis 
capacity allows the formation of some proteins, which may be formed preferentially 
because the respective mRNAs accumulate to high levels in the cells. It is conceivable 
that the persistent impairment of protein synthesis is one of the triggering event for the 
activation of a final death pro gram (24), which nevertheless may additionally depend 
also on newly formed specific proteins. 

2.4. Ischemia-Induced Genomic Responses in Glia 

As a general feature of both astrocytic and microglia gene induction, correlation to 
selective vulnerable brain regions is found almost exclusively once neuronal damage 
has occurred (25). Concluding from these results a direct involvement ofnewly formed 
gene products synthesized by glial cells in selective vulnerability appears not very likely 
at present. Gene activations are more likely to be an important factor for persisting 
alterations of astrocyte and microglia phenotype in regions with neuronal damage, and 
include structural proteins, ceH surface proteins, cytokines, and enzymes such as the 
inducible form ofNO-Synthase (62,63,91-93). 

2.4.1. Gene Activation in Reactive Astrocytes Following Global Ischemia 

It has been long known that astrocytes respond to transient forebrain ischemia mainly 
by hypertrophy that is accompanied by an increase of immunoreactivity for GF AP 
(94-96). The increase of GFAP, which encodes an intermediate filament, in reactive 
astrocytes is thought to be important for glia scar formation (97). Following ischemia, 
an increase can be detected immunocytochemically from 1 d after global ischemia onward. 
Ultrastructurally, morphological changes of astrocytes, however, can be observed as 
early as 3 h after 30 min offour-vessel occlusion (98). An increase of gfap mRNA can 
also first observed 3--4 h after forebrain ischemia. This early increase of gfap mRNA 
was found to take place initially mainly in the hypothalamus (Yamashita et al., in prepa­
ration), but spread throughout the brain within 12 h. Another study, investigating gfap 
mRNA by Northern blot analysis found an increase also already at 4 h after 5 min 
forebrain ischemia in the gerbil (99). Up to 1 d after the insult the increase of gfap 
mRNA and GF AP is found throughout the brain and is independent of occurrence of 
neuronal damage. At later survival periods (3 d and longer) astrocytes heavily expressing 
gfap mRNA and GF AP concentrate within and around regions with neuronal damage. 

At survival times of 1 d and longer, sgp-2 mRNA was increased in astrocytes in the 
same regions as gfap mRNA (63). SGP-2 (= clusterin/apolipoprotein-J/TRPM-2) is a 
secreted multifunctional protein with proposed functions in complement regulation 
(cytolysis inhibition), cell membrane stabilization, or even cell death (JOO), and it is 
not known at present what the pathophysiological role clusterin has in ischemia. Since 
SGP-2 immunoreactivity accumulates in dying neurons following status epilepticus, 
some researchers suspect an involvement in neuronal death, which would mean that 
reactive astrocytes secreting Sgp-2 would be directly involved in neuronal cell death 
(101). In global ischemia, however, the cellular localization and the spatial pattern 
indicate an yet undefined r01e in astrogliosis (63). Both hippocampal gfap and sgp-2 
expression accompany an astrocytic reaction preceding neuronal degeneration, but 
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showing no topical correlation to selective vulnerability (62,63). This widespread acti­
vation is probably directly related to effects of the ischemic conditions. The functional 
relevance is not clear at present. 

From 2-3 d after the ischemic insult onward, the widespread astrocytic reaction 
decreases in brain areas not showing neuronal damage (25,91). In contrast, astrogliosis 
is further enhanced in vulnerable regions, once neuronal death has occurred. This reac­
tion then includes production of trophic factors such as basic fibroblast growth factor 
(bFGF), insulin-like growth factor 1 (IGF-l), but also the inducible form ofnitric oxide­
synthase (iNOS), amyloid precursor protein (APP) (39,102-105), and additional struc­
tural proteins such as vimentin (91). Both bFGF and IGF-l are neuroprotective in vitro 
(106) and , therefore, it could be assumed that their production represents an attempt of 
the injured tissue to limit damage. However, induction of these factors are most pro­
nounced or exclusively found at survival times when neuronal degeneration is already 
obvious (102-104). In addition, IGF-l infusion failed to rescue CAI neurons in global 
ischemia, although the receptor density increased in the CAI sector (107). Moreover, 
induction of bFGF receptors was mainly found in reactive astrocytes. An autocrine 
function of bFGF for maintenance or regulation of astrocytic activation is therefore 
likely (103). The pathophysiological role of astrocytically produced iNOS is unc1ear at 
present, but appears to be more likely involved in events following neuronal death and 
may have some role in repair processes (108). 

2.4.2. Gene Activation in Microglia 

It is generally assumed that microglia playa harmful role in ischemia, since they 
have the capacity to release cytotoxic compounds (109). This notion is supported by a 
recent study showing that following excitotoxic hippocampallesioning, tissue plasmi­
no gen activator (tP A) is released by microglia and is responsible for tissue damage 
(110). On the other hand, microglial activation mayaiso playa beneficial role in 
ischemia, for example by releasing trophic factors, such as transforming growth factor­
ßl (TGF-ßl) (see ref. 13). Microglial activation becomes apparent through immuno­
histochemical markers well before cell death in the hippocampus (92,111-115). Finsen 
et al. showed an early but transient microglial reaction almost throughout the entire 
hippocampus within the first 24 h after ischemia (115). This transient reaction is indi­
cated by rapid major histocompatibility complex c1ass I (MHC I), but not c1ass 11, 
expression on microglia. 

Once neuronal damage has occurred, the microglia reaction is further increased and 
inc1udes prominent cell proliferation. Proliferation of GF AP-negative cells, which were 
most probably microglia, has been demonstrated by [3H]thymidine labeling 3 d after 
forebrain ischemia in the lateral cortex and the striatum (96). In addition, by immune­
electron microscopy, microglia undergoing mitosis could be observed within the hip­
pocampus only in the CAI sector and not before 3 d after ischemia (113). Two recently 
described gene inductions in microglial are most probably involved in the transforma­
tion of microglia to a proliferating state following neuronal degeneration. We have 
shown that cyclinD1 is expressed in microglia shortly before (1 and 2 d after ischemia 
in the striatum) or concomitantly (2 and 3 d after ischemia in the hippocampus) with 
the occurrence of proliferating microglial (62). It is therefore likely that cyclinD1 is 
involved in the microglia proliferation. It is well known that complexes of specific 
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cyclins and cyclin-dependent kinases (CDK) are necessary to switch from the quies­
cent GO state to the GI state in the cell cycle. The phosphorylation of other cellular 
proteins by the cyclin-activated CDKs triggers the progression ofthe cell cycle (116). 
In arecent study, disruption of the cyclinD1 gene in mice resulted in neurological 
deficits, contrasting with an obviously normal histological appearance of the central 
nervous system (117). Concluding from our results, this may be related to an altered 
microglia distribution and function in these animals. A role in microglial cell prolifera­
tion has also been proposed for the immediate-early gene mkp-1, that showed a tran­
sient mRNA increase most probably in microglial cells at 1 d recirculation in regions 
ofthe striatum showing severe neuronal damage (29). Mkp-1 induction has been previ­
ously found after mitogenic stimulation in fibroblasts (118). 

An important cytokine induced at the transcriptional level in microglia following 
global ischemia is transforming growth factor-ßl (TGF-ßl) (93). Although an early 
generalized expression of TGF -ß 1 mRNA may occur within the first 24 h following 
ischemia (119), in our own experiments the onset of TGF-ßl mRNA synthesis was 
delayed compared to the rapidly occurring microglial reaction and was only pronounced 
from 3 donward. The spatial distribution pattern correlated weIl with the distribution 
pattern of activated microglia as well with results on TGF-ßl mRNA expression in 
infant rats (120). TGF-ßl induction could effect astrogliosis, and thereby influence 
gliotic scar formation in ischemia. For example, it is known that TGF-ßl can stimulate 
sgp-2 expression in astrocytes (121), which could explain the persisting sgp-2 expres­
sion in astrocytes within the hippocampus at 7 d after ischemia. In addition, TGF-ß 1 is 
known to act as a classical wound healing factor by enhancing angiogenesis and extra­
cellular matrix formation (122). Similar to astrocytic IGF-I and bFGF synthesis fol­
lowing forebrain ischemia (102,103), TGF-ßl synthesis by activated microglia may 
represent an endogenous CNS response limiting tissue damage in ischemia and possi­
bly promoting repair mechanisms. 

The complement receptor CR3 belongs to the B2 integrin family, which has one 
common ß subunit and functions in adhesion-dependent inflammatory responses. In 
global ischemia, prominent infiltration of blood-borne cells into brain tissue has not 
been observed (92), and the increase in immunoreactivity ofCR3 (OX-42) was found 
on intrinsic microglia at 1 d after the insult (92). The functional role ofCR3 in microglia 
activation is not known at present. Interestingly, cr3- ß-subunit mRNA expression was 
delayed as compared to the increase in CR3 immunoreactivity and restricted to regions in 
which neuronal death already had occurred (62). This indicates a posttranscriptional 
mechanism for the early increase of CR3 immunoreactivity. In fact, it is weIl known 
that CR3 can be stored in intracellular pools, wh ich may be not accessible in immuno­
histochemistry (123,124). 

2.4.3. The Amyloid Precursor Protein Is Induced 
in Both Astrocytes and Microglia Following Transient Forebrain Ischemia 

Amyloid precursor protein (APP) is an ubiquitously expressed protein that contains 
the insoluble ßA4 amyloid, a main component of the senile plaque of Alzheimer's 
disease brains (125). In ischemia, APP synthesis occurs both in reactive astrocytes and 
activated microglia, whereas the relative contributions of these two glial cell types 
vary with regard to the ischemia model and to the brain region (105,126-129). Follow-
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ing 30 min of four-vessel occlusion, APP synthesis occurs predominantly in reactive 
GFAP-positive astrocytes in the hippocampal CAl and CA4 sectors once neuronal 
degeneration has occurred (105). In the parietal cortex, however, clusters of APP­
immunoreactive microglia are observed (105). In general, focal and global ischemia 
lead to a preferential upregulation of APP mRNA splice variants containing the 
Kunitz type inhibitor domain that is derived from reactive glia rather than neurons 
(130,131). It thus seems possible that ischemia induces a glial APP synthesis and 
that persisting glial ac ti vati on may contribute to amyloid formation particularly in 
the aged brain that may frequently suffer from ischemic periods. Amyloid forma­
tion may be additionally facilitated by ischemia-induced expression of Apolipo­
protein E, which has been demonstrated in a gerbil model of transient forebrain 
ischemia (132). The E4 isoform of this protein is thought to be a risk factor in 
Alzheimer's disease (133). 

3. GENOMIC RESPONSES IN FOCAL ISCHEMIA 

Models to generate focal cerebral ischemia are intended to represent experimental 
approaches to investigate development ofbrain infarction relevant to human ischemic 
stroke (134). However, there is much discussion in the field about which model of 
focal ischemia mimics most closely and representative the situation found in human 
stroke, and therefore would allow clinically relevant conclusions to be drawn. One 
concern to transient focal ischemia models is that these models may mix different 
pathophysiological parameters such as ischemic damage, reperfusion damage, and 
vascular damage and it may be difficult to clearly distinguish the contribution of each 
of these parameters. Nevertheless, such models are frequently used also for gene 
expression studies. 

In general, the spectrum of genes investigated is similar to that in transient forebrain 
ischemia, including stress proteins (mainly hsp 70), immediate early genes (c-fos, 
c-jun,junB, zij268), genes involved in programmed cell death (p53, sgp2, bcl-2), 
glial markers (GFAP), cytokines (TGF-ß, TNFa), amyloid precursor protein, and 
NO-Synthase. Since infarction results in leukocyte infiltration, and leukocyte adhesion 
is thought to be an important determinant of damage in transient focal ischemia, mol­
ecules involved in inflammatory processes are gaining increasing attention (lL-I, ELAM, 
CINC, MCP-I). 

In contrast to global ischemia models, the extent of tissue damage is much more 
heterogeneous in focal ischemia models, depending on the precise location of occlusion 
ofthe middle cerebral artery (MCAO), the way of occluding the middle cerebral artery 
(electrocoagulation, thread occlusion), transient or permanent occlusion, and the ani­
mal strain used for the experiments. Consequently, the patterns of gene expression may 
differ quite dramatically among the different models. In addition, the precise time 
course of development of tissue damage is still a matter of discussion. Although it is 
usually assumed that most of the tissue damage occurs within the first few hours fol­
lowing transient or permanent MCAO, there is some evidence that tissue damage can 
progress for days (135,136), although the proportion to the totallesion is not quite 
c1ear. This uncertainty on the time course of cell degeneration makes it difficult to 
interpret the role of any investigated gene or protein. 
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3.1. Transient Focal Ischemia 

3.1.1. Stress Genes, BDNF, and Immediate Early Genes 
Hsp70 is dramatically induced under stressful conditions in the brain, and it is 

assumed to be a marker for potentially injurious stress, which may or may not be fol­
lowed by cell death (137). Iftransient focal ischemia is limited to periods up to 30 min 
with subsequent reperfusion, the general genomic stress response is very similar to 
models of global transient forebrain ischemia. This may be exemplified by investiga­
tions on expression ofthe heat shock protein hsp70 mRNA that is induced in all previ­
ously ischemic areas up to 24 h after the ischemic insult (138), with a peak expression 
in the cortex at 8 h after ischemia (139). Following 2 h thread occlusion, neuronal 
induction of HSP70 protein was never found in neurons residing in areas destined for 
infarction, but was found in sublethally injured neurons in the periphery ofthe predes­
tined or actual infarct area from 9-96 h after ischemia, suggesting a protective role of 
HSP70 in these neurons (140). A transient expression in cortical neurons outside the 
ischemic area after transient focal ischemia was also found for brain-derived 
neurotrophic factor (BDNF), which was accompanied by abilateral increase of the 
respective receptor (trkB) and nerve growth factor (NGF) mRNAs (141,142), suggest­
ing a protective role for BDNF. 

Similarly to other models of cerebral ischemia, induction of the immediate early 
gene c-fos was the most rapid genomic response following transient focal ischemia, 
and was found to be accompanied by junB induction (143). In comparison to c-fos, 
onset of c-jun induction was delayed, but peak expression was found for both genes at 
1 h ofreperfusion, wh ich later on declined (144). A similar time-course was found for 
NGFI-A (or Krox-20), another immediate early gene encoding a transcription factor 
(144,145). The functional consequences and the pathophysiological relevance of 
immediate early gene expression is unclear at present. By gel shift analysis, an increased 
DNA binding activity of the AP-I transcription factor (a Fos/Jun heterodimer) was 
found, indicating functional consequences ofthe immediate early gene induction (143). 
Although no direct evidence has been obtained so far, it appears very likely that imme­
diate-early gene induction plays a role in alterations of the expression of other genes 
(secondary response genes). 

3.1.2. Genes Associated with Programmed Ceil Death 
Besides immediate-early genes and stress proteins whose expression may be associ­

ated also with programmed cell death, two genes known to be involved in cell death in 
several instances have been investigated following transient focal ischemia, p53 and 
bcl-2. Immunoreactivity of a mutant form of p53 was found at 12 h after 2 h 
ischemia in the infarct area (146). In addition, expression ofp53 mRNA was observed 
in both hemispheres peaking at 24 h after reperfusion (146). In support for a role of p53 
in cell death after ischemia is the finding of reduced infarct sizes in permanent focal 
ischemia inp53 knock-out mice (147). However, even from this study, the role ofp53 
is not very clear, since the mice with one intact and one knockout allele produced even 
smaller infarcts than animals with both alleles knocked out. Transient focal ischemia of 
1 and 2 h duration induced BCL-2 in sublethally injured cells including glial cells, 
microglia, and neurons as assessed by immunohistochemistry (148). BCL-2 is a pro­
tein known to protect against programmed cell death, and it therefore could be specu-
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lated that its induction represents an attempt to counteract activation of a death pro­
gram in sublethally injured cells. Indeed, mice overexpressing BCL-2 developed 
smaller infarct, although these studies were done with permanent focal ischemia (149). 
However, BCL-2 has also been proposed to act as a free radical scavenger (150) and 
the protective effect, therefore, may depend on this function. 

3.1.3. Cytokines and Moleeules Involved 
in Cell Attraction, Cell Adhesion and Tissue Infiltration 

Inflammatory reactions involve infiltration of leukocytes, in which polymorpho­
nuclear cells precede invasion of mononuclear cells and ac ti vati on of macrophages. In 
transient focal ischemia, inflammatory reactions are thought to contribute directly to 
infarct development (14). Only very recently molecules mediating theses events have 
attracted the attention of cerebral ischemia researchers, and, therefore, only few data 
from singular studies are available. By Northem blot analysis, it was demonstrated that 
induction of tumor necrosis factor-a (INFa) and interleukin-l ß (lL-l ß) mRNAs 
occurred as early as 1 h after reperfusion following (160) min transient focal ischemia 
in spontaneously hypertensive (SHR) rats in the cortex. INFa mRNA reached its peak 
at 3 h whereas IL-Iß mRNA reached its peak at 6 h. Both cytokine mRNA levels 
remained elevated for up to 2 d after reperfusion (152). Both molecules are known to 
induce the expression of adhesion molecules such as intercellular adhesion molecule-l 
(ICAM-l), vascular cell adhesion molecule-l (VCAM-l), endothelial cell adhesion 
molecule-l (ELAM-l = E-Selectin), and monocyte chemoattractant protein-l (MCP-I), 
a chemoattractant specific for monocytes (151). Indeed, an upregulation ofI CAM-l 
mRNA, was found at 1 h ofreperfusion in this model (153). An early increase ofICAM-I 
and P-Selectin immunoreactivity was also found after 2 h MCAO in baboons (154). 
Supporting a role ofICAM-l for infarct development in transient focal ischemia is the 
finding that intravenous application of anti-ICAM-l antibodies or other antibodies 
potentially interfering with PMN adhesion following transiel).t focal ischemia reduced 
the infarct volume (155-157). In addition, it has been shown that the IL-l receptor 
antagonist can ameliorate tissue damage (158). The MCP-l expression was delayed as 
compared to ICAM-l, starting at 3 h after ischemia and peaking between 12 hand 2 d 
(159). Ihis finding is in accordance with the observation that monocytes start to infil­
trate the lesion area from 2 d after the insult onward (160). 

3.1.4. Amyloid Precursor Protein 
One study reports that repeated reversible MCAO results in an increase of APP 

reactivity in astrocytic processes in perifocal regions and white matter tracts 3 d after 
the insult (127). Dystrophic axons and neurons with accumulated APP were also found 
in the ipsilateral neocortex and hippocampus (127). Ihis study supports the notion that 
brain ischemia stimulates glial production of the APP protein. 

3.2. Permanent Focal Ischemia 

3.2.1. Stress Proteins and Immediate Early Genes 

In permanent focal ischemia, hsp 70 mRNA and HSP70 immunoreactivity is mostly 
found in regions with decreased blood flow, i.e., in regions supplied by the MCA (43) 
up to 24 h after onset of MCAO. An exception are thread occlusion models, in which 
induction of hsp70 (and immediate early genes) has also been found in the hippocam-
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pus and the thalamus, regions that are not affected by blood flow decreases (161) 
(Wiessner, unpublished). The infarcts in these models are very large and, in addition, 
may result in postocclusion hyperthermia (Yamashita et al., submitted). Therefore, 
hsp 70 induction in the mentioned regions may be related to secondary effects. Induc­
bon of the hsp70 mRNA is an early event and found from 1 h after MCAO onward 
(138). Increased mRNA levels for hsp70 are generally found up to 24 h after onset of 
MCAO and decrease dramatically at later observation periods (Yamashita et al., in 
press). Interestingly, an increase of HSP70 immunoreactivity has been repeatedly 
described in the infarct core from 4-24 h after onset of MCA occlusion. However, 
whereas one study considered staining in the core region as unspecific (137), other 
researches claim that immunoreactivity in the infarct core is owing to a specific stain­
ing of endothelial cells (162). It should be noted that in thread occlusion a patchy 
expression of hsp 70 mRNA is found in the infarct core between 4-24 h after onset 
MCAO (162), whereas this has not been observed in electrocoagulation models (138) 
(Yamashita et al., in press). This may indicate that although thread occlusion affects a 
larger area, blood flow cessation may be not as severe as in electrocoagulation. A con­
sistent finding in all permanent ischemia models is that HSP70 immunoreactivity in 
neurons was observed in the peri-infarct area not before 24 h after MCAO (137,162, 
Vogel et al., in press). There are some notions, that in the immediate infarct periphery, 
astrocytes also express HSP70 in thread occlusion models (163), although we did not 
observe that in an electrocoagulation model. The expression in noninfarcted cortical 
areas up to 24 h after MCAO is most pronounced in the outer layers and is associated 
with moderate selective neuronal damage in these regions (164). The persistent expres­
sion of hsp70 mRNA and HSP70 protein in cortical peri-infarct areas indicate ongoing 
cellular stress in these regions. One study reports the induction of sevcral other stress 
proteins, i.e., grp78, hsp27, and hsp47. Induction of these mRNAs was delayed as 
compared to hsp70 (165). For grp78 this finding is in contrast to a study in transient 
focal ischemia in which a concomitant induction of hsp70 andgrp78 was found (166). 
In addition, hsp27 was found to be induced throughout the affected hemisphere, i.e., 
including regions not affected by blood flow disturbances, indicating that heat shock 
proteins may be differentially induced. 

Similar to global ischemia and transient focal ischemia, induction of immediate early 
genes is a prominent feature in the brains after permanent MCAO. As for global and 
transient focal ischemia, immediate early genes are differentially induced following 
permanent MCAO. Increased mRNA levels for c-fos have been found already 15 min 
after MCAO throughout the cortex ofthe affected hemisphere in neuronal nuclei, per­
sisting up to 24 h (138). Similar observation were made forjunB (161). c-FOS protein 
like immunoreactivity was found from 1 h after MCAO onward exclusively outside the 
ischemic core region throughout the injured hemisphere, peaking at 4 h after MCAO, 
and declining in regions remote from the infarct afterwards. In the immediate infarct 
vicinity, increased immunoreactivity persisted for up to 4 d (167). As compared to c-fos 
and junB, onset of induction of c-jun and some other immediate-early genes was 
delayed both at the mRNA and protein level, but persisted for up to 24 h as weIl (161). 
Similar results have been obtained in photothrombotic brain lesions (168). In thread 
occlusion models for c-fos, a similar pattern as for hsp70 was observed, i.e., induction 
was found also in the thalamus and the hippocampus and in the contralateral hemi-
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sphere (J 61). Since pretreatment with MK-801 inhibited the widespread expression of 
c-fos, it has been suggested that spreading depression like peri-infarct depolarization 
are responsible for this expression pattern (168). Interestingly, similar to c-fos, neu­
ronal NO-Synthase (NOS-I) was already induced at the mRNA level 15 min following 
MCAO and peaking at 1 hand an association of NOS-I expression and survival of 
scattered neurons within lesioned areas has been suggested (169). 

It appears that from 1 h after permanent MCAO onward, a concomitant, neuronal 
expression of c-fos, c-jun, and hsp70 is found in the peri-infarct region up to 1 d after 
onset ofMCAO. In arecent study, we have directly compared these genes in adjacent 
brain sections and could verify this suggestion, and in addition show that this concomi­
tant expression occurs in a region with preserved energy metabolism as assessed by 
ATP bioluminescence imaging and decreased blood flow (Wiessner et al., in prepara­
tion). This suggests that neurons in the peri-infarct penumbra zone suffer persisting 
stress, which most likely is caused by spreading depression like peri-infarct depolar­
izations (170,171). 

3.2.2. Cytokines and Moleeules Involved 
in CeIl Attraction, CeIl Adhesion and Tissue Infiltration 

The induction of several molecules involved in cell adhesion and tissue infiltration 
of blood-borne cells has been demonstrated in permanent focal ischemia. TNFa, IL-l ß, 
and IL-6 mRNA were found in the ischemic hemisphere between 6 hand 5 d after 
MCAO, mainly in SHR rats (172-174). One study reports an increase ofIL-1ß mRNA 
alreadyat 15 min after MCAO in SHRrats 175. Between 6 and 12 h, TNFa immunore­
activity was found in nerve fibers within the ischemic area, whereas at 5 d, macroph­
ages within the lesion area were immunoreactive (173). Using Fischer rats, we could 
not detect TNFa mRNA early after MCAO, but only 7 d after the insult in lesioned 
areas in cells that were most likely macrophages (Gerken et al., in preparation). In 
contrast, we found an early increase of TGF -ß 1 at 6 and 12 h after MCAO in 
nonlesioned areas of the ischemic hemisphere (Gerken et al., in preparation), which 
has not been found in SHR rats (176), and that may represent an protective attempt or 
anti-inflammatory response of the tissue. The cellular source of this early TGF-ß 1 
mRNA expression is not clear at present. Several molecules that could mediate cell 
adhesion of circulating blood cells and that respond to growth factors such as TNFa 
and IL-1 ß were found to be increased at the mRNA level between 6 hand 2 d after 
MCAO in SHR rats. This included ICAM-1, endothelial-leukocyte adhesion molecule-
1 (ELAM-l; E-Selectin), which is specifically found in endothelial cells, MCP-l, 
MIP-la (macrophage inflammatory protein-1a) (177), and cytokine-induced neutro­
phil attractant (CINC) (153,159,178,179). Another molecule with chemoattractant 
activity for monocytes that is induced early in focal permanent ischemia in SHR rats is 
platelet-derived growth factor-B chain (180). Despite the relative early onset of induc­
ti on of these molecules, it appears that infiltration of polymorphonuclear cells and 
mononuclear cells is a rather late process in permanent MCAO and that this process 
does not contribute to development of the primary infarct. Accordingly, intravenous 
infusion of anti-ICAM-1 antibodies did not influence infarct size in permanent focal 
ischemia, whereas significantly decreasing the lesion area in a transient focal ischemia 
model (155). The infiltrating cells may influence glia response and neurons directly by 
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producing cytokines such as TGF-ßl, IL-l and TNFa, but may influence also the 
hemodynamic situation in the vicinity of the lesion area, for example, by induction of 
the inducible form ofNO-synthase (iNOS) which has been found between 2 and 4 d 
after MCAO within the infarcted area in infiltrating polymorphonuc1ear cells (181). 

3.2.3. Amyloid Precursor Protein (APP) 

An increase of APP mRNA, containing the Kunitz-type protease inhibitor domain, 
in permanent focal ischemia has been reported from 1 d after onset of MCAO onward 
130. No attempt was made to localize the cell type, but conc1uding from the time course 
and the fact that the Kunitz-type proteinase inhibitor domain containing a form ofthe 
amyloid precursor proteins was induced, a glial origin appears likely. An immunohis­
tochemical study in permanent MCAO reported an increase of APP immunoreactivity 
from 4 d after occ1usion onward. The APP was found in the periphery of the infarct, 
although the cellular source was not c1ear (128). No deposition ofthe ß-A4 fragment 
was found in this study. Therefore, as in transient focal and transient forebrain ischemia, 
the increase of APP was a late event preceded by cellular damage. 

3.3. Is There Evidence for Programmed Cell Death in Focal Ischemia? 

Suggestions that an active death pro gram may be involved in infarct development 
depend largely on four lines of evidence: 

1. Several studies show that DNA degradation, as assessed by gel electrophoresis and in situ 
labeling procedures (TUNEL-staining), accompanies or follows development of cerebral 
infarction following both transient and permanent MCA-occlusion (182-188). 

2. One study reports a beneficial effect of continuous intraventricular cycloheximide infu­
sion on infarct size 1 d after permanent MCAO (189). 

3. Studies on investigations of genes that are expressed in some cell types undergoing pro­
grammed eell death appear rather ineomplete at present. The formation of any protein 
product depends on some preserved energy metabolism that is not given in the core region. 
Therefore, it appears rather unlikely that proteins contributing to a death pro gram can be 
formed in cells within the core region ofthe developing infarct. However, the concomitant 
and persisting expression of c-fos, c-jun, and hsp70 in the penumbra may indicate a simi­
lar situation as in dying CA 1 neurons following transient forebrain ischemia in this region. 
In principle, it is conceivable that the ongoing metabolie stress in the penumbra may acti­
vate a stress induced death pro gram. 

4. In line with such a hypothesis is the finding that p53 knockout mice develop smaller 
infarcts (147). In addition, BCL-2 overproducing mice develop smaller infarcts (149). In 
each of theses studies, however, underlying unspecific mechanisms, for example influ­
ences of the genetic manipulations on brain development cannot be mIed out at the moment. 

In summary, at present the evidence for the involvement of an active pro gram in cell 
death in the developing infarct appears rather sketchy and no conc1usive assessment 
appears possible. 

A type of cell death in which programmed cell death could be expected to be 
involved is the retrograde degeneration of neurons in thalamic region, which is prob­
ably owing to loss of synaptic input from infarcted cortical regions and loss of trophic 
support (190); In fact, infusion of basic fibroblast growth factor (bFGF) inhibited 
degeneration of thalamic neurons following MCAO (191). It is noteworthy that no 
study so far reported any correlation of expression of stress proteins and immediate 
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early genes and this type of cell death. Obviously, this notion is contradictory to the 
suggestion in the global ischemia seetion, that a prolonged or secondary induction 
of c-fos, c-jun, and hsp 70 may indicate the activation of an aetive death program in the 
hippoeampal CAl seetor following transient forebrain isehemia. However, it should 
also be noted that seeondary degeneration in the thalamus has not been investigated in 
great detail, and the precise time course of oceurrence of neuronal degeneration is not 
known.1t oecurs presumably between 3 and 7 d after onset ofpermanent focal isehemia. 
From our studies, it is clear that an astrocytic response to this lesion as assessed by in 
situ hybridization was not found at 3 d after MCAO, but after 7 d (Yamashita et al., in 
press). In addition, TUNEL staining revealed dead neurons in the thalamus at 7 d after 
MCAO, but not at 3 d (Wiessner, unpublished results). Therefore, the onset of cell 
degeneration must start somewhere in between. Sinee no study so far has investigated 
this period with higher temporal resolution, it may weIl be that the time-points of a 
secondary inerease of c-fos, c-jun, and hsp70 just have missed. This is an issue that 
clearly deserves further studies. 

3.3. Glial Responses to Focal Ischemia 

3.3.1. Astrocytic Responses 

Following permanent MCAO, in situ hybridization revealed an early and widespread 
increase of gfap mRNA in nonisehemie areas including the contralateral hemisphere 
starting between 3--6 h in regions remote from the ischemic area, and a delayed but 
persisting eircumscribed expression in the peri-infarct border zone after I wk 
(Yamashita et al., in press). Only astroeytes adjaeent to the lesion showed an increase 
in sulfated glyeoprotein-2 mRNA (see Seetion 2.4.1.), which may improve membrane 
stability in these eells. Following photothrombosis, astroeytes lining the lesion area 
showed inereased vimentin immunoreactivity, which was not observed in reactive 
astroeytes remote from the lesion (192). I t is noteworthy that there is obviously a very 
long delay between inerease of gfap mRNA (6 h) and reports on increased GFAP 
immunoreaetivity (2 d). Following transient foeal isehemia, the inerease of GF AP in 
regions remote from lesioned areas has not been deseribed (193,194). In these studies, 
an inerease of GF AP immunoreactivity was found in regions adjaeent to the infaret, in 
the same region where neuronal HSP70 induetion was observed. However, HSP70 was 
not found in astroeytes, but exclusively in neurons. An induetion ofHSP70 in the bor­
der zone of the infaret has been deseribed in one study in a thread oeclusion model 
(163). Whereas the persisting astroeytie aetivation in the infaret border zone is related 
to the formation of a glial sear, the funetional role of the early widespread aetivation of 
astrocytes in not clear at present (Yamashita et al., in press). There are indications that 
it may be mediated by peri-infarct depolarizations (192), although the spread to the 
contralateral hemisphere frequently found cannot be explained by this meehanism. 
Although several of the cytokines that have been reported to be induced following 
focal ischemia may be produced also by astroeytes, no study so far has attempted 
to demonstrate this. One study indicates that astrocytes may be involved in the 
production of macrophage inflammatory protein-I a (177). From our results, a par­
ticipation of astrocytes in the early expression ofTGF-ßl mRNA in regions remote 
from the lesion area appears possible. 
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3.3.2. Microglial Responses 
Two studies have shown that the microglial activation in both permanent and tran­

sient focal ischaemia is an early event that precedes the response previously observed 
in global ischaemia (195,196). From 3 h after permanent MCAO onward, activated 
microglia were detected throughout the ipsilateral cortex using staining for activation 
markers such as MUC 101 and 102, eR3 complement receptor (OX42), MHC c1ass 11, 
and amyloid precursor protein (196). The widespread ipsilateral microglia activation 
may be related to spreading depression-like waves induced from the infarct core since 
it is known that potassium-induced spreading depression waves can transiently acti­
vate microglia in the intact cortex (197). From 24 h onward, microglial activation 
extended to the contralateral gyrus cinguli. Within the first 3 d of permanent focal 
ischemia, activated microglia did not express ED markers characteristic of hematog­
enous monocytes/macrophages (196,198). From 3 donward, a massive influx of ED 1-
positive, presumably blood-derived, macrophages took place at the site of infarction. 
In addition, ED 1 was up-regulated on cells of microglial morphology at sites remote of 
the actual infarction. The macrophage/microglial response continued to increase for 7 
d along with pronounced astrocytic reactions and was observed also in regions of sec­
ondary cell degeneration such as the thalamus (198). 

Regarding the genomic responses at the transcriptional level, not very much is 
known at the present. It appears likely that several of the cytokines found to be 
induced following both transient and permanent focal ischemia may be produced 
by activated microglia (see Sections 3.1.3. and 3.2.2.) However, in none of these 
studies attempts were made to c1early identify the cell type producing mRNA cod­
ing as for example for IL-1ß, TNFu, and so on. This is c1early an issue that deserves 
further investigations. 

4. NEW APPROACHES AND FUTURE PERSPECTIVES 

So far, most studies on gene expression in models for ischemic brain insults were 
descriptive and, therefore, the functiona1 relevance for the pathophysiological events 
and outcome has not yet been elucidated. In principle, methods to specifically interfere 
with the production of a specific protein are needed to c1arify these issues. One possi­
bility appears to be so-called antisense-oligonuc1eotides, which can block translation 
of specific mRNAs (199). Another possibility is the use ofknock -out mice or transgenic 
mice, in which specific genes have been deleted or specific proteins are overproduced, 
respectively (200). 

4.1. Modulation af Gene Expression Following Ischemia 
by Antisense Oligonucleotides 

This technique is based on the (poorly understood) phenomenon that cells can take 
up short single-stranded nuc1eic acids (oligonucleotides), which subsequently can 
hybridize specifically to target mRNA molecules or DNA and inhibit transcription or 
translation (199). Recently, two reports c1aimed successful application of this tech­
nique also in vivo in the CNS in the ischemia field. In one study, c-Fos protein forma­
tion in focal ischemia was successfully diminished (201); however, the authors did not 
report on any effects ofinfarct development or neurological outcome. In another study, 
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NMDA receptor formation was impaired by anti sense oligonucleotides that sub se­
quently decreased infarct volume following permanent occlusion of the middle cere­
bral artery (202). We have worked on the development ofantisense oligonucleotides to 
block formation ofthe heat shock protein HSP70. Although we could impair formation 
of the protein in cell culture after heat shock in some experiments, these results were 
poorly reproducible. Difficulties to reproduce antisense-oligonucleotide mediated 
effects and unspecific effects appear to be general problems in the use of these tech­
nique. Methods to improve cellular uptake and stability of oligonucleotides may result 
in more general applications for ischemia research. 

4.2. Use of Genetically Modified Animals in Ischemia Research 

Few studies have been presented using genetically modified animals in cerebral 
ischemia research, and most of these were investigating effects on infarct development 
in focal cerebral ischemia. One reason is that such techniques have been developed 
quite recently. In addition, a technical problem for ischemia research is that targeted 
genomic disruptions so far can be accomplished only in mice, which owing to their 
small size only occasionally have been used for the development of cerebral ischemia 
models. Nevertheless, in principle mice models are available (203), and it can be 
expected that in the near future an increasing number of studies in cerebral ischemia 
research using genetically modified animals will come up. A general problem in using 
knockout or transgenic mice is that these manipulations may have systemic effects by 
influencing development, function of various organs, and anatomy. An example for 
this notion may the BCL-2 overexpressing mouse (149). Intracellular levels ofBCL-2 
are thought to be important for the regulation of programmed cell death, Le., high 
levels ofthe protein inhibit execution ofthe pro gram (204). In BCI-2 overexpressing 
animals, a prominent decrease in infarct size was observed in permanent focal ischemia, 
and it has been suggested that this may indicate an involvement of programmed cell 
death in infarct developments (149). However, the brains ofthese animals are anatomi­
cally clearly distinct from wild-type mice, i.e., theyare larger due to failure ofnaturally 
occurring cell death during brain development. Certainly, this may influence hemody­
namic parameters, which were not measured in the study. In addition, it is known that 
BCL-2 scavenges free radicals (150), and, therefore the protective role ofhigh intracel­
lular amounts ofBCL-2 may be attributed to this ability, rather than a specific effect on 
death programs. Another example showing that the use of genetically engineered ani­
mals does not necessarily produce unambiguously clear results, is the investigation of 
infarct sizes in p53 knockout mice (147) that have a normally developed brains. The 
p53 is thought to be a trigger for programmed cell death; it was therefore expected that, 
if programmed cell death may be in involved in infarct development, the disruption of 
the gene should result in smaller infarcts. This was indeed observed; however, surpris­
ingly the heterozygous littermates, Le., animals having one intact and one disrupted 
gene, developed even smaller infarcts than the animals with both genes disrupted (147). 
The meaning ofthese results is at present unclear. Some other recent examples in which 
genetically modified animals have been used in ischemia research are superoxide­
dismutase overproducing mice (205), nitric oxide synthase knock-out mice (206), and 
bFGF overexpressing mice (207). 
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In principle, it would be desirable to have animals at hand that would allow 
researchers to conditionally disrupt genes in specific tissues at any chosen time-point. 
Indeed, methods showing routes to accomplish this goal have recently been reported 
(208,209). It can be anticipated that in the near future animals allowing the conditional 
and tissue-specific modulation of gene activation will revolutionize research in the 
field of cerebral ischemia. 
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Hormonal Modulators of Cerebral Ischemia 

Laura J. McIntosh and Robert M. Sapolsky 

1. INTRODUCTION 

Hormones are modulators of cellular physiology throughout the body, exerting both 
short-term and long-term effects on fundamental cell processes such as gene transcrip­
ti on, energy homeostasis, and signaling cascades. Because of the integral nature of 
their actions, the presence of hormones both before and after a metabolic crisis like 
cerebral ischemia (CI) can greatly affect the ability of hormone-sensitive tissues to 
respond to the crisis. 

The loss of oxygen and glucose that defines CI arises most commonly from an inter­
ruption or reduction in cerebral blood flow. Neurons are dependent on a constant sup­
ply of nutrients, since they lack the glycogen reserves common in peripheral tissues; 
thus the first effect of CI is energy depletion. The A TP levels fall and energy dependent 
processes shut down. This produces a massive release of excitatory amino acids (EAAs) 
such as glutamate from axon terminals within the area of reduced blood flow. The 
resulting prolonged stimulation of glutamate receptors creates an inflow of sodium and 
calcium ions, leading to elevation of intracellular calcium concentrations and initiation 
of the calcium second messenger cascade. Heavy stimulation of the calcium cascade 
activates a variety ofpathways, resulting in membrane dysfunction (lipid peroxidation, 
disruption of signalling pathways), cytoskeletal failure, free radical production, and 
enzyme overactivation (kinases, lipases, endonucleases, proteases), and can ultimately 
lead to cell death (for review, see refs. 1 and 2). 

The metabolic insult is worst at the focal ischemic core, which is irreversibly injured 
during total blood deprivation. The penumbral area may be salvaged depending on 
postischemic conditions and the amount of oxygen and glucose available from collat­
eral sources. The importance of outside factors in susceptibility to CI is shown by the 
delay in cytopathological measures of neuron death until 20 h or more after the CI, the 
ability of specific pharmacological agents to alter the extent of damage, and by evi­
dence suggesting that one mild ischemic event can alter neuronal physiology in such a 
way as to be protective against a' second, ordinarily lethai ischemic event. Evidence 
also suggests both intrinsic and extrinsic factors are important for the selective vulner­
ability ofspecific cell types to CI (i.e., CAllayer cells in the hippocampus) (2). 

Hormones that affect neuronal metabolism are logical modulators ofCI. Glucocorti­
coids, insulin, thyroid hormone, testosterone, sympathetic catecholamines, and 

From: Clinical Pharmacology of Cerebrat;chemia Edited by: G. J. Ter Horst and J. Kor[ Humana Press [nc., Totowa, NI 

215 



216 McIntosh and Sapolsky 

corticotrophin-releasing factor all have mechanisms of action that have been shown to 
affect important physiological responses during or after CI. These hormones collec­
tively help control glucose transport, cellular oxidation rate, membrane depolarization 
parameters, neurotransmitter release and reuptake, and body temperature. Obviously, 
these are complex functions and interactions between hormones add considerable 
dimensionality to the physiological story. 

An extensive body of evidence now exists indicating that hormones can modu­
late or produce disease states, inc1uding neurodegeneration. Further, moderate levels 
below the threshold for outright cellular damage can still result in subtle metabolic 
derangements that become apparent in the presence of a second concurrent insult, 
such as ischemia. We will discuss the evidence indicating that a number of hor­
mones have modulatory effects on the brain, in some instances aggravating injury 
arising from CI, and in others, decreasing it. We will concentrate primarily, but not 
exc1usively, on glucocorticoids. 

2. GLUCOCORTICOIDS AND CEREBRAL ISCHEMIA 

The perception of stress, either physical or psychological, induces secretion of hor­
mones from the hypothalamus, beginning a cascade that results within minutes in 
release of glucocorticoids (GCs) from the adrenals. GCs mobilize energy to cardio­
vascular, pulmonary, sensory, and musc1e tissues to maximize the individual's ability 
to respond to the stressor. To provide this energy boost from a finite amount of avail­
able glucose, GCs suppress metabolism in the systems whose functions are not crucial 
in an emergency, such as digestion, reproduction, growth, and immune response. The 
GCs also block glucose uptake and storage in these temporarily dispensable systems, 
and promote energy release from body stores. Although the actions of GCs are highly 
effective in helping the individual respond to an immediate crisis, these extreme meta­
bolic re arrangements are the basis for pathology in all GC-responsive tissues after pro­
longed exposure or exceptionally high GC concentrations. High GC levels owing to 
chronic stress, Cushing's syndrome, or exogenous administration (such as dexa­
methasone, prednisone, or hydrocortisone), can cause or worsen myopathy, fatigue, 
hypertension, ulcers, depression, decreased immune responses, adult-onset diabetes, 
and neuron death (3,4). 

This latter phenomenon of GC neurotoxicity has now been weIl documented. Not 
only are GCs capable ofkilling some neurons outright, GCs also predispose neurons to 
damage during concomitant insults, inc1uding CI. We will discuss the evidence for 
direCt neuronal damage by GCs, the known mechanisms by which GCs act on neurons, 
and how these mechanisms work synergistically with the metabolic derangements of 
CI to exacerbate neuronal degeneration. 

Although several brain regions are susceptible to GC-mediated damage, sustained 
exposure to GCs is particularly damaging to the brain region fundamental to leaming 
and memory, the hippocampus. Hippocampal degeneration from elevated GC concen­
trations is seen in rodents (5-11), primates (12), and possibly humans (13,14). The 
high concentration of corticosteroid receptors in the hippocampus is thought to account 
for this regional vulnerability (15). Physiologically high levels of GCs achieved by 
behavioral means can also be shown to produce damage in rodent and primate models 
(16-20). Conversely, long-term lowering of GC levels appear to alleviate the neuron 
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loss and cognitive impairments typical of aging (21-23). The GCs, like all good things 
in life, are best in moderation (24). 

GC levels must be exceptionally high and of long duration to kill neurons-not a 
common occurrence. Therefore most research effort has been devoted to understand­
ing the effects of GCs under more physiological circumstances. At elevated levels, but 
below the threshold for direct cell death, GCs still have deleterious effects upon the 
nervous system. This is seen in GC exacerbation of neurodegeneration following 
hypoxia/ischemia, hypoglycemic shock, or seizure (25). The presence ofGCs does not 
appear to alter most cellular parameters under resting conditions, but when the neurons 
are challenged by a concurrent insult such as CI, metabolic derangements become evi­
dent and lead to significantly increased damage. Possible mechanisms for this neuronal 
endangerment will be discussed in the following paragraphs. 

The GCs increase the magnitude of events integral to the EAA cascade triggered 
during CI. Glutamate released from the presynaptic neuron, resulting from either stimu­
lation or energy failure, accumulates in the synaptic eleft after ischemia (26-29). GCs 
appear to increase and prolong the concentration of glutamate by inhibiting uptake into 
the glia (30). This results in strong stimulation ofthe EAA receptors, some ofwhich 
are calcium channels, and cytosolic calcium levels rise (1). Although high levels of 
calcium ions are seen in the postsynaptic neuron, it is not elear what proportion comes 
through the EAA receptor calcium channels and what amount is mobilized from cellu­
lar stores. However, these abnormally high cytosolic free calcium levels are main­
tained by GC-mediated inhibition of calcium efflux or sequestration at both the calcium 
ATPase and the Ca++/Na+ exchanger. Since calcium ions initiate a complex cascade of 
events, ineluding enzyme ac ti vati on and oxygen radical production, the effects are seen 
in membrane impairment (31), DNA and protein degradation, and disruption of the 
cytoskeleton (32). GCs also have ademonstrated capacity to exacerbate breakdown of 
the cytoskeletal proteins spectrin (33,34) and tau (35). (see ref. 25 for a full review of 
GC involvement in EAA cascade.) 

The most directly damaging consequence of too much calcium is thought to be the 
increase in reactive oxygen species (ROS) such as superoxide and hydroxyl radical, 
which can impair protein function, fragment lipid membranes, and form DNA adducts 
(36). In primary hippocampal cultures, physiologicallevels ofGCs can exacerbate the 
toxicity of an oxygen radical generator, and can raise levels of ROS in the cultures by 
approx 10% (37), a magnitude that may translate directly into increased cellular dam­
age (38). The GCs also decrease tissue activity ofthe antioxidant enzymes superoxide 
dismutase, glutathione peroxidase, and catalase in a brain region-specific manner (data 
unpublished). Since excess ROS are one of the final pathways capable of causing 
lesions that can kill the cell, these experiments hinting at GC enhancement of ROS 
production, and decrease of defense capacity, point to mechanisms by which GCs may 
exacerbate neuron death. 

The effects of GCs on the EAA cascade are compounded by GC disruption of neu­
ronal energy state. All neurological insults known to be exacerbated by GCs are ulti­
mately energetic crises. Hypoxia/ischemia, seizure, and hypoglycemia, made worse by 
the presence ofGCs (4), either disrupt energy availability (ischemia and hypoglycemia) 
or place excessively high energy demands on the cells (ischemia and seizure). In both 
cases, energy stores such as ATP and phosphocreatine decline, and the rate of glucose 
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uptake can become rate limiting in the energy production cycles (39). Under these 
circumstances, tissues try to compensate by up-regulating glucose transport (40,41). 
One theory to explain GC neuroendangerment focuses on interference with these com­
pensatory processes, thereby making the energy crisis worse. 

The GCs affect neuronal energy flux by decreasing glucose uptake (42-44). Within 
6--12 h after an increase in GC levels, glucose transporters are translocated from the 
plasma membrane to intracellular storage sites (45). Low transporter levels are main­
tained over the long-term by GC inhibition of glucose transporter gene transcription 
(46). The GC-mediated inhibition of glucose transport into hippocampal neurons results 
in approximately a 25% decrease in uptake. Measurements of ATP levels indicate that 
resting levels of this fundamental energy currency is maintained, even in the presence 
ofhigh GC levels (47,48). Likewise, the energy-dependent functions ofthe housekeep­
ing enzymes appear to be preserved (15,49). However, neuronal vulnerability to GCs is 
demonstrable in the accelerated decline in ATP concentrations in both glia (48) and 
neurons in culture (47) during oxygen and glucose deprivation. The energy depen­
dency of the GC-mediated pathology is seen in the amelioration of damage by energy 
supplementation (50--52). 

However, it is interesting to note that glucose supplementation directly before 
ischemia appears to increase damage, possibly by increasing substrates for the anaero­
bic pathways that produce lactic acid. Only postischemic energy supplementation, when 
oxygen is available, lessens damage (53). 

Precipitate energy declines are likely to be an important component in GC 
neuroendangerment. Neurons must maintain costly ion gradients for signaling and neu­
rotransmitter reuptake, which can require more than half of the energy generated by 
glutamatergic neurons (54). Neurons are more likely to survive ischemic insults when 
their metabolic rates are lowered (55), suggesting that some ischemic damage may be 
owing to shifting from aerobic metabolism to anaerobic processes in order to cope with 
energy demand. Without the high demand from ion fluxes, the low energy vegetative 
processes (as low as 5% oftotal ceB energy requirements [54]) necessary for viability 
can be maintained for a considerable period of time. The severity of nearly every step 
of the EAA cascade is dependent on the amount of available energy. Glutamate is 
removed from the synapse through exchangers dependent on ionic gradients. Glutamate 
release is increased during energy failure because membrane depolarization aBows 
nonvesicular neurotransmitter efflux. NM DA receptors depend on membrane potential 
for their magnesium blockade, without which there is increased calcium influx. Also, 
the costly repair of damage produced by calcium excess would be impaired by a lack of 
energy (39,56). Therefore, the ability of GCs to decrease glucose uptake and exacer­
bate the decline in A TP levels during necrotic insults to neurons and glia is likely to 
explain how they worsen various steps in the EAA/calcium/ROS cascade. As proof 
that these synergies are based at least in part on energy availability, energy supplemen­
tation decreases the effect of GCs on EAA accumulation, intraceBular free calcium, 
and the resultant degenerative events (33,57,58). 

It should be emphasized that not aB insults to the brain are exacerbated by the pres­
ence ofGCs, and some controversies exist. First, although aB regions ofthe brain have 
corticosteroid receptors, it is the regions with higher concentrations of the Type 11 
receptor that are most vulnerable to damage (17,59). Synthetic Type 11 ligands such as 
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methylprednisolone, RU28362, and dexamethasone reproduce the same pattern oftox­
icity (17,60-63), whereas Type 11 antagonists block GC-mediated degeneration (64). 
Excitotoxic damage in the hypothalamus and cerebellum is not increased by GCs, but 
the hippocampus, cortex, and striatum are vulnerable (25). Second, raising body tem­
perature significantly increases hypoxic-ischemic damage, and GCs can elevate tem­
perature. Morse and Davis (65) suggest GC endangerment is largely owing to the 
temperature effect, but while the temperature may be an important component, other 
studies that control body temperature still see a GC augmentation ofhypoxic-ischemic 
damage (18,66,67). Third, GC exacerbation of ischemic injury appears to be relevant 
to adult brain, but not to neonatal brain (68). Studies by neonatologists indicate that 
GCs may decrease ischemic damage in vivo (69-72) although primary cell cultures 
derived from fetal brains demonstrate GC toxicity (17,44,51,52). F ourth, the GC exac­
erbation of ischemic injury appears to be most consistently demonstrated for global 
ischemia; in contrast, for focal ischemia due to middle cerebral artery occlusion, 
megadose administration ofGCs has demonstrated both protection (73) and exacerba­
tion of the damage (74). 

2.1. Clinical Relevance 

As noted, a number of studies now suggest that the broadly deleterious effects of 
GCs apply to the primate and human hippocampus, as well as to the that of the rodent. 
Should that prove to be the case, a number of populations of individuals might be at 
risk for some of the adverse interactions between GCs and CI. One group would be 
individuals exposed to chronically elevated GC levels independent of their CI. This 
would include individuals prescribed high-dose regimens for any ofa variety ofmala­
dies unrelated to CI. In 1990 for example, 16 million prescriptions for GCs were writ­
ten, largely to control immune diseases or inflammation (75). Another, ifless dramatic 
example would be aged individuals. Not only do older individuals tend to have higher 
basal levels of circulating GCs, but they also have a decreased ability to moderate their 
physiological response to stressors (76). Coupled with the increasing likelihood ofolder 
individuals experiencing cardiovascular accidents that produce CI, this makes the eld­
erly population potentially vulnerable to the adverse effects of elevated GC exposure 
around the time of CI. 

Probably of greater concern is the administration ofhigh-dose GC concentrations in 
the immediate aftermath of CI. This is, of course, typically done to control poststroke 
edema. A number of authorities have been less than sanguine about the efficacy of GCs 
to control the edema under those circumstances, owing to the fact that the anti-inflam­
matory effects of GCs are most relevant to vascular edema, whereas poststroke edema 
is typically cellular in nature. The findings regarding GC neuroendangerment empha­
sizes even further the advantages ofusing nonsteroidal anti-inflammatory compounds 
in those situations. 

Finally, disease is itself a stressful event, and GC concentrations are elevated for up 
to 2 wk after an episode ofCI (67, 77-79). Increased GC concentrations in plasma ofCI 
patients and experimental animals have been correlated with increased mortality and 
decreased functional recovery (62,65, 78-80). Moreover, longitudinal data indicate that 
stroke is associated with major depression within 2-3 yr (81,82), that appears to corre­
late with hypercortisolism (83) and reactivity to the dexamethasone suppression test 
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within 1 wk after a CI event (78,84). Whereas these studies are correlative, the experi­
mental literature suggests that the considerable GC stress-response at the time of CI 
might contribute to the damage in these individuals. In support of this possibility, 
adrenalectomy or pharmacologic blockade of GC synthesis decreases the extent ofhip­
pocampal, cortical, or striatal damage after ischemia (18,65,74,85). These abnormali­
ties of regulatory control, and release of GCs both during and after CI, appear to support 
the conc1usions reached in laboratory studies-that GCs can be detrimental to func­
tional and cognitive recovery both short and long-term. 

The interaction between GCs and ischemic injury, reviewed here at length, is not the 
only example of a hormone modulating the severity of ischemic damage to the brain. 
The remainder of the chapter is devoted to reviewing the smaIler, but in some cases 
still compelling literatures suggesting these hormone/insult interactions. 

3. CORTICOTROPIN-RELEASING FACTOR AS NEUROENDANGERING 

Corticotropin-releasing factor (CRF, also often known as CRH, for corticotropin­
releasing hormone) was the first hypothalamic factor whose existence was inferred 
from physiological evidence. Its actual characterization, however, waited decades, in 
part because ofthe complexity ofits structure (86). As has been the case following the 
discovery ofmany ofthe hypothalamic peptides, CRF has turned out to playa variety 
of neurotransmitter or neuromodulatory roles within the CNS, in addition to its pri­
mary neuroendocrine role ofstimulating the release of ACTH from the pituitary. Most 
broadly, CRF mediates the activation ofnumerous projections to the sympathetic ner­
vous system. This is quite striking, in that this peptide thus serves a central role in 
integrating the adrenocortical and autonomic branches ofthe stress-response (87). As 
part of the visceral and behavioral effects of CRF within the brain, the peptide is a 
potent excitatory agent, causing electrophysiological excitation and even epileptiform 
activity in the hippocampus, cortex, and other structures (88-91). 

It is the marked excitatory potential of CRF that makes it relevant to ischemic neu­
ronal injury. As emphasized in the section on GCs, all necrotic injuries have strong 
energetic components, and a substantial part of the protective effects of hypothermia 
and barbiturate treatment is the fact that they decrease energy expenditure in 
necroticaIly-endangered neurons--put coIloquiaIly, a neuron is more likely to survive 
ifit works less following an insult. This logic prompted tests ofwhether CRF antago­
nists might be neuroprotective following necrotic insults. To date, it has been shown 
that such antagonists protect the hippocampus against global ischemia and increase 
postischemic EEG recovery (92), as weIl as protect the cortex and basal ganglia against 
middle cerebral artery occ1usion (93,94). Furthermore, such antagonists decrease 
glutamatergic damage to the striatum (93) and hippocampus (in prep.). The magnitude 
of the protection is quite striking, in that antagonists reduce damage by approx 50%. 

These findings suggest that CRF adds to neuronal injury during necrotic insults. In 
support ofthis, focal ischemia causes a 2.5-fold increase in CRF mRNA in the ischemic 
cortex (94). How might CRF worsen injury? Insofar as neuroendocrine CRF ultimately 
causes GC secretion, this may be the route for neuroendangerment. However, one of 
these studies presented circumstantial evidence that this was not the route of CRF's 
action in this case (93); this needs to be demonstrated more explicitly. Other peripheral 
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factors could come into play-given the role of CRF in mediating sympathetic arousal, 
it can raise body temperature and, if released prior to the insult, can also raise 
preischemic circulating glucose concentrations, both potential routes for aggravating 
injury. However, control data suggest that the CRF antagonists were neuroprotective 
without changing these peripheral parameters (93). A critical means of eliminating such 
peripheral mechanisms of CRF action would be to show that the peptide worsens 
ischemic injury in vitro. This was tested in a single study by the same group that made 
the initial in vivo observation conceming CRF being deleterious. The outcome of this 
in vitro study, however, was highly confusing. Hippocampal slices were made anoxie, 
with the endpoint being electrophysiological recovery in the postischemic period. In 
agreement with the in vivo literature, a CRF antagonist facilitated recovery ofthe slices; 
however, unexpectedly, CRF itself did the same (95). In our opinion, the authors labored 
valiantly but ultimately unsuccessfully to explain this paradox; the relevance of this 
report to the in vivo pieture remains unsettled. 

Insofar as the in vivo studies suggest that CRF contributes to ischemic damage, it is 
most likely to occur via the excitatory effects of the peptide. This will bias ischemic 
tissue towards the greater accumulation of synaptic excitatory amino acids, and of 
postsynaptic calcium. This must be tested more directly. 

In addition to exploring those issues, future studies should focus on two additional 
facets. First, none of the cited studies involved the administration of the CRF antago­
nists only in the period after the insult; in contrast, studies involved administration 
both pre- and post. Postinsult efficacy is, of course, aprerequisite for any eventual 
therapeutic use of any such compounds. Second, newer generations of antagonists must 
be developed that can be delivered to the brain more readily than via the ventricles, and 
with minimal peripheral side-effects. 

4. ESTROGENS AS NEUROPROTECTIVE 

One ofthe most exciting and provocative findings in Alzheimer's disease research 
in recent years has been the fact that postmenopausal estrogen replacement therapy 
very markedly reduces the risk ofthe disease (96,97). This has generated the question 
of whether estrogen can protect against necrotic insults as weIl. This question is 
prompted by the demonstration that the amyloid ß-peptide, which appears to playa 
role in the neuro degeneration seen in Alzheimer's disease, damages neurons through 
calcium mobilization and oxygen radical generation. The convergence of such toxicity 
with that provoked by excitatory amino acids is made more explicit by there being a 
toxic synergy between the amyloid peptide and glutamatergic excitotoxins 98-101. 

In support of these speculations, arecent and careful report has shown that estrogen 
protects cultured hippocampal neurons against glutamate, hypoglycemia, and a potent 
pro-oxidant (99). Significant, although lesser protection was afforded by progesterone, 
whereas other steroids such as testosterone, aldosterone and vitamin D had no effect; in 
support of the GC endangerment story, the authors observed that corticosterone sig­
nificantly worsened the toxicity of these insults. The estrogenic protection was quite 
potent, causing about a fivefold increase in the LD50 for glutamate. 

What mechanisms might account for this protection? The first possibility is that 
estrogen acts as an antioxidant, specifically intercalating into membranes and stabiliz-
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ing them against peroxidative attack. All steroids have this potential, independent of 
their classical receptor-mediated, genomic effects, and estrogen is one of the more 
potent steroidal antioxidants (102-104). In support ofthis scenario, the estrogenic pro­
tection shown by Goodman and colleagues required estrogen concentrations quite a bit 
higher than the Kd ofthe estrogen receptor; more importantly, the effect occurred even 
in the presence of protein synthesis inhibitors, indicating a nontraditional steroid effect. 

As a second mechanism, estrogen blunts glutamate-induced calcium mobilization in 
postsynaptic neurons (102). This could be owing to a direct, receptor-independent effect 
of estrogen on calcium dynamics. Altematively, it may be secondary to estrogen's 
antioxidant effects, as speculated by the authors. Oxygen radicals can increase cytoso­
lic calcium concentrations in neurons through a number of mechanisms (105). How­
ever, Goodman and coworkers did not show that estrogen reduces oxygen radicallevels, 
but rather reduces peroxidative lipid damage. Although there has not yet been a direct 
demonstration that such lipid damage elevates cytosolic calcium concentrations, the 
authors emphasize, reasonably, that an intact and functional membrane would be an 
important prerequisite for calcium homeostasis. 

Finally, estrogen has long been known to promote neuronal sprouting and arboriza­
tion, and to playa dynamic role in the remodeling ofthe brain (106). As a likely medi­
ating mechanism, estrogen induces a variety of neurotrophins, and will potentiate their 
induction following a necrotic insult (107,108). The protective potential of neuro­
trophins following such insults has been demonstrated (109) and could be a route by 
which estrogen protects neurons. However, such estrogenic actions are receptor- and 
genomically-mediated, in contrast to the protection shown in the present study. Thus, 
one can tentatively conclude that the protection by estrogen uncovered by Goodman 
and colleagues most likely arose from its antioxidant actions and ability to reduce cal­
cium mobilization. 

5. TESTOSTERONE AS NEUROPROTECTIVE 

A somewhat peculiar footnote appeared recently conceming GC neuroendanger­
ment. The deleterious effects of GCs become more pronounced in aged brains; for 
example, a regime of repeated stressors that fail to cause damage to the hippocampus in 
young rats will do so in aged subjects (16). Prompted by this, Mizoguchi and colleagues 
17) reported that testosterone administration protected male rats from stress-induced 
degeneration in the hippocampus. The authors speculated that the declining concentra­
tions of androgens with age would thus be the explanation for why GC neurotoxicity 
becomes more pronounced in older animals. 

This interesting idea has not held up, however, in our opinion. First, GC neurotoxic­
ity and neuroendangerment occur in the female hippocampus as weH as the male (23). 
Given the neuroprotective potential of estrogen, one could argue by extension that the 
declining levels of estrogen in the aged female rat enhances hippocampal vulnerability, 
much as posited for testosterone and the male; this has not been directly demonstrated. 
As a second problem, there seems to be no particularly compelling ceHular mechanism 
of action by which testosterone might serve this protective role, and a number of in 
vitro studies have failed to note protective effects oftestosterone against necrotic insults 
(102,110). Third, the picture of dramatic declines in testosterone concentrations with 
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age is somewhat a myth in gerontology, and free testosterone fractions dec1ine only 
mildly from middle-age on (111). Finally, arecent study failed to replicate the test­
osterone-dependency of Ge neurotoxicity (112). Therefore, we tentatively feel that 
any role played by testosterone in modulating ischemic injury is likely to be a small 
one, at best. 

6. INSULIN AS NEUROPROTECTIVE 

The ability of preischemic hyperglycemia to worsen neurological outcome, once 
one of the most challenging paradoxes in neurology, has come to be a cornerstone of 
our understanding of ischemia and the possible role of anaerobic acidosis in causing 
ischemic injury. The glycemic literature that emerged in the 1980s generated the obvi­
ous prediction that pr"ischemic administration of insulin, insofar as it would lower 
glucose concentrations at the time of the ischemia, should be neuroprotective. A spate 
of papers since then has indeed demonstrated insulin' s neuroprotective potential against 
global ischemic models (113-118) as weH as against middle cerebral artery occlusion 
(119). In these studies, lowering glucose concentrations to approximately the 3-5 mM 
range proved quite protective, as assessed by the size or severity ofthe lesion produced, 
the survival rate, the incidence of postischemic seizures, neurologic deficit scores in 
general, and cognitive function; in some instances (118), ischemic animals adminis­
tered insulin were statisticaHy indistinguishable from control animals without ischemia. 

As with most facets ofphysiology and pharmacology, an inverse-U function occurs, 
in that higher insulin concentrations, in which resulting glucose concentrations were 
<3 mM, exacerbated ischemic damage (114, 115). This could readily be interpreted with 
a modification of the prevailing wisdom at the time. A conc1usion from the hyper­
glycemia paradox was that, in the case of ischemia, energy could be deleterious, if it 
was the wrong kind of energy (i.e., of a type that promoted anaerobic acidosis). The 
lesson ofthe higher-dose insulin studies was that energy was still essential to a neuron, 
and the energetic consequences of severe hypoglycemia could more than offset the 
protective effects. 

As more understanding emerged conceming the effects of insulin during ischemia, 
it became apparent that its neuroprotective actions were, in fact, independent of its 
glycemic effects. This came around the same time that there was some waning of 
enthusiasm for the notion that ischemic injury was exclusively, or even predominantly 
mediated by anaerobic proton production (110). As the first piece of evidence that 
insulin's actions did not require preischemic hypoglycemia, it was discovered that the 
hormone was protective even if administered during the postischemic reperfusion 
period (115,116,118). And as equally compelling evidence, the protective effects of 
preischemic insulin administration still occurred, to at least as great of an extent, even 
if the hypoglycemia was artificially reversed (113,117). These unexpected findings 
suggested that insulin's neuroprotective effects arose from its actions within the cen­
tral nervous system. 

Insulin receptors can be found throughout the nervous system, and the peptide has a 
variety of neurotransmitter and/or neuromodulatory roles (120). Thus, the emphasis in 
the field shifted to understanding the relevance of those roles to the neuroprotection. 
The strongest hint is insulin's generally inhibitory effects on neuronal electrophysiol-
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ogy (121,122), as weIl as its ability to inhibit cerebral metabolism (123). As the most 
likely mechanism underlying electrophysiologic inhibition, insulin inhibits astrocyte 
uptake of GABA (124), and causes a marked increase in extracellular GABA concen­
trations in the hippocampus during ischemia (125); both of these effects are indepen­
dent of its glycemic actions. An increase in GABAergic tone during a necrotic insult is 
a well-documented mechanism for neuroprotection, given GABA's capacity to inhibit 
excitatory amino acid release and suppress seizure activity. As one possible con­
found, the same microdialysis study that reported that insulin enhanced extracellu­
lar GABA accumulation during ischemia failed to note an insulin effect on glutamate 
accumulation (125). 

A number of other central actions of insulin might be relevant to its neuroprotection. 
The peptide stimulates Na+/K+-ATPase activity (126), which is likely to decrease neu­
ronal excitability and to enhance postischemic ionic homeostasis. In addition, insulin 
enhances norepinephrine release and inhibits its reuptake (127,128). Both effects will 
enhance noradrenergic tone, ademonstrated route of protection during ischemia (129); 
as one complication, however, these insulin effects are not particularly robust in brain 
regions vulnerable to ischemia. Finally, insulin-like growth factors can be neuro­
protective (130); whether insulin itself can act in a neurotrophic manner during necrotic 
insults remains to be demonstrated. 

Thus, a number ofpossible mechanisms could give rise to insulin's direct protective 
effects in the ischemic brain. As a final complication, whereas insulin protects against 
both global ischemia and infarct, the protection in the latter case appears to be entirely 
a function of its glycemic effects (119), in that insulin administration to artificially 
maintained normoglycemic rats was not neuroprotective. This singular observation is 
strengthened by the fact that authors were the same who originally demonstrated the 
hypoglycemia-independent effects of insulin on global ischemia. This underlines the 
heterogeneity of mechanisms of ischemic injury, and the validity of dichotomizing 
between global and focal ischemia (131). These general findings regarding insulin and 
global ischemia may reflect even more broadly salutary effects of this hormone in the 
endangered brain; for example, arecent paper reports that insulin improves cognitive 
performance in Alzheimer's patients, independent ofits glycemic effects (132). 

7. SYMPATHETIC CATECHOLAMINES AND ISCHEMIC INJURY 

As just discussed, the discovery that preischemic hyperglycemia worsens neuro­
logic outcome prompted the examination of insulin's neuroprotective potential. A 
similar line of reasoning led to the examination of the effects of sympathetic catecho­
lamines. As classically "counter-regulatory" hormones, epinephrine and norepineph­
rine antagonize insulin' s actions, raising circulating glucose concentrations by 
stimulating glycogenolysis and gluconeogenesis. Moreover, given the cerebrovascular 
effects of catecholamines, they not only cause hyperglycemia but increase cerebral 
perfusion rates and thus promote the delivery of glucose to the brain. This generates the 
simple prediction that elevated preischemic catecholamine concentrations should add 
to the resulting damage, and pharmacologic blunting of the sympathetic system 
preischemia should be neuroprotective. This has now been shown in a number ofmod­
eIs of incomplete brain ischemia (133-139). 
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More recent studies have shown that although preischemic hyperglycemia does have 
the potential to worsen ischemic damage, postischemic glucose supplementation can, 
in fact, be quite protective (110). This prompted the demonstration that administration 
of catecholamines in the postischemic reperfusion period decreases damage (66). (It 
should be noted that this finding superficially resembles that of Blomqvist and col­
leagues [129J, who reported that activation ofthe noradrenergic locus cereleus projec­
ti on to the forebrain also decreased ischemic damage. However, it must be recalled that 
the circulating catecholamines do not penetrate the blood-brain baITier, and any of 
their effects must arise from their peripheral actions.) Whereas only a single study has 
shown postischemic catecholamines to be protective, this strikes us as a particularly 
credible report, coming from the laboratory of Siesjo and colleagues in Lund. The 
authors noted how ischemic insults stimulate tremendous sympathetic output (140), 
and speculated that the mobilization of this stress-response during ischemia can be 
viewed as a defensive adaptation on the part ofthe body. This is in sharp contrast to 
the fact that the stressor of ischemia also stimulates CRF activation and GC release, 
both of which, as noted, add to damage. This seeming contradiction will be discussed 
in Section 9. 

8. HYPOTHYROIDISM AS A ROUTE OF NEUROPROTECTION 

Thyroid hormones are among the most versatile endocrine messengers in the body, 
in terms of the extent of tissues over which they exert effects, and the broad range of 
cellular events they can influence. A number of studies have demonstrated that ischemic 
damage to the liver and kidney is reduced in animals surgically or chemically rendered 
hypothyroid (141,142). Given the general picture ofpostischemic tissue as being ener­
getically fragile, it is not surprising that elimination of a hormone that markedly 
increases metabolism should protect these organs. In line with that, these studies indi­
cated that hypothyroidism also diminished oxygen radical generation in these organs. 

These observations suggested an obvious extension to the brain, insofar as 
hypothyroid individuals also have a suppression ofcerebral metabolism (143). In sup­
port of this, arecent report shows that hypothyroidism in the gerbil also protects the 
ischemic forebrain, decreasing damage anywhere from 50 to 100% in a number of 
brain regions (144). Importantly, the authors show that this protection is not secondary 
to hypothermia, a likely if uninformative route of protection. 

This protection by hypothyroidism most plausibly arises from the decrease in 
metabolism, and would be commensurate with the protective effects of barbiturates 
and hypothermia. As a proximal outcome, ischemic tissue in hypothyroid animals, with 
their lower metabolic rate, would likely produce less oxygen radicals. However, in 
contrast to the literature regarding ischemia in peripheral organs, hypothyroidism did 
not change indices of oxygen radical generation or levels of some key antioxidants in 
the postischemic gerbils (see ref. 144). Perhaps related to this, thyroid hormones do not 
exert identical effects on oxidative metabolism in neural and nonneural tissues (145). 
Regardless of whether there is a specific change in the profiles of reactive oxygen 
species, the decreased metabolic rate will leave neurons with greater energy stores to 
control the fluxes of glutamate and calcium. In support of this, a subsequent 
microdialysis study from the same group indicated that hypothyroid animals had less 
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accumulation of extracellular glutamate during ischemia than control gerbils (J 44). As 
an additional and indirect peripheral mechanism, hypothyroidism causes hypoglycemia, 
and enhanced insulin release (143) as reviewed above, both ofthese effects can protect 
ischemic brain tissue. 

This smalliiterature suggests that thyroid hormones, most probably by enhancing 
both peripheral and CNS metabolism, will exacerbate ischemic brain damage. Numer­
ous investigators have emphasized the increasing vulnerability of the aging brain to 
necrotic insults, and have sought to understand this. Interestingly, one might predict 
that the decreasing thyroid tone with old age (146) should be a source ofprotection for 
the aged brain. This remains to be examined. 

9. CONCLUSIONS 

In this review, we have considered the capacity ofGCs and, more briefly, a number 
of other hormones to modulate ischemic neuronal injury. Broadly, current findings 
suggest that GCs, CRF, preischemic catecholamines, and thyroid hormones can 
worsen damage, whereas protection is afforded by estrogen, insulin, and postis­
chemic catecholamines. 

Several themes are worth emphasizing. One is how in some cases, the modulating 
effect of a hormone on ischemic injury does not arise from the traditional peripheral 
action ofthat hormone, but rather from more recently-discovered direct actions within 
the brain. Examples ofthis would inc1ude the glycemia-independent actions ofinsulin 
in decreasing damage, and the direct effects of GCs in increasing damage. 

A second theme is the varied mechanisms of action by which hormones influence 
ischemic outcome, commensurate with the broad range ofhormone actions in general. 
Some patterns that emerge are that hormones can modulate ischemic damage insofar as 
they change circulating glucose concentrations (sympathetic catecholamines, insulin 
in the case of focal infarct), directly alter the excitability and energetic profile of 
endangered neurons (CRF, insulin, GCs), or alter facets of oxygen radical production 
and oxidative damage (estrogen, GCs). Directly related to the issue of altering circulat­
ing glucose concentrations is the question of when the particular hormones are exerting 
their effects, as preischemic and postischemic hyperglycemia can have opposing effects 
on ischemic injury. 

Another issue to be considered is the role of"stress" in modulating ischemic injury. 
Both physical and psychological stressors will mobilize CRF release within the CNS, 
and increase circulating catecholamine and GC concentrations. If these all occur prior 
to the ischemic insult, all are likely to worsen the outcome. However, ifthis collective 
stress--response is mobilized only at the time of the insult (and ischemia, as noted, 
triggers a considerable activation of all these branches of the stress-response), the GC 
and CRF components are likely to add to injury, whereas the sympathetic component is 
likely to decrease damage. Which components will prevail? As is often the case in 
physiology, the only way to tell the relative weights ofthese facets is to combine them 
into a whole; it remains to be tested whether the integrated, multiendocrine stress-­
response, if mobilized only at the time of an ischemic insult, adds to or lessens the 
resulting damage. This seems an important study to carry out. 

This issue of the effects of stress-induced secretion of these hormones brings up 
another issue. The hope in a review such as this is to eventually derive useful therapies 
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with the knowledge of how various endocrine factors modulate ischemic injury. The 
most common way in which such therapies are conceptualized is to detect something 
protective that the body does at such times and to improve on it-for example, to 
develop insulin analogs that are even more neuroactive than insulin itself is, and to use 
that therapeutically. The possibility that the endogenous stress-response can add to 
ischemic damage raises the specter of interventions that prevent the body from 
having a typical and mal adaptive response to ischemia. Thus, the use of CRF 
antagonists or GC synthesis inhibitors would represent a more novel, but no less 
hopeful approach to therapy. 

Finally, the ability to devote an entire chapter in an ischemia volume to endocrinol­
ogy is a hopeful sign in and of itself; our knowledge of the basic cascade of neuron 
death following ischemia has now matured sufficiently that we can even consider the 
modulators ofthat cascade. Hopefully, this will pave the way for future interventions. 
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10 
Inflammatory Responses to Cerebral Ischemia 

Implications tor Strake Treatment 

John Sharkey, John S. Kelly, and Steven P. Butcher 

1. BACKGROUND 

In arecent editorial, Dr. Schmid-Schönbein (1) succinct1y summarized the case for 
inflammation in the pathogenesis of cerebral ischemia; 

There is increasing evidence to suggest that reperfusion following an ischemic episode 
leads to an oxidative burst that serves to induce the expression of a number of 
proinflammatory genes, such as cytokines or leukocyte adhesion molecules. This in turn 
leads to an accumulation of leukocytes during reperfusion and the initiation of a proin­
flammatory event, with elevation of endothelial permeability, enhancement of oxygen 
free radical production, migration of leukocytes into the parenchyma, and expansion of 
tissue necrosis. 

On reading this synopsis, a number of questions come to mind. Do these inflamma­
tory responses only occur in reperfusion injury, or are they also part of a general patho­
physiological response to cerebral ischemia? What is the time-course of the various 
components involved in the inflammatory response, inc1uding production and release 
of proinflammatory proteins, leukocyte adhesion and infiltration into the ischemic tis­
sue (Fig. I)? What is the contribution ofthe resident inflammatory cells (astrocytes and 
microglia)? Do these various cell targets and biochemical processes offer a useful 
avenue for therapeutic intervention? 

2. INFLAMMATORY RESPONSES TO CEREBRAL ISCHEMIA 

The brain is traditionally thought of as an immunologically privileged site since it 
lacks a lymphoid system, and antigen presenting dendritic cells (2). However, there is 
increasing evidence that inflammatory responses play an important role in a variety of 
pathological conditions affecting the central nervous system (CNS), inc1uding multiple 
sc1erosis, Behget's syndrome, trauma, and cerebral ischemia. Ischemic brain injury not 
only causes endogenous parenchymal cell damage, but also induces inflammatory 
responses that inc1ude the infiltration and accumulation of polymorphonuc1ear leuko­
cytes (PMNLs) and monocytes/macrophages, as well as the stimulation of micro­
vascular proliferation (3-7). In addition, astrocytes and microglia resident within the 
brain respond to ischemic insults and can rapidly precipitate a local inflammatory 
response. The importance of these cells, together with their circulating counterparts, 
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Fig. 1. Schematic overview ofthe inflammatory responses to focal cerebral ischemia. Within 
minutes of energy failure, proinflammatory cytokines (particularly TNF a and IL-l ß are 
expressed within microglia. In the first hours after the insult, adhesion molecules are expressed 
and leukocytes accumulate and plug the microvasculature. Neutrophils transmigrate across the 
endothelium and infiltrate into the ischemic penumbra where they release free radicals and 
other cytotoxic products. The microglia retract their processes and begin to engulftissue debris 
before re leasing free radicals and NMDA-like neurotoxins. Subsequently, the microglia are 
joined by circulating monocytes/macrophages. Over the succeeding days and weeks, ischemic 
tissue is debrided and an astrocytic scar formed. In transient ischemia, these events may be 
accelerated (see text). 

the PMNLs and macrophages, to the pathophysiology of cerebral ischemia is emerg­
ing. Recent evidence also suggests that cytokines such as interleukin-l (lL-l), 
interleukin-6 (lL-6), and tumor necrosis factor (TNFo', as weIl as the chemokines, 
interleukin-8 (lL-8), cytokine-induced neutrophil chemoattractant (CINC), and 
monocyte chemoattractant protein (MCP-l) are rapidly produced in the brain in 
response to ischemia. Such cytokines up-regulate leukocyte adhesion moleeules 
(ß2 integrins, ICAM's, and the selectins) and activate inflammatory cells to produce 
toxic mediators. 

Therapeutic strategies aimed at suppressing the inflammatory responses to cerebral 
ischemia offer a new and exciting avenue for the treatment of stroke. In this review we 
will examine: the immunological responses to cerebral ischemia, the contribution of 
resident and circulating inflammatory cells to ischemic injury, and strategies of 
neuroprotection involving suppression of inflammatory responses. We will also exam­
ine some recent insights into signal transduction processes involved in the pathogen­
esis of ischemic cell death gained from studies of the potent immunosuppressants, 
FK-506 and cyclosporin-A. 
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2.1. Circulating Leukocytes 

The appearance ofPMNLs and monocytes in ischemic tissue was originally believed 
to represent a pathophysiological response to pre-existing injury. However, since the 
early 1970s, increasing evidence suggests that activated PMNLs and monocytes 
accumulate in the microvasculature before transmigrating into the ischemic tissue 
where they may contribute to tissue damage by reducing local tissue perfusion, initiating 
thrombosis, and releasing free radicals, proteinases, and other cytotoxic substances (6,8). 

2.1.1. Impairment ofCerebral Tissue Perfusion 
Defects in local tissue perfusion, the so called "no-reflow" phenomenon, has been 

reported in cardiac and brain models of ischemia/reperfusion (see refs. 5,6,9,11 for 
discussion). This has been attributed to physical blockade of the capillaries by leuko­
cytes (6,11). In the baboon, microvascular "no-reflow" was reported to occur in >60% 
of capillaries examined within 1 h of reperfusion following middle cerebral artery 
(MCA) occlusion. Further examination revealed the presence of single PMNLs 
obstructing individual capillaries, whereas elumps of granulocytes partially oceluded 
the postcapillary venules (9). The percentage of vessels exhibiting "no-reflow" was 
reduced in this model by prior administration of the anti-CD 18 MAb IB41 (12). More 
recently, Garcia and coworkers (13) examined the effects of permanent MCA ocelu­
sion on rat microvessels using light and electron microscopy. Leukocyte plugging of 
the microvasculature was noted, with PMNLs seen in elose apposition to the endothe­
lial surface within 1 h of ocelusion followed after 4 h by monocytes. 

2.1.2. Initiation ofThrombosis 
The role ofleukocytes in the initiation of thrombosis remains somewhat controver­

sial. Epidemiological studies suggest that leukocytes may contribute to the initiation of 
stroke (14). This view is supported by findings that the coagulation cascade is activated 
in stroke patients (15), that activated monocytes and PMNLs exhibit potent elot-pro­
moting activity in vitro and that leukocyte--platelet aggregates are found in cerebral 
thrombosis (for reviews, see refs. 6 and 16). However, direct experimental data sup­
porting a role for leukocytes in the initiation of thrombosis is lacking (13), and acti­
vated leukocytes have little effect on cerebral blood flow in normal animals (6). 
Conversely, since activated monocytes, and to a lesser extent PMNLs, support clot 
lysis by release of plasminogen activating factor and other lytic enzymes (including 
elastase ), it has been argued that leukocytes may play an antithrombotic role in cere­
bral ischemia (16,17). This view is supported by reports of increased levels of elastase 
(18), and reduced procoagulant activity ofPMNLs and monocytes, in patients follow­
ing ischemic stroke (16,17). 

2.1.3. Secretion ofFree Radicals and Toxins 
In arecent study, Matsuo and coworkers (19) examined the time-course offree radi­

cal production during reperfusion following 1 h MCA occlusion in the rat. They found 
that ascorbate radical (AR) formation showed a biphasic profile, increasing immedi­
ately after reperfusion for approx 1 h before retuming to baseline values until approx 
24 h when a secondary increase was noted. Since neutrophil infiltration began some 6-12 h 
after reperfusion in this model, they argued that circulating neutrophils caused the initial 
surge in free radicals, whereas infiltrating neutrophils were responsible for the delayed 
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increase. This hypothesis was supported by studies demonstrating that free radical 
surges could be attenuated by an antineutrophil antibody (RP3), superoxide dismutase 
or catalase (19). 

The time-course of PMNL accumulation after stroke in humans, and after perma­
nent MCA occlusion in animal models, has been reviewed (6). In both conditions, 
maximal PMNL infiltration into a "reactive zone" around the ischemic core occurred 
between 48-72 h, with further infiltration into the core by 7 d postocclusion. The PMNL 
accumulation is greater in animal models of transient focal cerebral ischemia with 
reperfusion than in permanent occlusion models (93). Based on studies reporting PMNL 
infiltration in global ischemia only when the duration of the insult exceeded 40 min, 
Kochanek and Hallenbeck (6) concluded that PMNL infiltration is unlikely to be of 
clinical importance. 

Arecent electron microscopy study by Garcia and his associates (13) discussed the 
fate of PMNLs and monocytes following permanent MCA occlusion in rat. They 
observed that, whereas PMNLs were seen in close apposition to the endothelial cell 
surface after 1 h of ischemia, transmigration did not occur until at least 12 h following 
MCA occlusion. Similarly, monocytes were first seen in vessels 4 h postocclusion, but 
did not appear in the parenchyma until 8 hiater. Widespread infiltration of monocytes 
did not occur until 72 h postocclusion, peaking after 7 d. A similar pattern of PMNL 
and monocyte infiltration was reported in spontaneously hypertensive rats (SHR) fol­
lowing permanent MCA occlusion (20). However, when SHRs were subjected to tran­
sient MCA occlusion, infiltration occurred after 6 h for PMNLs and 1 d for monocytes. 
Contrarily, instead of increasing infarct size as seen in other strains of rat and in other 
tissues, reperfusion injury in the SHR model appears to reduce the volume of brain 
damage (20). 

2.1.4. Neutrophils 

Neutrophils are initially the predominant leukocyte to enter the brain following 
ischemia followed by infiltration of lymphocytes and mononuclear phagocytes (21,22). 
Neutrophils play an important role in ischemia-reperfusion injury by releasing a vari­
ety of cytotoxic products, including free radicals (23-26). Activated neutrophils are a 
major source of free radicals associated with ischemia-reperfusion injury in heart (27) 
and lung (28). Similarly, inhibition ofneutrophil function has a significant protective 
effect in ischemia-reperfusion brain injury (29-34). Neutropenia-induced protection 
against ischemic damage has been demonstrated in a variety of tissues including heart 
(35-38), lung (39,40), spinal cord (41,42), and brain (4,33,43-45). However, as noted 
by Chopp and coworkers (30,46), the immunosuppression associated with anti­
neutrophil therapy make this approach impracticable for clinical use. Consequently, 
other approaches, particularly those that interfere with leukocyte adhesion and infiltra­
tion, have become more popular. 

2.1.5. Lymphocytes 

It is gene rally believed that PMNLs and monocytes, but not lymphocytes, are 
involved in the pathogenesis of cerebral ischemia (6). However, two recent studies 
suggest that T-lymphocytes may playa role. Morioka and coworkers (47) reported the 
infiltration of T -cells into ischemic tissue following MCA occlusion in the rat. A more 
extensive study by Jander and coworkers (22) examined the effects ofphotothrombotic 
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lesions to the rat cortex upon lymphocyte infiltration. Using selective MAbs against 
lymphocyte surface antigens, infiltrating CD8+ cytotoxic T -cells and natural killer cells 
were observed between 1-2 d postlesion. These cells had circumscribed the infarct by 
d 3 and began to infiltrate the infarct by d 7. At each stage, the T -cell response preceded 
that of infiltrating macrophages. Considering the paucity of data, it is uncertain whether 
a pronounced T -cell response is a common feature of focal cerebral ischemia or is 
merely a consequence ofirradiation-induced photoperoxidation ofthe endothelium. 

2.1.6. Monocytes/Macrophages 

The contribution played by blood-borne monocytes in ischemic brain injury is not 
weIl understood. In man, the infiltration of macrophages into ischemic tissue occurs 
some 48-72 h after the insult (48,49). However, as noted recently (49), clinical data for 
earlier time points is somewhat lacking. In animal models, infiltration of activated 
monocytes into the ischemic penumbra has been observed as early as 12 h postocclu­
sion, with infiltration into the ischemic core occurring some 12--48 h later depending 
on the model (39). Once these reactive monocytes reach the site ofinjury they appear 
to engulftissue debris before releasing free radicals and NMDA-like neurotoxins (51-
53). Although the infiltration ofmonocytes and subsequent release ofneurotoxic agents 
has been implicated in the progressive loss of motor neurons observed following 
moderate ischemia in the spinal cord (41,54), it would appear unlikely that such a 
delayed event would contribute significantly to the evolution of infarction in focal 
cerebral ischemia. 

2.2. Endogenous Cells 

2.2.1. Microglia and Astroglia 

Microglia behave as the resident macrophages of the brain, where they are sug­
gested to playa critical role in the inflammatory response, phagocytosing injured or 
dying cells and scavenging debris from degenerating cells (2,52). It has also been pro­
posed that, like their circulating counterparts, microglia may injure cells by releasing 
cytokines, free radicals, and a neurotoxin that can be inhibited by NMDA receptor 
antagonists (49,53,55). Monocytes and microglia are a source of nitric oxide (NO) 
(56), and secrete a variety of cytokines including IL-l and TNFa that stimulate both 
angiogenesis and glial proliferation (2). In addition, microglia have been shown to 
secrete basic fibroblast growth factor, which has neurotrophic activity (57). 

The majority of resident microglia are quiescent, lacking phagocytic or secretory 
capacities (58). However, within hours of an ischemic insult, their processes retract 
and the microglia assurne a macrophage-like phenotype (59). There is also evidence 
that the time-course of this transformation may be related to the type of ischemia. In 
the rat, microglial activation has been observed 24 h after permanent MCA occlusion 
(47). In contrast, antiphosphotyrosine labeling of microglia is reported to increase 
within 3 h ofreperfusion following transient MCA occlusion (60). Differences in the 
time-course of microglial responses in permanent and transient ischemia models 
have been attributed to ischemic severity (60). However, it is also likely that 
reperfusion damage, or even differences in staining methods, may contribute to the 
observed discrepancies. A systematic comparison of the microglial response in both 
temporary and permanent ischemia models would answer this question. 
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Whereas inhibition of monocyte infiltration, by combined treatment with colchicine 
and chloroquine, reduces ischemic injury and improves neurologie al outcome in rab­
bits subjected to spinal cord ischemia, this approach does not confer neuroprotection in 
models offocal cerebral ischemia (31,41,52). Similarly, methyl prednisolone has been 
shown to reduce the expression of JE/MCP-I mRNA (a potent and selective monocyte 
attractant) and to attenuate macrophage accumulation in rat brain following focal 
ischemic insult (61). However, pharmacological inhibition ofmonocyte infiltration did 
not influence lesion size, neuronal damage or neurological outcome (61). It has been 
argued that the rapidity and severity of the ischemia produced in the rat MCA occ1u­
sion model destroys both neurons and glia at the site of infarction thereby preventing 
the initiation of local inflammatory response. In contrast, the moderate ischemia pro­
duced in spinal cord models spares resident microglia, thereby facilitating inflamma­
tory processes and consequent extension ofthe insult (52,61). 

Resident microglia have also been implicated in the phenomenon of ischemic 
preconditioning, in which abrief exposure to ischemia confers protection against sub­
sequent ischemic episodes (87). Kato and coworkers (87) have reported that a pre­
conditioning insult of 3 min forebrain ischemia caused a selective activation of 
microglia in the CAI subfield ofhippocampus. In contrast, 6 min offorebrain ischemia 
was associated with a more intense activation of the microglia with retraction of the 
pseudopodia and subsequent damage to CAI neurons. However, ifthe brain was sub­
jected to preconditioning prior to the insult, CAI cell damage induced by a 6-min 
ischemic episode was prevented and microglial activation returned towards control 
values by 7 d. Such findings suggest that inhibition of microglial activation may not 
represent a viable therapeutic intervention for the treatment of cerebral ischemia. 

Astroglia have long been considered impediments to the regeneration ofthe injured 
brain (2,63,64). However, most in vitro studies suggest that astroglia actually support 
neuronal growth and survival (49,65). In one such study, Guilian and coworkers exam­
ined the effects of microglial and astroglial secretions upon the growth of cultured 
ciliary neurons. They found that microglia secrete small «500 Dalton), heat-stable, 
nonproteinaceous neurotoxins with biologie al activity blocked by NMDA receptor 
antagonists. These factors were selectively neurotoxic and did not reduce oligodendro­
glia, astroglia, or Schwann cell number in vitro. Although these microglial neurotoxins 
have yet to be identified, they would appear to act via a mechanism similar to excitatory 
amino acids because APV and MK-801 were neuroprotective, but L-channel blockers 
and CNQX were not. High performance liquid chromatography revealed a sharply 
defined peak that was not copurified by quinolinate, glutamate, or aspartate. Interleukin 
la, Iß, and TNFa, lactic acid, proteases, and free radicals were also excluded. By 
contrast, the secretions from astroglia were proteinaceous (> I 0 kDa), promoted neu­
ronal growth in culture, and attenuated microglial toxicity. 

2.3. Proinflammatory Cytokines 

2.3.1. Interleukin-1 

To date, by far the best characterized cytokine response in cerebral ischemia involves 
IL-I. IL-I is a potent inflammatory mediator that can stimulate astrocyte proliferation 
(66,67) and brain edema (68), activate leukocyte infiltration (6,69,70), and induce de 
novo synthesis of endothelial membrane adhesion moleeules (lCAM-1 and E-selectin) 
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(71,72). IL-I has also been found in the cerbrospinal fluid (CSF) ofpatients with trau­
matic brain injury (73) and is expressed in animal models of cerebral ischemia, 
neurodegeneration, and traumatic brain injury (74-78). IL-l describes three proteins, 
IL-la, IL-1ß, and IL-l receptor antagonist (lL-lra), which, although they show sig­
nificant sequence homology, are derived from separate gene products. Both IL-l a and 
IL-1ß are agonists for the Type I IL-l receptor, whereas IL-lra behaves as an endog­
enous receptor antagonist (79). Autoradiographical and immunohistochemical studies 
indicate that the IL-1ß isoform predominates within the CNS (80,81), and is involved 
in the evolution ofischemia brain injury (74-76,78,82). 

IL-l ß mRNA has been detected in the rat brain within 30 min of reperfusion follow­
ing transient (10 min) forebrain ischemia using in situ hybridization techniques (83). 
Interestingly, this early response appears to be a function of the ischemic insult rather 
than reperfusion since IL-1ß mRNA can also be detected as early as 15 min following 
onset of permanent MCA occlusion (74). In both studies, IL-I ß mRNA appeared to be 
localized in microglia rather than astrocytes or neurons. These findings are consistent 
with the view that monocytes are the principle source ofIL-1ß in brain injury (84). 
There is emerging evidence that the magnitude of the IL-l ß response may be depen­
dent on the ischemic model. Northem blot studies have shown that permanent MCA 
occlusion results in a 2-3-fold increase in IL-1ß mRNA between 6 and 12 h 
postocclusion (75). Increases in IL-l ß of a similar magnitude have been reported using 
immunometric assays (82). In contrast, Wang and coworkers (78) reported that IL-1ß 
mRNA increased up to 29-fold following transient MCA occlusion. The observation 
that IL-l ß mRNA is rapidly expressed does not necessarily mean that it is being 
released because IL-l ß is regulated independently at the transcription and translation 
level (85). Pro-IL-1ß precursor protein requires cleavage at the Aspl16-Alal17 site by 
interleukin-l converting enzyme (lCE) to become biologicallY active. Whereas we do 
not know how quickly IL-1ß is released in ischemic tissue, the requirement for ICE in 
the production of IL-l ß may offer a method of neuroprotection. 

Intracerebroventricular inj ections of recombinant human IL-l ß enhanced edema 
formation, increased neutrophil infiltration, and increased infarct size in a dose-depen­
dent manner in rats subjected to 60 min ofMCA occ1usion with reperfusion (86). The 
edematous reaction, neutrophil infiltration, and infarct size were attenuated by anti-IL-
1 ß neutralizing antibodies or by infusion of the putatively selective IL-l b blocker zinc 
protoporphyrin (86). Edema induced by transient MCA occlusion is augmented by 
irradiation-induced leukopenia (87). Since edema can also be significantly attenuated 
by infus ions of the IL-l neutralizing antibody, these authors suggested that IL-l ß may 
act synergistically with other proinflammatory agents, such as leukotrienes and PAF, 
in the formation of edema (87). 

The IL-lra has been shown to be neuroprotective in models of permanent MCA occlu­
sion (88-90). As little as 10 I-tg given directly into the ventricles 10 min before and 30 min 
after MCA occlusion were found to reduce ischemic damage by 50%. More recently, 
Betz and coworkers (88), using a recombinant adenovirus vector system, found that rat 
brains that overexpress IL-lra, by up to 50-fold over control levels, exhibit a 64% 
reduction in the volume of ischemic brain damage as a result of permanent MCA 
occlusion. Since these studies were performed in models of permanent occlusion, sup­
pression of IL-l-mediated reperfusion injury could not account for the reduction in 



242 Sharkey, Kelly, and Butcher 

infarct size. Garcia and coworkers (91) also reported that IL-l ra significantly improved 
neurological score, reduced the number ofPMNLs within the ischemic area, and attenuated 
ischemic brain damage produced by permanent MCA occ1usion. They speculated that 
IL-l ra may prevent the infiltration of PMNLs by blocking the production oflL-8 in 
endothelial cells; IL-8 being necessary for the transendothelial migration of PMNLs (91). 

2.3.2. üther Cytokines 

Tumor necrosis factor (TNFa and IL-6 mayaiso play roles in the pathogenesis of 
ischemic brain injury. TNFa is primarily produced by activated macrophages in the 
periphery (92) and by microglia in the ischemic brain (93-95). It is rapidly produced in 
ischemic tissue, with increases in mRNA (93,94) and protein (93) detectable within 1 h 
ofMCA occ1usion in the rat, peaking approx 3 h (mRNA) and 8-24 h (protein) follow­
ing the insult. Uno and coworkers (95) have also reported rapid and prolonged increases 
in TNFa positive microglia within the hippocampal CAl subfield ofmice subjected to 
transient (10 min) forebrain ischemia (95). Like other cytokines, its precise role in the 
pathophysiology of cerebral ischemia is unc1ear. TNFa is a potent proinflammatory 
cytokine that may contribute to ischemic injury through a variety of mechanisms. TNF a 
is toxic to oligodendrocytes (77), stimulates astrocytic proliferation (77), and has been 
implicated in the demyelination and gliosis associated with brain injury (77,93). Alter­
natively, TNFa may exacerbate brain injury by stimulating the release of other 
cytokines (lL-l, IL-6, colony stimulating factor) (96), by altering blood--brain barrier 
permeability (77,97,98), by activating neutrophils to release free radicals (77), or by 
direct damage to the endothelium (99). TNFa also stimulates expression of leukocyte 
adhesion molecules (100) and iNOS, and enhances the action of endothelin-l on iso­
lated endothelial smooth musc1e cells in vitro (99). Direct microinjections of TNFa 
into rat cortex cause leukocyte accurnulation within the microvasculature ofthe injected 
hemisphere in vivo (94). Thus, whereas no neuroprotection studies have been per­
formed to date, the inhibition of TNFa action may provide a useful avenue through 
which reduction of ischemic damage might be achieved. 

Clinical studies suggest that interleukin-6 (lL-6) may be involved in the etiology of 
cerebral ischemia, with elevated levels ofIL-6 recorded in the serum and CSF of stroke 
patients (101,102). These authors reported that the magnitude ofthis increase is predic­
tive ofinfarct size (101,102). Similarly, animal studies have demonstrated increases in 
IL-6 production following stroke with rapid and prolonged increases in IL-6 mRNA 
expression reported following rat MCA occ1usion (J03). At present, one can only 
speculate as to the role of IL-6 in stroke. IL-6 may act as a cytokine brake, attenuating 
the effects ofIL-l and TNFa by stimulating the production oftheir respective circulat­
ing antagonists, IL-lra and TNFa receptor p55 (J 04). Alternatively, IL-6 may exacer­
bate ischemic injury by stimulating gliosis and breakdown of the blood--brain barrier 
permeability since transgenic mice overexpressing IL-6 exhibit lifelong reactive gliosis 
(104a) and a disrupted blood--brain barrier (J05). 

2.4. Cell Adhesion Moleeules 

The role of adhesion molecules in inflammation has been recently reviewed 
(71,72,106). The mechanisms involved in leukocyte recruitment have been elucidated 
in the periphery, and it would not be unreasonable to anticipate that similar mecha-
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Fig. 2. A diagrammatic representation of the processes involved in leukocyte infiltration 
following an ischemic insult. In this simplified model, cytokines (possibly TNF a and IL-I ß 
released in response to the ischemic insult stimulate both the selectin-mediated binding and 
rolling behavior, and the ß2 integrin and ICAM-l mediated aggregation and transmigration of 
leukocytes across the endothelium. Neutrophils and monocytes then migrate to the ischemic 
area where they can release proteases, free radicals, and other cytotoxic products. Oxygen free 
radicals released during reperfusion can accelerate and accentuate these processes. 

nisms occur within the CNS. In general, the first steps in the inflammatory response to 
tissue injury involve the adhesion of leukocytes to, and transmigration across, the vas­
cular endothelium (Fig. 2). Both Ieukocytes (PMNLs and monocytes) and endothelial 
cells play an active role in this process by regulating the expression ofmoIecuIes which 
mediate adhesion. Three major families ofproteins playa role in Ieukocyte-endothelial 
interactions; ß2 integrins, intracellular adhesion moleeules (lCAMs), and selectins. 

2.4.1. ß2Integrins 

The ß2 or CD 18 integrins are a family of heterodimeric adhesive proteins that share 
a common ß chain (CDI8) but differ with respect to their alpha chains (CDlla,b,c). 
Members of the ß2 integrins include lymphocyte function-associated antigen (LF A: 
CDlla/CDI8), Mac-l (CDllb/CDI8), and p150.95 (CDllc/CDI8). The LFA is 
expressed by all lineages of white blood cells while Mac-l and p 150.95 are largely 
restricted to macrophages, neutrophils and natural killer cells. Although ß2 integrins 
are thought to be involved in the migration of leukocytes across the endothelium, they 
have also been implicated in most leukocyte-adhesion functions. The Mac-l is believed 
to mediate the binding of stimulated neutrophils to the endothelium and may be 
involved in the pathophysiology of ischemialreperfusion injury in heart (107), liver 
(35), and brain (see Table 1). 
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Table 1 
Effect of Antiadhesion Therapy 
on the Outcome in Animal Models of Focal Ischemia 

Species Target Ischaemia model Outcome Reference 

Rat 
ß2 Integrins Intraluminal filament 

(CD18) 1 h MCAo, 24 h reperfusion 56-66% 34 
2 h MCAo, I wk reperfusion 51% 192 

LFA-I Intraluminal filament 
(CD 11 a) I h MCAo 24 h reperfusion 42-47% 34 

MAC-I Intraluminal filament 
(CDllb) 2 h MCAo 46 h reperfusion 43% 46 

2 h MCAo, 1 wk reperfusion 37-44% 192 
2 h MCAo 46 h reperfusion 28% 30 
2 h MCAo 46 h reperfusion 37% 32 
Permanent MCAo (48 h No effect 32 
Permanent MCAo (48 h) No effect 30 

ICAM-I Intraluminal filament 
(lA29) I h MCAo, 24 h reperfusion 66--83% 34 

2 h MCAo, 22 h reperfusion 41% 193 
2 h MCAo, 1 wk reperfusion 44% 30 
1 wk permanent MCAo No effect 30 

Rabbit 
(CDI8) Snare ligature 

8--40 min occlusion, 90 h Neurological 31 
reperfusion: spinal cord Improvement 

Microspheres 
Irreversible brain No effect 31 

Balloon catheter 
Reversible spinal cord (30 min) No effect 112 

ICAM-l Embolie Neurological 29 
Improvement 

Cat 
(CD18) Surgical clip No Effect 

90 min MCAo, 3 h reperfusion (CBF) 
Baboon 

(CD18) Surgical clip 
3 hMCAo, 1 h reperfusion Reduced no. 12 

ofoccluded 
microvessels 

Studies on rats were perfonned using the intraluminal filament approach, whereas a variety of approaches 
were used in the other species (Italies). Outcome, according to these authors was defined variously as; 
% reduction in ischemic volume, alterations in cerebral blood flow (CBF), improvement in neurological 
score, or reduction in the number of occluded microvessels. 

2.4.2. Intercellular Adhesion Moleeules 
The integrins bind to proteins on the surface of the endothelium that belong to the 

immunoglobulin superfamily (ICAM-l, ICAM-2, ICAM-3). ICAM-l expression can 
be induced by exposure to the cytokines TNFa, IL-l, and interferon y. ICAM-2 is 
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constitutive and restricted to endothelial cells and monocytes. ICAM-3 is highly 
expressed by leukocytes. ICAM-I has been implicated in neutrophil--endothelial inter­
actions and transendothelial migration. The functional roles of ICAM-2 and ICAM-3 
are not known. 

2.4.3. Selectins 

The selectins are the third family of adhesive proteins that mediate adhesion by 
binding to carbohydrate residues on glycoproteins and glycolipids. This family com­
prises three distinct molecules; E-selectin (ELAM-l), P-selectin (PADGEM or GMP-
140), and L-selectin (LAM-l or LECAM). E-selectin is expressed by stimulated 
endothelium and is primarily involved in neutrophil and monocyte adhesion to endot­
helial cells. P-selectin is stored in the a-granules of platelets and the Weibel-Palade 
bodies ofthe endothelial cells. Cell activation by proinflammatory agents (thrombin or 
histamine) results in a rapid and transient recruitment of P-selectin to the cell surface, 
where it is implicated in neutrophil rolling and local inflammation. L-selectin is consti­
tutively expressed on the surface of various leukocytes, inc1uding monocytes, neutro­
phils, and a subset oflymphocytes. It was originally described as a lymphocyte homing 
receptor, but it has also been implicated in the adherence of neutrophils to cytokine­
stimulated endothelial cells. 

2.4.4. Cell Adhesion Moleeules and Cerebral Ischemia 

According to one general model of leukocyte-endothelial interactions (71), the 
selectins mediate the initial binding and rolling behavior ofleukocytes, with ß2 integrins 
and ICAM-l involved in aggregation and transmigration across the endothelium (Fig. 2). 
These authors proposed that antiselectin treatments would block the initial binding 
events, whereas anti-ß2 integrin therapy would block the recruitment process, thereby 
leading to the eventual detachment of leukocytes (71). The expression of adhesion 
molecules in response to cerebral ischemia has only recently been examined. To date 
there is evidence that ICAM-l, P-selectin, and E-selectin (ELAM-l) are expressed in 
ischemic brain tissue. Up-regulation of ICAM-l has been demonstrated on micro­
vessels following ischemia in rat (22,33, 78,018), baboon (109), and human postmortem 
tissue (110). Matsuo and coworkers (33) reported the presence of ICAM-l positive 
immunoreactivity on capillary endothelial cells within 1 h of reperfusion following a 
60-min period ofMCA occ1usion. Increases in ICAM-l have been detected as early as 
3 h following permanent surgical occ1usion ofthe rat MCA (78,108). This profile of 
induction was reported to be generally similar following transient MCA occ1usion 
(78,108). Interestingly, the magnitude ofthe response was approx twice that produced 
by permanent MCA occlusion,even though the authors used a protracted period of 
ischemia (160 min). In the study by Okada and coworkers (109), a 3-h period ofMCA 
occ1usion in the baboon followed by reperfusion produced an up-regulation of both 
ICAM-l and P-selectin. They reported that ICAM-immunoreactivity could not be 
detected 2 h after the initiation of ischemia, but peaked between 1 to 4 h following 
reperfusion, and returned to preischemic levels by 24 h postocc1usion. In contrast, 
P-selectin immunoreactivity increased to its maximum level by 2 h of occ1usion, a 
level that was maintained throughout the 24-h reperfusion period. The vascular distri­
bution of ICAM-l and P-selectin within precapillary arterioles and postcapillary 
venules is consistent with the favored site ofPMNL adhesion and granulocyte transmi-
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gration during inflammation. Wang and coworkers (108) reported that E-selectin 
mRNA expression peaks in ischemic tissue some 12 h after permanent MCA occlusion 
in the rat and persists for up to 2 d after the onset of ischemia. However, since the 
measurements were made by Northem blotting, no information was available as to the 
exact localization of the E-selectin. 

2.4.5. Anti-Adhesion Therapy 

With two notable exceptions, the administration of anti-adhesion antibodies either 
before, or up to 4 h following initiation of the ischemic insult consistently reduces 
infarct size associated with transient MCA occlusion (Table 1). One reason for these 
two exceptions may be the choice of antibody. Takeshima and coworkers (111), 
reported that the anti-CDl8 MAb (60.3: 2 mg/kg), given 40--50 min into the insult had 
no effect on cerebral blood flow (CBF), somatosensory-evoked potential (SEP) ampli­
tude, and infarct volume produced by 90 min of ischemia followed by 3 h reperfusion 
in the cat. U sing the same concentration of this CD 18 antibody, F orbes and coworkers 
(112) found no effect on cerebral blood flow or the volume of damage produced by a 
90-min MCA occlusion followed by 3 h reperfusion in the rabbit. Although the 60.3 
antibody has been shown to reduce ischemic-reperfusion damage in the intestine (see 
ref. 111), it should be noted that in studies in which neuroprotection was reported, 
antibodies other than 60.3 were used. In contrast to the data conceming transient mod­
els of focal cerebral ischemia, several authors have reported that antiadhesion therapy 
(CDI8, MAC-I, ICAM-l) is ineffective in permanent occlusion models (Table 1). The 
reason for this discrepancy is unclear, particularly since ICAM-l, ß2 integrins and 
selectins are expressed following both transient and permanent focal cerebral ischemia. 

2.5. Immunosuppressants 
2.5.1. Corticosteroids 

Corticosteroids are potent anti-inflammatory agents with a long record of clinical 
usage. Consequently, these agents have been widely investigated as potential treat­
ments for CNS trauma and ischemia. However, until relatively recently, the consensus 
of opinion from clinical studies and from animal work was that pre- or posttreatment 
with corticosteroids is ineffective for the treatment of cerebral ischemia in the adult. 
Indeed, a recommendation to that effect was published by the WHO in 1989. However, 
there has been increasing evidence that corticosteroids can protect against ischemic 
insult, particularly in neonates (see Chapter 9). 

2.5.2. Cyclosporin-A, FK-506, and Rapamycin 

The potent immunosuppressants, FK-506 and cyclosporin (CsA) are in clinical use 
for the treatment of allograft rejection following organ transplantation (113). Recent 
reports detailing the anti-ischemic activity of FK-506 and CsA have also provided an 
insight into the biochemical pathways involved in the pathogenesis of cerebral 
ischemia. In order to examine the neuroprotective actions of these agents, it is impor­
tant to understand the mechanisms by which they, and the related immunosuppressant, 
rapamycin, induce immunosuppression (Fig. 3). Stimulation of the T -cell receptor 
(TCRlCD3 complex) leads to a calcium-dependent, and IL-2-mediated, transition 
of T -cells from GO to GI and thence into the cell cycle (see refs. 114 and 115 for 
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Fig. 3. Immunophilin-mediated inhibition of T-cell activation. Stimulation of the T-cell 
receptor complex results in an IPrmediated increase in intracellular calcium which activates, 
inter alia, the genes encoding IL-2 and its receptor. FK-506 and cyclosporin-A inhibit this 
process by binding to their respective immunophilins, FKBP 12 and cyclophilin (Cyp), to inhibit 
the calcium-calmodulin-dependent protein phosphatase, calcineurin. 

reviews). In recent years, the transduction pathway involved in T-cell activation has 
begun to be elucidated. Activation ofthe TCR/CD3 complex results in a phospholipase 
C/IPrmediated increase in intracellular calcium (116), resulting in the activation of 
several genes including IL-2 and its receptor. The rate limiting enzyme in the pathway 
is the calcium! calmodulin-dependent protein phosphatase 2B (calcineurin) (116), which 
dephosphorylates the transcription factor NF -A Tc (nuclear factor of activated T -cells) 
(117). Dephosphorylation of cytosolic NF -A T facilitates its translocation into the 
nucleus where, having combined with a newly synthesized nuclear subunit (NF-Aln), it 
forms transcriptionally competent NF-AT that binds to the promoter region ofthe IL-2 
gene (115,118). 
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FK-506 and CsA act by suppressing the calcium-dependent signal transduction path­
way that prornotes interleukin-2 gene transcription in helper T -cells (114,115,119,120). 
FK-506, a macrolide lactone isolated in 1984 from cultures ofthe bacterium Strepto­
myces tsukubaensis (see ref. 121 for review), binds to a family of intracellular proteins 
termed FK-506 binding proteins (FKBPs), a subclass ofthe immunophilin protein fam­
ily (122,123). A complex ofFK-506 and a 12 kDa immunophilin (FKBPI2) inhibits 
the activity of the catalytic subunit of calcineurin (116,119,124), thereby preventing 
activation ofthe IL-2 gene. Suppression ofT -cell proliferation by FK-506 can be partly 
reversed by the administration of exogenous IL-2 (121). FK-506 also inhibits tran­
scription of several lymphokine genes up-regulated in activated CD4+ helper T -cells, 
including IL-2, IL-3, IL-4, granulocyte macrophage colony stimulating factor (GM­
CSF), TNFa. and interferon gamma (lNFy) (121). CsA is a cyclic polypeptide derived 
from the fungus Tolypocladium inflatum, which has little structural resemblance to 
FK-506. However, despite these structural differences, CsA shows a remarkably simi­
lar immunosuppressant profile, although it is some 30--100-fold less potent in inhibit­
ing T-cell proliferation responses (125) and preventing allograft rejection in vivo (121). 
These similarities can be readily explained by findings that show that CsA binds to an 
18 kDa immunophilin (cyclophilin), and inhibits the transcription of interleukin-2 via 
calcineurin and NFAT by the same mechanism as FK-506 (114). 

A third immunosuppressant, rapamycin, was isolated from the bacterium Strepto­
myces gygrocopicus, is structurally similar to FK-506, and competitively binds to 
FKBP-12 with similar affinity. However, unlike FK-506, the rapamycin-FKBP com­
plex does not inhibit calcineurin, has no effect on the nuclear translocation ofNFAT, 
and does not inhibit cytokine production. Instead, rapamycin appears to block more 
distal events in the T -cell activation cascade by blocking the cell cycle progression at the 
late GI to S stage via a transduction pathway involving the recently described rapamycin--­
FKBP12 target proteins (RAFT or FRAP proteins: for reviews, see refs. 126,127). More­
over, rapamycin can reverse the suppression ofT-cell activation by FK-506 (128). 

2.5.2.1. NEUROPROTECTION 

Recent studies suggest that both cyclosporin and FK-506 may be useful in the treat­
ment of stroke. While CsA has little direct effect upon cerebral tissue perfusion per se 
(129,130), it reduces brain edema and the volume of infarction produced by MCA 
occlusion (131,132). Also, CsA has been shown to attenuate microglial activation, 
reduce tissue damage following chronic cerebral hypoperfusion (133) and to prevent 
the reduction in hippocampal muscarinic receptors observed 7 d after transient fore­
brain ischemia (133,134). In 1994, we demonstrated that FK-506, at immunosuppres­
sant doses (0.1-1 mglkg) , significantly attenuated the volume of ischemic damage 
produced by MCA occlusion in the rat (135). Although similar doses of CsA were 
ineffective (Fig. 4), higher doses proved to be neuroprotective (45,131). Conversely, 
rapamycin, which exhibits a similar affinity for FKBP-12 as FK-506, does not protect 
in the rat MCA occlusion model (135). Although the precise cellular target or bio­
chemical mechanism underlying these effects has still to be resolved, the finding that 
rapamycin pretreatment attenuated the neuroprotective action of FK-506 (135) con­
firmed the involvement of immunophilins and suggested that immunosuppression per 
se is not necessary for neuroprotective efficacy. 
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Fig. 4. Effects of the immunosuppressants rapamycin, cyclosporin-A, and FK-506 on the 
volume ofischemic brain damage produced by endothelin-induced MCA occlusion in the rat. 
The neuroprotective effect ofnoncompetitive NMDA receptor antagonist, MK-801 was exam­
ined in a parallel group of rats for comparison. All drugs were administered by iv infusion I 
min after vessel occlusion. 

2.5.2.2. ANTI-INFLAMMATORY ACTION 

Severallines of evidence point to an antiinflammatory mechanism as mediating the 
neuroprotective actions of CsA and FK -506 in animal models of stroke. In peripheral 
tissues, including liver (136-138), heart (120), kidney (137,139), and intestine (140), 
FK-506 and CsA have been shown to protect against ischemia-reperfusion damage. It 
has been suggested that pretreatment with FK-506 protects against ischemia­
reperfusion injury in the liver by inhibiting the production of TNF a and IL-6 (92,136). 
Altematively, the cardioprotective effect of FK-506 may involve inhibition of super­
oxide radical production in neutrophils (120). The involvement of PMNL suppression 
in the neuroprotective actions ofCsA has also been proposed (132), although no direct 
evidence has been reported. However, there is evidence that attenuation of microglial 
responses may be involved in the neuroprotective actions of CsA (133). Kondo and 
coworkers (133) reported that CsA significantly reduced the loss ofhippocampal CAI 
cells observed following transient forebrain ischemia in the gerbil. This CsA-mediated 
neuroprotection was accompanied by a significant reduction in the expression of 
HLA-DR class 11 antigen on microglia. Suppression ofmicroglial activation was also 
no ted by Wakita and coworkers (141), who observed that microglia responses in white 
matter under conditions of chronic cerebral hypoperfusion, which results in tissue 
rare faction, could be attenuated by CsA. 

Recent studies in our laboratories suggest that suppression of microglial activation 
may not be the principle mechanism ofFK-506-mediated neuroprotection. In an attempt 
to identify the contribution of microglia and astrocytes to the neuroprotective proper­
ties of FK-506, we examined three experimental conditions associated with glial acti-
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vation; excitotoxic lesions ofthe striatum, deafferentation offacial motor neurons, and 
endothelin-induced MCA occlusion. Excitotoxic lesions ofthe striatum result in wide­
spread neuronalloss associated with astrocyte hypertrophy and microglial activation. 
While FK-506 is reported to attenuate excitotoxic damage in cell culture models in 
vitro (142), we found no evidence that FK-506 reduced the excitotoxic brain damage 
associated with intrastriatal injections of quinolinate, NMDA, or AM PA in vivo 
(Butcher and Sharkey, unpublished data). This model therefore allowed us to examine 
the effects of FK-506 on glial responses without the confounding effects of cellular 
neuroprotection. Interestingly, pretreatment with FK-506, at anti-ischemic doses, did 
not affect lesion-induced alterations in the number or distribution of GF AP-positive 
astrocytes or OX-421abeled microglia (Butcher and coworkers; unpublished data). FK-506 
is also reported to promote regrowth of the sciatic nerve in response to crush injury 
(143), and to accelerate regrowth ofthe damaged facial nerve in young animals (127). 
Transection of the facial nerve in adult rats results in atrophy of facial motor neurons 
and a transient loss of choline acetyltransferase (ChAT)-like immunoreactivity. In con­
trast to the neurotrophic effects observed in neonates, FK-506 had no effect on the 
phenotype of the adult facial motor neuron following transection, and did not affect 
lesion-induced astrocyte or microglial responses (Butcher and coworkers, unpublished 
data). Similarly, 3 days after MCA occlusion in rat, a ring of GF AP positive astrocytes 
and OX-42 labeled microglia were observed around the ischemic core. Whereas FK-506 
treatment was associated with a significant reduction in the volume ofbrain damage, the 
astrocyte or microglial response was unaffected. However, the area of glial activation 
was reduced in accordance with the neuroprotective effect. 

On balance, the available data suggest that whereas suppression of inflammatory 
cell activation may be an important mechanism in mediating the anti-ischemic activity of 
FK-506 and CsA in peripheral tissues, attenuation of glial responses to tissue injury is 
probably not their principle mechanism of action in the CNS. Obviously, such a view 
would be at variance with the attenuation of microglial activation reported following 
global ischemia by CsA (133). However, the observations of Condo and coworkers 
(133) could equally be explained by a direct neuroprotective effect of CsA, which 
would reduce the volume of ischemic damage and consequently decrease the extent of 
the microglial response. Future studies will examine the involvement of leukocytes 
and cytokines in the neuroprotective actions of FK-506 and related compounds. 

2.5.2.3. DlRECT NEURONAL ACTIONS 

Although research on the immunophilins has primarily focused on their role in 
immunological responses (121,144), there is increasing evidence that they may playa 
major role in signal transduction within the brain. The highest levels of cyclophilins 
and the FKBPs are not found within the blood or lymph glands, but in the brain paren­
chyma (145-147). Furthermore, the distribution of [3H]FK-506 binding activity, 
FKBP12 mRNA, and calcineurin overlap to a considerable degree (145,147). Pharma­
cological studies using FK-506 have demonstrated effects on a variety of indices of 
brain function, such as synaptic plasticity, epileptiform discharges, and neuronal 
development (148-154). These diverse responses are generally assumed to be medi­
ated via an action on calcineurin, which has been shown to regulate the activity of 
dynamin (155), NMDA receptors (156), L-type Ca2+ channels (157), nitric oxide 
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synthase (142), and neuromodulin (147). Altematively, functional effects ofFK-506 in 
the brain may involve several other proteins, such as the ryanodine receptor (158,159), 
the inositoll ,4,5-triphosphate receptor (IP3; (160)) and the type 1 transforming growth 
factor ß receptor (161), which are physically associated with FKBP12. Indeed, modifi­
cation of ryanodine and IP3 receptor associated Ca2+ channel activity by FK-506 has 
been demonstrated (158-160). 

Whereas the role of calcineurin in the pathophysiology of cerebral ischemia is 
unclear, a number of intracellular mechanisms that could be relevant have been pro­
posed. These include inhibition of nitric oxide production and suppression of apoptosis. 

2.5.2.4. INHIBITION OF NITRIC OXIDE PRODUCTION 

Snyder and his associates have proposed that FK-506 and CsA mediate their 
neuroprotective action in neuronal cell cultures by inhibiting nitric oxide synthase 
(NOS) activity (127,142). This hypothesis has been elegantly composed around the 
following observations: 

1. NMDA receptor-mediated toxicity is considered to be a major contributing factor to neu­
ronal damage in cerebral ischemia (see Chapters 1, 5, and 6). 

2. Stimulation ofNMDA receptors elevates the concentrations of intracellular calcium, which 
in turn activates NOS, a calcium-calmodulin dependent enzyme. 

3. Phosphorylation ofNOS inhibits its catalytic activity. 

In support of their hypothesis, Snyder and coworkers (142) reported that FK-506 
and CsA inhibit NOS activity and block NMDA-induced neurotoxicity in cortical cell 
cultures. Their hypothesis is also consistent with reports that cyclosporin-induced 
hypertension may be mediated via inhibition ofthe NO-dependent relaxation ofvascu­
lar smooth muscle (161 a, 162). However, anti-ischemic doses ofFK-506 do not inhibit 
excitotoxic brain damage produced by either intrastriatal or intracortical microinjec­
tion ofNMDA or quinolinate (Butcher and Sharkey; unpublished data). In this model, 
in which MK-801 afforded almost total protection, L-NAME at doses that reduced 
NOS activity by >90% (163) was also without effect (Butcher and Sharkey; unpub­
lished data). These findings should obviously be replicated by independent groups 
before such a promising model is discarded. An alternative mechanism to explain the 
neuroprotective action ofFK-506 is via inhibition ofsuperoxide production, as demon­
strated in neutrophils (120). Evidence supporting the rol of superoxide in ischemic 
brain damage has been provided by studies using transgellic mice (164). Superoxide 
anions have been shown to interact with nitric oxide to form peroxynitrite radicals, 
which are powerful biological oxidants (J 65,1 66). Inhibition of superoxide production 
by FK-506 or CsA might be expected to reduce peroxynitrite levels, and since 
peroxynitrite mediated cell death is reported to involve apoptosis (167,168), these drugs 
may protect against ischemic cell damage by inhibiting programmed cell death. In sup­
port ofthis hypothesis, FK-506 is also reported to inhibit apoptotic cell death induced 
by the HIV-l envelope glycoprotein, gp120 (169). 

2.5.2.5. SUPPRESSION OF ApOPTOSIS 

A novel and potentially exciting mechanism to explain the neuroprotective actions 
of FK-506 and related compounds involves the inhibition of ischemia-induced pro­
grammed cell death (apoptosis). Apoptosis describes a type of cell death in which the 
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target cell actively participates in its own death (170). It plays a fundamental role in 
physiological processes such as embryo morphogenesis, tissue homeostasis, aging, and 
the development of immunological tolerance. Apoptosis can be distinguished from 
necrosis on the basis of the following morphological features: progressive condensa­
ti on of the chromaffin to the inner surface of the nuclear membrane, cell shrinkage with 
subsequent detachment from neighboring cells, formation of acidophilic globules 
("apoptotic bodies"), and fragmentation ofDNA. Following agarose-gel electrophore­
sis, these fragments can be readily seen as a characteristic "ladder" pattern. In contrast, 
the progressive disappearance of chromatin observed in necrotic cell death is accompa­
nied by random DNA breakdown that appears as a diffuse smear on the agarose gel. 

Apoptosis has also been seen in response to a variety of pathological stimuli, includ­
ing iatrogenic hepatic and renal hyperplasias, carcinogenesis and hepatic ischemia (for 
reviews, see refs. (171 and 172). Whether apoptosis occurs in cerebral ischemia remains 
somewhat controversial (173). However, a pattern ofDNA laddering consistent with 
apoptosis has been reported following MCA occlusion in rat (174-178), and forebrain 
ischemia in rat (1790, mouse (180), and gerbil (181,182). A role for programmed cell 
death is further supported by the existence ofpro (e.g., p53) and antiapoptotic genes 
(e.g., bcl-2), which are increased (183) or reduced (184) following ischemia. In keep­
ing with this view, recombinant knockout ofp53 expression in mice has been shown to 
afford some degree of neuroprotection against MCA occlusion (J 85), whereas 
overexpression of bcl-2 reduced the volume of damage associated with mouse MCA 
occlusion by 50% (113). Furthermore, Shimazaki and coworkers (184) demonstrated 
that ischemic preconditioning, in which abrief exposure to ischemia produces subse­
quent protection against subsequent ischemic episodes, is associated with increased 
bcl-2 levels in the CAI field ofthe hippocampus. 

In 1993, Linnik and coworkers (177) demonstrated the presence ofDNA 1addering 
24 h after permanent MCA occlusion in the rat. Using terminal deoxynucleotidyl­
mediated dUTP-biotin nick end labeling (TUNEL), Linnik later reported the presence 
ofTUNEL positive cells in the ischemic core as early as I h postocclusion. Thereafter, 
the appearance of TUNEL positive cells expanded in a radial fashion as the infarct 
developed (186). These findings are in keeping with the hypothesis proposed by 
Yabuuchi and coworkers (173), which predicts that tissue loss in the ischemic core is 
necrotic, whereas that found in the penumbra may be due to apoptosis (173). More 
recently, Li and coworkers reported the appearance of apoptotic bodies and DNA 
laddering as little as 30 min after transient rat MCA occlusion (174-176,180). Again, 
the distribution of apoptotic cells appeared to delimit the infarct boundary and expanded 
as the infarct developed, a pattern similar to that observed following permanent occlu­
sion of the vessel. 

Whereas there is no direct evidence to suggest that FK-506 and CsA mediate their 
anti-ischemic activity in vivo by inhibiting apoptosis, evidence from in vitro studies 
might lead one to speculate that such a mechanism is possible. Numerous studies have 
shown that CsA and FK-506 inhibit TCR-mediated apoptosis in T -cell hybridomas in 
vitro, and thymocyte selection in vivo, via a calcium-dependent mechanism (124,187-
191). Furthermore, drug affinity for inhibition of ca1cineurin activity is reported to 
correlate with that for preventing apoptosis (126). In arecent study, Shibasaki and 
McKeon (10) provided additional evidence that ca1cineurin plays a critical role in cal-
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cium activated apoptosis. Using a fibroblast cellline (BHK-2l) transfected with a con­
stitutively active calcineurin mutant (CnA), they demonstrated that it is increased 
calcineurin activity, in preference to other calcium-mediated events, that stimulates 
apoptosis. Moreover, in this cellline calcineurin-induced apoptosis was inhibited by 
CsA, and by overexpression ofbcl-2, thereby linking immunophilins, calcineurin and 
bcl-2 in the same apoptotic pathway (10). 

3. CONCLUSIONS 

The study of inflammatory responses to cerebral ischemia is still in its infancy. How­
ever, we do know that suppression ofthe inflammatory response can have a significant 
impact on pathological and neurological outcome. A variety of anti-inflammatory 
agents have been shown to be effective in reducing infarct size in animal models of 
ischemia with reperfusion, possibly by attenuating the reperfusion injury response. 
Other agents (lL-I ra and immunosuppressants) can, in addition, attenuate ischemic 
damage in models of permanent vessel occlusion. With the development of new and 
ever more selective agents that block microglial activation, PMNL adhesion and infil­
tration, and ischemia-induced apoptosis, we will gain a better understanding ofthe role 
of inflammation and the immune system in cerebral ischemia. Doubtless, a better 
understanding ofthese events will result in new therapies that will have a major impact 
on the future clinical treatment of stroke. 
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Animal Models Used in Cerebral Ischemia 

and Stroke Research 
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1. INTRODUCTION 

1.1. Prologue 

The central nervous system (CNS) is extremely vulnerable to ischemia. In humans, 
the brain accounts for approx 2% of body weight, but receives about 15% of cardiac 
output. The amounts of energy metabolites (glucose and glycogen) and oxygen stored 
in the brain are so small that cessation ofblood supply for only a few minutes leads to 
severe CNS damage. This vulnerability ofthe CNS mainly derives from the vulnerabil­
ity ofneurons, the major component ofthe CNS. Therefore, many therapeutic modali­
ties have been developed to protect neurons from ischemic damage. In this sense, 
cultured neurons (in vitro model) are enough to test the efficacy of a therapy. How­
ever, the results of such tests indicate only the level of cytotoxicity of a therapy. 
The cultured neurons never show neurological deficits. Ischemic insult to the 
human CNS may lead to a wide variety of signs and symptoms, from death to very 
slight neurological deficits. Rational therapies for cerebral ischemia should be estab­
lished on a detailed understanding of the pathomechanisms involved. This is why we 
need experimental stroke models. 

Many different types of cerebral ischemia models have been developed. From the 
standpoint of degree of complexity, ischemia models can be classified as follows: 

1. Cultured neurons without synaptic formation (1). 
2. Cultured neurons with synapse formation (2). 
3. Cultured neurons with synapse formation and glia (3). 
4. Cultured brain slice (4). 
5. Rodent. 
6 Mid-sized animal. 
7. Subhuman primate. 
8. Human (c1inical observation and neuroimaging studies). 

An animal model is a living experimental system that contains whole elements, neu­
rons, glia, vasculature, and cerebrospinal fluid (CSF). We will limit the scope of this 
chapter to animal models of cerebral ischemia. 
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1.2. Requirements for Animal Ischemia Models 

Reflecting the importance of animal ischemia models as experimental counterparts 
of stroke in humans, with which newly developed therapeutic modalities are tested, 
several conditions that the model must fulfill have been proposed for focal ischemia. 

1.2.1. Hudgins (5) 
I. A high percentage of infarcts with a predictable average size. 
2. No surgical manipulation of the brain or exposure of it to the air. 
3. In vivo perfusion fixation. 

1.2.2. Garcia (6) 
I. A single artery can be reproducibly occluded. 
2. The vascular occlusion results in predictable changes in blood flow, i.e., focal or regional 

ischemia. 
3. No barbiturates are used at the time ofthe arterial occlusion. 
4. Inducement ofthe above conditions should always result in a parenchymallesion closely 

resembling a human brain infarction. 
5. The method of arterial occlusion should be compatible with subsequent reperfusion of the 

ischemic territory. 

These conditions focus mainly on focal ischemia and not global ischemia. 
As stated below, pathological and functional evaluations are indispensable in deter­

mining the efficacy of a therapeutic modality. Autoradiography is now a very impor­
tant part of animal ischemia studies. These studies of cerebral ischemia require statistic 
analysis. Thus, animal ischemia models must fulfill the following conditions: 

I. Economical, with many animals with genetic homogeneity easily available. 
2. Constant, reliable, and reproducible ischemia can be induced. 
3. Blood flow can be reestablished. 
4. Neurological and pathological evaluation is easy. 
5. Physiological variables are controllable without difficulty. 
6. Neuroimaging studies such as autoradiography, MRI, MRS, and PET can be carried out 

economically and easily. 
7. Long-term follow-up is possible. 
8. Resistant to infection. 

1.3. Classification of Animal Ischemia Models 

Experimental cerebral ischemia models can be c1assified with respect to complete­
ness ofblood interruption, duration of ischemia, and spatial extent (global or focal). 

From the practical standpoint ofview, the following animal models are possible: 

I. Transient complete global ischemia 
2. Transient incomplete global ischemia 
3. Permanent incomplete global ischemia 
4. Transient incomplete focal ischemia 
5. Permanent incomplete focal ischemia 

1.4. Animal Species 

Several animal species are candidate hosts for both focal and global ischemia mod­
els; subhuman primates (5,7-10), cats (11-13), dogs (14,15), rabbits (16-18), rats (19-
26), gerbils (27,28), and mice (29). 
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The focal ischemia model in subhuman primates closely resembles human stroke 
due in part to the similarities between sub human primates and humans in the behavior, 
motor and sensory integration, amount of neocortex, and construction of cerebro­
vasculature (30). Although subhuman primates are extremely valuable for the study of 
ischemic stroke (6), it is currently quite difficult to use them as hosts for experimental 
models for economic and ethical reasons. 

Among the animal species listed above, rats are now most widely used. This is 
because pure strains are available, detailed anatomical studies have been established 
(31-36), they are inexpensive (24,37), they are small (easy to handle and good for 
autoradiographic study), their intracranial circulation is similar to that of humans 
(38,39), infarction can be induced consistently and reliably in them, and a large amount 
of neurochemical data on rats is available (40). 

In fact, the rat meets all the conditions for an animal focal ischemia model. How­
ever, when it comes to introducing a newly developed therapy whose efficacy has been 
confirmed in a rat focal ischemia model, other focal ischemia models in mid-sized 
animals, particularly the cat, still hold validity. 

1.5. Factors Affecting the Results of Ischemic Experiments 

Through meticulous studies of the mechanisms of ischemic brain damage, many 
factors affecting the extent of ischemic brain damage have been identified. 

1.5.1. Experimental Conditions lncluding Physiological Variables 
1.5.1.1. TEMPERATURE 

Busto et al. were the first to describe the effects of small differences in brain tem­
perature on ischemic cerebral damage (41); since then, the importance of control of 
brain temperature in experiment of global ischemia has been emphasized (42,43). The 
importance of temperature control was also demonstrated in focal ischemia (44-48). 
Because postischemic hypothermia may have a protective effect on ischemic cerebral 
damage (49-51), temperature management of experimental animals after surgery may 
also affect the infarct volume. Minamisawa et al. (42) used a closed chamber equipped 
with a heating fan and a heated water bath in order to strictly control the brain tempera­
ture during and after ischemia. Recently, Ginsberg summarized the effects of brain 
temperature on cerebral ischemia (52). 

The site at which (intracerebral, subdural, in the temporal muscle, or rectal) brain 
temperature is monitored must be carefully selected. Although the temperature of the 
temporal muscle correlates weIl with brain temperature in the rat middle cerebra I artery 
(MCA) occlusion model with craniectomy (48), only a slight change in the direction of 
the light beam of a heat lamp may easily alter the brain temperature. It is very impor­
tant to keep experimental conditions constant. 

1.5.1.2. GLUCOSE LEVEL 

Blood glucose level is also an important physiological parameter in in vivo ischemia 
models. Many experimental studies (10,53-58) and one clinical study (59) have 
revealed the aggravating effect ofhyperglycemia on ischemic brain damage. However, 
in some studies an inhibiting effect of hyperglycemia on ischemic brain damage, par­
ticularly in focal ischemia models was observed (18,60,61). Regardless of the reported 
effects of hyperglycemia, the blood glucose level should be maintained at a constant 
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level. Ovemight fasting is a useful method in rodents to maintain the blood glucose 
level in a narrow range. 

1.5.1.3. BLOOD PRESSURE 

Theoretically, blood pressure during ischemia has no effect on the results of the 
experiment in complete global ischemia without hypotension. The situation is quite 
different in global ischemia with hypotension (20,62,63) and focal ischemia. In global 
ischemia with hypotension, cessation of blood flow is not achieved by only slight 
elevation of blood pressure during the ischemia. Hypotension during focal ischemia 
markedly aggravates ischemic brain damage (64,65). Therefore, blood pressure should 
be carefully controlled during experiment. 

1.5.1.4. ÜTHERS 

Anesthetic agents (66), pH (67), hematocrit, and blood gas concentrations are also 
important factors influencing the results. A long duration of surgery andlor anesthesia 
generally means complicated surgery and may result in increased ischemic damage. 
For example, we make it a rule not to include in our studies animals who underwent 
MCA occlusion surgery that lasted longer than 30 min. 

1.5.2. Factors Relating to the Animal Itself 
1.5.2.1. AGE 

The body weights of rats and gerbils, both widely used in ischemia research, are 
generally 200-400 g and 6~0 g, respectively. Precise brain atlases ofthese animals 
in these weight ranges are available (33,68). However, it should be kept in mi nd that 
the rat and gerbil in these weight ranges are young adults. Whereas, stroke usually 
occurs in humans older than 50 yr with underlying cardiovascular or hematologic pre­
disposing conditions, the rodents usually used in experiments are correspondingly 
younger and healthier. It is said that the ages of 50-80 yr in humans correspond to the 
ages of 2-3 years in rats. 

Ischemic lesion has been suggested to be worse in aged rats than in younger animals 
(56,69-71). 

1.5.2.2. SEX 

While animals of either sex can be used in cerebral ischemia research, in the vast 
majority of ischemia studies, male animals are employed. The preference for male 
animals can partly be explained as an effort to avoid the possible effects of periodic 
hormonal changes on ischemic injury. Furthermore, in several studies the ischemic 
damage induced was found to be more extensive in male than in female rodents. Payan 
and Conard (72) reported that young gerbils prior to sexual maturity and sexually 
mature female gerbils were more resistant to ischemia than sexually mature male ger­
bils following bilateral carotid ligation, as evaluated with mortality. Similarly, meta­
bolic distress following bilateral carotid artery occlusion in spontaneously hypertensive 
rats (SHR) was reported to be more severe in the male than in the female animals (73). 
Although the sex difference in susceptibility to ischemia in these studies was attributed 
to differences in the collateral circulation (74) or the influence of the gonads on the 
blood flow (72) and blood pressure (73), Hall et al. recently suggested the involvement 
of antioxidant effects of estrogen (75). 
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1.5.2.3. OTHERS 

In the focal ischemia model in the rat, the size of the infarction strongly depends 
on the animal strain (56,76). Although the reason is unc1ear, the severity of ischemic 
lesion also depends on the animal supplier (25,56). Currently, SHR is frequently used 
in experimental stroke studies. The high blood pressure of this strain may be easily 
decreased by changing the type of food pellets fed to them. 

To sum it up, it is fundamentally important to maintain all conditions as strict1y as 
possible during a set of experiments. Changes in conditions should be avoided, particu­
larly in studies involving small animals such as the rat. 

1.6. MONITORING 

1.6.1. What Can Be Monitored? To Monitor or Not to Monitor? 
The monitoring systems currently used vary widely. For example, physiological 

variables such as hematocrit, blood glucose level, blood gas concentrations, and infor­
mation on the brain itself such as EEG, regional cerebral blood flow (rCBF), data on 
extracellular fluid collected by microdialysis, and cortical vascular changes through 
cranial window are monitored. 

In a small, anesthetized animal, physiological variables are easy to alter even with 
slight changes in atmospheric temperature. Therefore, physiological variables should 
be monitored when the effectiveness of a therapeutic modality in one experimental 
group is to be compared with that in one or more others. However, the use of needles 
andlor probes to monitor rCBF or obtain extracellular information may result in damage 
to the brain tissue and frequent blood sampling may induce changes in the systemic hemo­
dynamics. Because of this dilemma, monitored variables should be as limited as little 
as possible and no methodological process should be altered during one set of experiments. 

1.6.2. What Should Be Monitored? 
All variables affecting ischemic damage should be monitored. Monitoring of the 

physiological parameters during and after ischemia is indispensable in evaluating the 
efficacy of some therapeutic strategies. 

Blood pressure, blood glucose levels, blood gas concentrations, pH, body tempera­
ture, and brain temperature should be monitored at least. CBF and other variables are 
to be monitored as necessary. 

2. GLOBAL ISCHEMIA MODELS 

2.1. Total Body Ischemia 

2.1.1. Decapitation and Cardiac Arrest Without Resuscitation 

Decapitation of experimental animals is the easiest way to ac hieve global cerebral 
ischemia. Obviously the major disadvantage of this model is that studies involving 
postischemic recirculation is impossible. Therefore, adoption of this model is limited 
to studies on morphological and biochemical changes during very early phases of 
ischemia. Similarly categorized is a model of cardiac arrest without resuscitation. Xie 
et al. (77) examined involvement of ion channels in anoxic depolarization in a very 
early phase of global ischemia in a rat model of cardiac arrest induced by iv injection of 
magnesium chloride. 
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2.1.2. Cardiac Arrest and Resuscitation 

Complete global cerebral ischemia is achieved by cardiac arrest. Systemic cessation 
ofblood circulation excludes the possibly remaining collateral circulation into the brain, 
which can be a cause ofvariability in vascular occlusion models. When animals can be 
resuscitated successfully, this model can represent global cerebral ischemia very simi­
lar to that seen in clinical settings and can be a good model for clinical pathologies such 
as postresuscitation encephalopathy. However, injury to the systemic organs, espe­
cially to the myocardium, and disturbance in the systemic physiological parameters 
such as the arterial blood gas and blood electrolyte concentrations are inevitable and 
their effects on ischemic cerebral injury are unknown. The fact that it is usually diffi­
cult to obtain repeatedly the same degree of transient ischemia even if resuscitation is 
started at the same time may reduce the validity of this model for drug studies where 
groups of animals are compared. 

Cardiac arrest and resuscitation have been attempted in various experimental ani­
mals including monkeys (10), dogs (14), cats (13), and rats (78-80). Cardiac arrest (or 
ventricular fibrillation) can be induced by injection of potassium chloride (10,78,79), 
electrical shock (13,14), or mechanical obstruction of the ascending aorta (80). Resus­
citation consists of artificial ventilation, closed chest cardiac massage, and in some 
cases electrical defibrillation. As the duration of cardiac arrest increases, the rate of 
successful resuscitation decreases. De Garavilla et al. (78) reported that in their rat 
model of cardiac arrest as the duration of ischemia was increased from 8 to 18 min, the 
rate of survival immediately' following resuscitation decreased from 100 to 25%, and 
survival at 48 h after ischemia decreased from 60 to 0%. Moreover, as the duration of 
cardiac arrest increases, the degree ofrecirculation instability increases. When resusci­
tation was started 3, 5, 7, or 9 min after the start of cardiac arrest in the rat, the duration 
from start of arrest to the time when the mean arterial blood pressure recovered to 50 
mmHg was 4.5 ± 0.5,8.3 ± 0.7, 10.7 ± 0.9, or 13.7 ± 1.2 min, respectively (81). Thus, 
whereas longer ischemia can create severe brain damage, the greater variability in the 
severity of ischemic damage cannot be avoided. Furthermore, attempts of resuscitation 
after long cardiac arrest must involve intensive care including use of various drugs, 
further complicating studies of postischemic brain damage, although this is often the 
case in clinical settings. Therefore, the duration of experimental cardiac arrest, thus far, 
has been shorter than 10-15 min if chronic brain injury is the objective of the study. 
Leonov et al. (82) studied the effect ofhypothermia in a dog model of 17 min cardiac 
arrest in which they used cardiopulmonary bypass in order to stabilize the circulation 
in early resuscitation phases. 

Whereas cardiac arrest models in larger animals are more desirable for pharmaco­
logical studies to evaluate the efficacy ofvarious drugs against cerebral ischemia owing 
to their resemblance to cardiac arrest seen in clinical settings, use oflarger animals has 
been increasingly limited due to economic and ethical problems, and the necessity for 
complicated experimental preparation. If experiments are designed for specific aspects 
of cerebral ischemia, a rodent model of cardiac arrest is appropriate for economic rea­
sons and because ofthe possibility ofmass production ofischemic animals. One ofthe 
authors studies histological brain damage and development of susceptibility to 
audiogenic seizures using a rat model of 10 min cardiac arrest, which allows long-term 
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observation (80,81). An L-shaped stainless steel hook inserted into the mediastinum 
was used to induce cardiac arrest without thoracic surgery. Artificial ventilation and 
closed chest massage were enough to resuscitate the animals and no use of drugs or 
intensive care was necessary. In spite of some variability in ischemic duration, early 
damage was uniformly observed in the thalamus when resuscitation was started at 
longer than 5 min, and delayed damage in the hippocampus was uniformly observed 
when resuscitation was started at longer than 7 min. 

Temperature control is a complicated matter in cardiac arrest models. Whereas the 
difference between the brain (or skulI) temperature and rectal temperature is much 
smaller compared with that in vascular occlusion models, a decrease in temperature 
during cardiac arrest is inevitable where modification with circulating blood or breath­
ing air is impossible. Theoretically, the use of a temperature-control chamber as 
reported by Minamisawa et al. (43) allows maintenance of a constant temperature. 
Leonov et al. (82,83) controlled temperature by changing the temperature of the car­
diopulmonary bypass circuit. We found that in small animals such as rats it is possible 
to control the temperature using only a heating lamp and heating pad or ice pad. 

Cardiac arrest and resuscitation of experimental animals has advantages in the terms 
of the completeness of the global cerebral ischemia that can be induced and resem­
blance to the c1inical settings. However, the difficulties involved in setting the exact 
ischemic duration limit the adoption ofthis model to specific experiments. One experi­
mental aspect in this context seems to be effects of systemically circulating mediators 
for other organs subjected to transient ischemia on ischemic cerebral injury. 

2.1.3. Profound Systemic Hypotension 
Profound systemic hypotension induced by pharmacological agents results in 

incomplete but almost global cerebral ischemia. Brierley et al. (84) examined changes 
in various physiological parameters and histopathological changes in the brain using 
this model in the rhesus monkey. The main advantage of a profound systemic 
hypotension model seems to be the ease ofresuscitation ofthe animal. However, with­
out rCBF study, possible variabilities in severity and regional distribution of cerebral 
ischemia may limit adoption of such models to experimental studies focusing on 
phenomenology in the postischemic brain. Yatsu et al. (85) overcame these draw­
backs by combining systemic hypotension (mean arterial blood pressure 30--35 mmHg) 
and hypoxia (4% oxygen) and, using a standard of five min of isoelectric electro­
encephalography, observed a protective effect of a rapid-acting barbiturate on ischemic 
damage. 

2.2. Global Cerebral Ischemia 

2.2.1. Increased Intracranial Pressure 
Transient global cerebral ischemia can also be achieved by increasing the intracra­

nial pressure. Since cerebral perfusion pressure is the difference between the arterial 
blood pressure and the intracranial pressure, cistemal injection of artificial CSF, which 
causes an increase in the intracranial pressure to greater than the systolic arterial blood 
pressure, results in a CBF of almost zero. This model has been established in various 
experimental animals inc1uding dogs (86), rabbits (16), and rats (87). One merit ofthis 
model is the ease of control of the brain temperature during ischemia by changing the 



272 Tamura, Kawai, and Takilgi 

temperature ofthe fluid injected (88). Although in this model, global cerebral ischemia 
can easily be achieved, the primary pathological process is not ischemia but intracra­
ni al hypertension. Treatment with Cushing's phenomenon, i.e., systemic hypertension, 
resulting from the intracranial hypertension is necessary. Ross and Duhaime (88) 
reponed that they obtained ischemic brain lesions similar to those in other models of 
rat global cerebral ischemia. 

2.2.2. Asphyxia or Cervical Compression 
Ocelusion ofthe cervical blood vessels by tourniquet when combined with systemic 

hypotension was reported to result in ischemic damage in the brain. The mean arterial 
pressure was reduced to 50 Torr by trimetaphan camsylate and a high-pressure neck 
cuffwas inflated to 30 psi in the rhesus monkey (89) and the cat (90). Complete arrest 
ofthe brain circulation was verified by brain scan after intra-arterial injection ofradio­
isotopes and isoelectric electroencephalography within 15 s after the start of ischemia. 
However from an anatomical point of view, it seems difficult to completely ocelude 
the vertebral and anterior spinal arteries. In a strict sense, this model should be consid­
ered not aglobai cerebral ischemia but a forebrain ischemia one. Furthermore, the 
effect of compression of the various cervical nerves and ganglia on ischemic cerebral 
injury, and especially postischemic cerebral circulation, is unknown. 

2.2.3. Combination of Surgical Occlusion of the Major Arteries 
Attempts to obtain global cerebral ischemia have been made in large animals with 

combination of surgical ocelusion of the major arteries. 
Hossmann and Zimmermann (63) produced global cerebral ischemia of 60 min in 

adult monkeys (Macaca mulatta) by intrathoracal elamping ofthe brachiocephalic and 
left subelavian arteries elose to their origin at the aortic arch with ligation ofthe inter­
nal mammary arteries and lowering of the arterial blood pressure to 80 mmHg. Com­
plete arrest of the cerebral circulation was confirmed with injection of Evans Blue. 
They observed collateral blood flow through the ascending spinal arteries when the 
arterial blood pressure was above 150 mmHg. 

In the dog, extensive collateral circulation makes complete interruption of cerebral 
circulation quite difficult. Osgood et al. (91) investigated the efficacy of mammary­
carotid anastomosis in a dog model of global cerebral ischemia by ligation and 
transection ofboth common carotid, vertebral, costocervical, mammary, omocervical, 
and axillary arteries via left thoracotomy. The circulatory arrest was permanent and its 
completeness was not confirmed in their model. Snyder et al. (92) oceluded the aorta 
and venae cavae for 15 min by right thoracotomy confirming cardiac outflow to the 
coronary and pulmonary circulation and examined postischemic intracranial pressures, 
cerebral blood flow, and glucose uptake for 2 h. Miller et al. (93) added elamping ofthe 
descending aorta to transient ocelusion of the brachiocephalic and left subelavian 
arteries in order to exelude the collateral circulation to the brain arising from the 
descending aorta. In this case, catheterization from the femoral artery into the aortic 
arch was necessary to provide apressure vent for the left ventriele to prevent blood 
congestion in the heart and lungs. In contrast, Kayama et al. (94) attempted to create 
global cerebral ischemia with regulated perfusion by ocelusion of the major cerebral 
arteries comprising the cirele of Willis and cannulation into the unilateral MCA via 
craniotomy under a surgical microscope. 
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Using cats, Hossmann and Sato (62) reported a full recovery of the pyramidal 
responses and evoked electroencephalographic activity after global cerebral ischemia 
of 1 h. It is also known that postischemic cats can survive for as long as one year (95). 
They ligated the internal mammillary artery, temporarily clamped the innominate and 
subclavian arteries, and lowed the systemic blood pressure to 80 mmHg. The total 
ischemia of the brain and spinal cord to the upper thoracic level was confirmed by the 
intravenous injection ofEvans Blue. Zaren et al. (96) produced global cerebral ischemia 
in the cat by ligation of the bilateral subclavian and vertebral arteries and temporary 
occlusion of the common carotid arteries. 

A rabbit model of global cerebral ischemia induced using this approach was also 
reported (97,98). The basilar artery was transected via an anterior cervical approach 
and several days later both common carotid arteries were temporarily clipped and a 
cervical pressure cuff was inflated. 

As described, extended intrathoracic or intracranial surgery is necessary when 
induction of global cerebral ischemia is attempted by combining multiple occlusions of 
the major arteries. Whereas myocardial injury can be avoided, one must keep in mind 
the effects of extended surgical intervention. 

2.3. Forebrain Ischemia 

Models of forebrain ischemia in rodents were first reported in the late 1970s and 
early 1980s. Since then, these models have been extensively used for studies on vari­
ous aspects of cerebral ischemia including pharmacological studies. Since the cerebral 
ischemia in these models is not completely global, but restricted to the forebrain, these 
models do not accurately represent cerebral ischemia encountered in c1inical settings in 
which bilateral forebrain ischemia rarely occurs. However, the remaining blood flow 
in the hindbrain exc1udes the respiratory and systemic circulatory effects unlike in total 
body ischemia models and complete global cerebral ischemia models. These rodent 
models offorebrain ischemia have contributed in the last 15 yr to accumulation ofvast 
amounts of knowledge on the underlying mechanisms of and therapeutic approaches 
against ischemic neuronal injury such as the roles of excitatory amino acids and protec­
tive effects of glutamate antagonists (99-101), changes in and roles of intracellular 
signal transduction pathways (102-104), changes in levels of expression ofnuc1eic and 
mitochondrial genes, especially ones encoding stress proteins (105-107), changes in 
rates ofprotein synthesis (108-110), involvement offree radical injury and nitric oxide 
(111,112), protective effects of neurotrophic factors (113), and involvement of 
apoptosis (114). 

2.3.1. Bilateral Common Carotid Occlusion in Mongolian Gerbils 

The absence of anastomosis between the vertebral and internal carotid circulation in 
gerbils enables forebrain ischemia to be induced by merely occluding both common 
carotid arteries (27). In young gerbils, communication exists between the two circula­
tions (69), and gerbils weighing more than 60 gare generally used. Originally unilat­
eral carotid artery occ1usion was used as a model of focal ischemia since, in some 
gerbils, the anterior communicating artery is aplastic (115). Although the ischemia 
induced by bilateral carotid artery occ1usion is not completely global, ischemic dam­
age to the forebrain structures inc1uding the caudoputamen and the hippocampus is 
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reproducible, and this model has been widely used since the report of delayed neuronal 
death in the hippocampus by Kirino (116). Bilateral carotid artery occlusion for 10-15 
min resulted in selective neuronalloss in the hippocampal CAI region, the striatum 
and layers III, V, and VI of the neocortex. In contrast, 5-min ischemia resulted in 
delayed neuronal death in the hippocampus, in which no morphological changes in the 
CA 1 neurons were detected by light microscopy 1 d after ischemia but neuronal loss 
progressed a few days after ischemia. There is some interanimal variability in the 
severity of ischemia induced by bilateral occlusion of the common carotid arteries, 
which can usually be compensated for by increasing the number of animals used in 
studies with statistic management. Gerbils are known to have a high percentage of 
postischemic seizures especially when the duration of ischemia is longer than 15 min. 
Monitoring and control of the body or brain temperature is essential in gerbils (117). 

Occlusion of bilateral common carotid arteries involves surgical dissection of the 
anterior aspects ofthe neck and clipping ofthe arteries under anesthesia using a surgi­
cal microscope. Slightly extending the neck makes finding and manipulating the arter­
ies easy. It is important to dissect the arteries free from the accompanying jugular veins 
and vagus nerves and to confirm cessation of blood flow in the distal portion of the 
arteries during clipping. In order to occlude both common carotid arteries in awake 
gerbils, a simple occlusionlrelease device has been used (118). Tomida et al. (119) 
designed another type of simple occlusionlrelease device to produce repeated ischemia 
and reported the cumulative effect of repeated ischemic insults when the interval of the 
repeated ischemia was <1 h. In contrast, it was reported that sublethal2-min ischemia 
a few days prior to subsequent lethai 5-min ischemia reduced the severity of ischemic 
damage of the hippocampal CA 1 neurons by the second ischemia in the gerbil fore­
brain ischemia model (120,121). 

2.3.2. Four-Vessel Occlusion in the Rat (Pulsinelli' s Model) 

This is also a widely used model since reported by Pulsinelli and Brierley (19). On 
the first experimental day, occlusion devices (122) are placed around both common 
carotid arteries following surgical dissection of the anterior aspects of the neck, and 
then both vertebral arteries are electrocoagulated through the alar foramina at the first 
cervicallevel following occipital-nuchal dissection (123). Twenty-four hours after the 
surgical preparation, both common carotid arteries are occluded in the awake rat. In 
general, during occlusion, 77% of the rats become unresponsive and lose the righting 
reflex; these rats are selected for the experiment. Fifteen percent of the rats become 
lethargic, and 8% die of respiratory failure within a few minutes; these should be 
excluded from the experiment. When occlusion must be performed under anesthe­
sia and selection of animals based on the degree of responsiveness and absence or 
presence ofthe righting reflex is impossible, flattening ofthe electroencephalogram 
and mydriasis should be confirmed. Some rats develop postischemic seizures and 
they also should be excluded. In the original work, 10 , 20, and 30 min of occlusion 
resulted in seizure in 0, 8, and 40% of the rats, respectively. During successful 
ischemia, blood flow to most of the forebrain including the frontal and parietal 
cortices, striatum and hippocampus is reduced to 3% or less of control values, 
whereas blood flow to the diencephalon, cerebellum, and brainstem ranges from 10-
30% of control values (124). 
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Obviously the relative ease of the procedure and use of the rat, which has become 
more and more important and popular in neuroscience research, are major advantages 
of this model. A drawback may be the inconsistency of ischemia owing to the difficulty 
in confirming complete electrocauterization of the vertebral arteries and the existence 
of collateral pathways mainly from the anterior spinal artery (125,126). Although 
the drawbacks can be overcome by adhering to animal selection criteria (123,124), 
care must be taken because selection of animals may lead to a significantly decreased 
efficiency of experimental studies in some laboratories (125). It is known that the rate 
of successful occlusion and mortality vary among strains, animals from different sup­
pliers, and even seasons (123). Use ofSprague-Dawley rats in this model is not recom­
mended. Kameyama et al. (126) modified the model in order to improve the 
inconsistency of ischemia by electrocauterizing the basilar artery instead of the verte­
bral arteries via anterior cervical dissection. However, maybe owing to the necessity of 
complicated surgical preparation, their model does not appear to be widely used. 
Another modification was reported by Boehme et al. (127) in which graded ischemia 
can be produced by computer-controlled compression ofthe unilateral common carotid 
artery following permanent occlusion ofthe other carotid and bilateral subclavian arteries. 

2.3.3. Bilateral Common Carotid Artery Occlusion with Hypotension (Smith's Model) 

Another model of global ischemia in the rat that has been widely accepted and used 
for studies of various aspects of cerebral ischemia is bilateral common carotid artery 
occlusion with systemic hypotension. This model was first described by a group at the 
University ofLund in the early 1970s (128). They reported no significant changes in 
the energy state in the tissue following ligation of the carotid arteries only, but a 
severely affected energy state when carotid artery ligation was combined with sys­
temic hypotension. Although at that time the carotid artery occlusion was permanent 
and their studies were limited to early recirculation phases, later they presented exten­
sive studies using transient occlusion of the carotid arteries (20,129). Histological 
examination 7 d following ischemia >4 min revealed consistent damage in CAI pyra­
midal and CA4 hilar neurons in the hippocampus, the thalamic reticular nucleus, and 
the neocorticallayers III-V. When ischemia was longer, damage was also seen in the 
caudoputamen and the pars reticulata ofthe substantia nigra. They concluded the rank 
order ofvulnerability as CA4 > subiculum, CAI > neocortex > CA3 > caudoputamen. 
However, since the degree ofischemic sensitivity to temperature changes differs among 
structures in the brain, the rank order of vulnerability is meaningful only at a given 
brain temperature (42). They also examined the deleterious effect ofhyperglycemia on 
ischemic brain injury using this model (130). Marked exacerbation of ischemic dam­
age by hyperglycemia was found to occur in the pars reticulata of the substantia nigra, 
which they associated with postischemic seizure activity (131). 

Transient global cerebral ischemia was also induced in the cat by combining bilat­
eral carotid artery occlusion and systemic hypotension (132). Changes in the levels of 
energy metabolites in the cerebral cortex have been investigated using this model. 

2.3.4. Bilateral Common Carotid Artery Occlusion in Spontaneously Hypertensive Rats 

Whereas bilateral common carotid artery occlusion by itself does not consistently 
produce ischemic changes in the brain of normal rats, bilateral common carotid artery 
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occlusion in the SHR is known to produce ischemic changes in the brain (133,134). 
The carotid artery occlusion used in these studies (133,134) was permanent and the 
histopathological nature ofthe ischemic changes was infarction in the forebrain. In 
this context, this model may be categorized as a focal ischemia model but not a 
global ischemia model. However, this model is very important, since hypertension 
is undoubtedly one of the major risk factors for cerebral infarction, and the occur­
rence of severe vascular changes secondary to hypertension may be operative in cere­
brovascular diseases. 

Bilateral carotid artery occlusion in SHR resulted in massive cerebral infarction in 
the carotid artery territory and an approximately 70% mortality within 24 h in one 
study. Vulnerability of the forebrain in SHR cannot be attributed to hypoplasty of 
the posterior communicating arteries or other major cerebral arteries. Rather, the reac­
tive dilatative capacity in the pial arteries is reduced in SHR (135). The reduced collat­
eral flow through the leptomeningeal arteries may explain the susceptibility to ischemia 
ofthe forebrain, especially cerebral cortex, in SHR. In another study, bilateral carotid 
artery occlusion reduced the cortical blood flow to less than 10 mLiI 00 g/min whereas 
20-40% of the blood flow remained in the thalamus even after bilateral carotid artery 
occlusion (136). 

Spontaneously hypertensive rats are much more expensive than more widely used 
rats such as Sprague-Dawley and Wistar rats. Development of hypertension signifi­
cantly varies depending on age and sex. Therefore, experimental studies must be care­
fully planned. Selection of appropriate artificial food pellets is also important for 
maintaining hypertension. Care must be taken in regard to salt and protein content of 
food. Since SHR is more vulnerable to respiratory infection than conventionally used 
rats, the breeding environment should be carefully monitored. It is also known that the 
female SHR is very sensitive to sensory stimulation such as light, sound, and pain. The 
blood pressure and blood glucose level tend to increase easily in response to such stimuli 
and deeper anesthesia than applied to conventionally used rats may be required (137). 

3. FOCAL ISCHEMIA MODEL 

3.1. The Importance of Focal Ischemia Models 

Cerebral ischemia is the most commonly encountered type of stroke in human. 
Among the many causes of cerebral ischemia, occlusion of a single trunk artery, 
particularly the internal carotid or MCA, is the most frequent. Despite clinical 
application of many therapeutic strategies, we have not yet seen dramatic 
improvement of the outcome. 

Treatment of ischemic stroke should be based on good understanding of the patho­
physiology of focal ischemia. To investigate the pathophysiological mechanisms 
underlying the development of ischemic brain damage, animal ischemia models are 
indispensable as experimental counterparts of human focal cerebral ischemia. In this 
sense, animal models are ideal when they resemble the human disease. 

3.2. What Has Been Elucidated Through Experimental Focal Ischemia? 

Since all neuronal activities of vertebrates are supported by continuous blood sup­
ply, determination ofrCBF is one ofthe essential parts in experimental focal ischemia. 
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Hence it is only since rCBF data have become available (138-140) that systematic 
studies of focal ischemia have become possible. 

The following concepts have been established with regard to rCBF. These concepts 
were not developed without use of focal ischemia models. 

3.2.1. Ischemic Threshold and Penumbra 
In the MCA occlusion model of focal ischemia in subhuman primates, rCBF was 

measured using a hydrogen clearance technique (141,142) and it was disclosed that the 
reduction ofrCBF was gradual. Using this model, Symon and coworkers demonstrated 
that evoked response magnitude sharply declined in the area ofrCBFs of 14--16 mLi 
100 g/min, and they have termed this phenomenon flow threshold for failure of neu­
ronal electrical function (143). It was also disclosed that the extracellular potassium 
concentration suddenly increases when rCBF decreases to below 10 mLl100 glmin 
(144). The condition ofthe ischemic brain with rCBF between the two thresholds has 
been termed "penumbra" (145-14 7). 

The existence of an ischemic threshold was also confirmed for patho10gical changes 
(infarction) (148,149), and this threshold was found to be lower than that for electrical 
activity. However, this threshold is time dependent (150). 

Although the original definition of "ischemic penumbra" was based on the level of 
electrical activity, the meaning of this concept has been expanded (151). 

Current understandings of ischemic threshold and penumbra were summarized weIl 
by Hossmann (152). 

3.2.2. Therapeutic Window 

The ischemic penumbra disappears as the duration of ischemia increases. After a 
certain time (1.5--4 h), ischemic damage becomes as severe as permanent ischemia 
(153-155). Any treatments including reperfusion are thought to be effective when they 
are started only before this period. The term therapeutic window (J 53) has been used as 
an ana10gy for this period open to therapeutic strategies. 

3.3. Classification of Focal Ischemia Models 

Focal ischemia is different from global ischemia in that the ischemic region is focal, 
the intensity of ischemia is basically incomplete and gradual (ischemic core and pen­
umbra), and the ischemia can be permanent or transient. Reflecting these differences, 
there are several possible means of classification with regard to the criteria concemed. 
Some criteria for c1assification of focal ischemia are: 

1. Duration of ischemia (permanent or transient). 
2. Occluded vessel (single arterial [carotid artery {CA} or MCA] or multiarterial [MCA + 

unilateral CA, MCA + bilateral CA]). 
3. Site of occlusion (proximal or distal). 
4. Occlusion method (electrocoagulation, ligation, clip, thrombosis with solid occluder, pho­

tochemical thrombosis, autologous embolus). Thrombosis with multiple solid occluders 
including an autologous blood clot seems to be most similar to human stroke, so it was 
once used frequently by some investigators. However, it is no longer used as frequently 
because of the difficulty of controling the lodging site and consequent difficulties in statis­
tic analysis. 

5. Position of occluder (intra-arterial or extra-arterial). 
6. Animal species (subhuman primate, cat, dog, rabbit, rodent [gerbil, rat]). 
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Many combinations of these categories are possible. However, from the practi­
cal point ofview, experimental focal ischemia models currently used can be classi­
fied as follows. 

3.3.1. Rodent Focal Ischemia Models 

3.3.1.1. MCA ÜCCLUSION IN THE RAT 

The focal ischemia models in this category are diverse and the most frequently used 
(37). Therefore, these models will be described in detaillater. In a radical argument, it 
can be said that current neuroscience is established on the rat. 

3.3.1.2. MCA ÜCCLUSION IN THE MouSE 

Mice are very small and not easy to handle with frequent sampling ofblood to main­
tain physiological variables constant. However, transgenie mice or knockout mice of 
some particular gene that is considered to play an important role in the development of 
ischemic injury have recently been developed (112,1 56). Transgenic rats are not cur­
rently available. It is important to investigate the effect of ischemic insult on these 
genetically controlled animals. Hence this model is now an important model and 
deserves careful description (29). 

3.3.1.3. UNILATERAL CAROTID ARTERY OCCLUSION IN THE GERBIL 

Unilateral carotid arterial occlusion leads to severe ischemia. In some animals, the 
severity of ischemia is almost the same as that of global ischemia (157). The method is 
quite simple but the results are inconsistent. The major drawbacks of gerbil models are 
variability in the incidence and severity ofthe ischemia (158-160). This variability is 
attributed to the variety of cerebral vascular patterns in this animal (158,159). In one 
study, half of the gerbils did not show any neurological deficits, one-tenth showed only 
transient neurological symptoms, and two-fifths showed varying neurological signs 
after unilateral carotid artery occlusion. Gerbils with severe neurological symptoms 
are susceptible to seizures (157). To overcome these problems, Matsumoto et al. have 
proposed a neurological scoring system to predict the ischemic severity (157). This 
means that this model is quite uneconomical because at most only half of the animals 
can be used. 

3.3.2. MCA Occlusion via Transorbital Approach 
in Subhuman Primates and Mid-Sized Animals (Cat, RabbW 

For large and mid-sized animals, the transorbital approach is an established method 
of inducing focal ischemia. In this category, the cat MCA occlusion model is still 
frequently used. 

Among mid-sized animals used in the laboratory, the cat is almost the only species 
in which focal ischemia can be constantly and reproducibly induced by the single arte­
rial occlusion (MCA occlusion). The transorbital approach to the MCA was developed 
by O'Brien in 1973 (11). Selective transorbital MCA occ1usion has been considered by 
many investigators as the ideal procedure for inducing cerebral ischemia. 

Upon enuc1eation of the orbital contents and after performing a small craniectomy 
by enlarging the orbital fissure under an operative microscope, the bifurcation of the 
internal carotid artery (lCA) can be identified immediately inside the dura (11,1 2). The 
amount ofbrain exposed is negligible, the volume ofCSF lost is limited, and the intrac-
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ranial fluid dynamics can be quickly re-established by careful obliteration ofthe cranial 
defect (11). The origin ofthe MCA can be identified without difficulty. 

However, the transorbital approach has some disadvantages (161). Manipulation of 
the MCA can damage the autonomie nerve fibers that lie on its wall, potentiating the 
ischemic insult because the neuro genie factors of the autoregulatory mechanism are lost. 

Modifications to this approach that have been proposed include performing MCA 
occlusion under awake condition (12,162) and not enucleating the orbit (163). 
Because of the high mortality when the proximal portion of the MCA is occluded 
(163), some modifications are necessary, for example occlusion of only the distal por­
tion ofthe MCA (163). 

3.3.3. Others 

Although it is difficult to obtain consistent infarction in rabbits by single arterial 
occlusion, this method is still used, with some modification (18,61,164). Other ani­
mal models-MCA and/or posterior cerebral artery occlusion in gerbils (28), dog focal 
ischemia (15,165) are not widely used today. 

3.4. Rat Ischemia Models 

For the reasons above mentioned, rat middle cerebral arterial occlusion models are 
now the most widely used to study focal ischemia. 

Technical aspects ofthese models can be found in the original papers. The purpose 
of this section is to describe the wide variety of methods used to study focal ischemia. 

To mimic the human embolie state, rat MCA occlusion models are modified in sev-
eral ways. Ihere are three different types of MCA occlusion: 

1. Mechanical or electrical arterial occIusion with craniotomy and dural opening. 
2. Intraluminal arterial occIusion without craniotomy. 
3. Photochemical occIusion with craniotomy without dural opening. 

3.4.1. Proximal MCA Occlusion (Tamura Model) 

This is the oldest model of proximal MCA occlusion developed by Tamura et al. 
(22). Prior to the development ofthis model, Robinson reported the results of aseries 
of experiments performed using Sprague-Dawley rat MCA occlusion model 
(21,166,167). Robinson's model was a distal MCA occlusion model in which the 
infarction was limited to a small cerebral cortical area (21). Even such a small cortical 
infarct can produce a dramatic interhemispheric difference in behavior. 

According to the original method (22), the operation was carried out in the lateral 
position under controlled ventilation. The coronoid process ofthe mandible and zygoma 
were removed and a burr hole was opened lateral to the foramen ovale. When the dura 
was opened, the MCA was identified through the burr hole. Ihis is a modification of 
the retroorbital approach already established in the cat and monkey. The purpose of 
this approach is to minimize the brain damage during exposure of the MCA. 

The advantages of this method are that: 

1. Arterial occIusion is confirmed directly through operative microscope. 
2. Both permanent and temporary MCA occIusion are possible. 
3. This approach is possible in a rat fixed on a stereotaxic frame and almost any kind of 

monitoring system is applicable. 
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4. A low mortality is achieved with minor modification in which the zygomatic arch is pre­
served (168). 

The disadvantages of this method are that: 

I. Exposure of the brain to air during the craniectomy may alter intracranial pressure and 
blood-brain barrier (BBB) permeability (5,169). 

2. Clipping or cauterizing of the proximal MCA may cause damage to autonomie nerves 
around the MCA and autoregulation ofCBF may be lost (170). 

3. The eyeball on the operative side is damaged (this may be avoided with surgical modifica­
tion [17i]). 

4. This method requires surgical skillfulness under an operative microscope. 

Several fundamental studies concerning mainly the occlusion point and neurologi­
cal aspects have been carried out using this model (35,172). Occlusion of only the 
origin ofthe MCA did not produce consistent infarcts (172). 

Recently, instability of the thrombus induced by electrocoagulation was reported 
(173). However, from a neurosurgical standpoint of view, this phenomenon is 
encountered in clinical neurosurgical cases not infrequently and we routinely sever 
the cauterized artery to ensure arterial blood flow cessation. Bederson et al. also 
reported that a coagulated MCA should be severed to ensure homogeneity of the size of 
infarction (172). 

3.4.2. Intravascular Thread Model (Koizumi Model) 
Koizurni et al. developed a model ofMCA occlusion without craniectomy (23), for 

which several modifications have been proposed (174-176). The procedure originally 
proposed (23) is as follows: expose the carotid bifurcation and common carotid, inter­
nal carotid, and external carotid arteries with a straight neck skin incision under spon­
taneous breathing; insert a nylon thread from the common carotid artery toward the 
internal carotid artery with common and external carotid artery ligated; and ligate 
internal carotid artery at its origin to fix the thread. 

It has been reported that two technical factors may seriously affect the size of the 
resulting infarct: the shape of the thread (177), and the supplier of the nylon 
mono filament (178). 

The advantages of this model are that: 

1. MCA can be occluded and recanalized without craniectomy. 
2. The simplicity ofthe technique. 

For these reasons, this model has achieved wide popularity (155,174-179). 
The major drawback ofthis model is the high mortality when it is used as a perma­

nent ischemia model. According to the original work ofKoizumi et al. (23), the mortal­
ity in the permanent ischemia group was 100%. All animals died within 32 h of 
ischemia. Death occurred most frequently between 12-16 h after ischemic insult. There­
fore, this is actually a model for transient MCA occlusion model. The infarct volume in 
this model is the largest among those in 5 MCAO models. In this model, the anterior 
cerebral artery (ACA) is also blocked (23), which means that collateral circulation 
from the ACA to the MCA is markedly diminished. This may be the reason for the 
large infarct volume. The clinical counterpart ofthis model is MCA or ICA occlusion 
in a patient with poor crossflow through anterior communication artery. 
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The external carotid artery is sacrificed, which may result in a reduction in the blood 
flow to the scalp on the ischemia side and hence a change in brain temperature. 

3.4.3. Distal MCA Occlusion with Bilateral CCAs Occlusion (Chen Model) 

Ihis model was developed as a means of producing consistent cerebral infarctions 
with relatively noninvasive surgery (24). The right distal MCA and right CCA are 
ligated and the left CCA is c1ipped temporarily (60 min). Ihis procedure can be used to 
produce consistent cortical infarction with an overall mortality of 7% (24), and this 
model can be used as a transient focal ischemia model. 

In this model, a small contralateral infarction is encountered occasionally (24). 

3.4.4. Tandem Occlusion Model (Brint Model) 

Distal MCA (immediately superior to rhinal fissure ) is permanently occluded, with 
ipsilateral permanent occ1usion of the CCA (25). Ihis method can be used to induce 
consistent cortical infarction in SHR. Although the Brint model is usually called the 
tandem occ1usion model, their original work demonstrated that a single distal MCA 
occ1usion in SHR can produce large consistent cortical infarcts (25). 

From the standpoint of statistic analysis of the infarct volume, Brint evaluated sev­
eral rat strains. They recommended use of SHR in drug studies with a limited number 
of animals because of its small value of coefficient variance of the infarct volume. 

3.4.5. Photothrombosis Model (Watson Model) 

All the methods mentioned (see Sections 3.4.1.-3.4.4.) involve mechanical occ1u­
sion of the MCA. Ihis photothrombosis model is quite different from others. Since 
Watson et al. first reported the photothrombotic stroke in rats (180), they have continu­
ously improved their method (26,181-184). After exposing the artery to be occ1uded 
(dura is intact), a photosensitizing dye, Rose Bengal, is administered intravenously 
with simultaneous laser irradiation (argon laser-activated dye laser operating at 562 
nm). Actually, this method can be used to occ1ude any vessels that can be exposed. 
Recently, Watson et al. summarized their work in a publication (36). Although the 
stability ofthe clot made by this method was confirmed in rabbit cornea (185), it is not 
clear whether the thrombus permanently occ1udes the artery. 

3.4.6. Miscellaneous 

Although there are several other different focal ischemia models (autologous blood 
c10t [186, 187J, graded focal ischemia [188]), they are not widely used currently. 

3.5. Evaluation System 

To investigate the effects of therapeutic strategies on stroke, it is essential to estab­
lish a method of determining the degree of ischemic damage. First, the mortality under 
given conditions should be stated c1early. In a drug study, it is especially important 
to clarify the mortality for each study group. Morphological methods have a long 
history and most ofthe techniques involved are well established. Because the rat MCA 
occlusion model is currently most frequently used to test the effects of newly 
developed therapies, we will only describe the recently introduced evaluation sys­
tems for the rat here. 
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3.5.1. Pathological Evaluation 
3.5.1.1. TTC STAIN AND VOLUME CALCULATION 

Bederson et al. reported that staining using 2,3,5-triphenyltetrazolium chloride 
(TTC) is convenient for reliably assessing the infarction 24 h after MCA occlusion 
(189). This method has gained popularity because ofits simplicity and rapidity. How­
ever, limitations ofTTC staining have also been reported (190). TTC staining is useful 
but one should limit its use to sampies obtained 24 h after onset of ischemia. After 36 h 
of ischemia, infiltration of macrophages with intact mitochondria, neovasculalization, 
and astrocytic reactions occur (5). These events obscure the margin ofischemia. 

Osborne et al. (64) proposed a pathological evaluation system involving use of data 
for multiple brain slices plotted on a line graph to estimate the three-dimensional extent 
of ischemic brain damage. Many investigators use this system for the pathological 
evaluation of drug effects. In recent reports, the ischemic lesion is frequently expressed 
in terms of absolute volume. Uncontrollable shrinkage of fixed tissues (191) must be 
borne in mind. The shrinkage rate ofthe brain upon fixation in paraffin is approx 30%, 
but the rate is inconsistent. 

3.5.1.2. SWANSON'S METHOD 

Brain edema induced by focal ischemia results in enlargement of the infarct area and 
overestimation of infarct size. To overcome these effects, Swanson et al. proposed 
using a semiautomatic calculation system in which the infarct areas are obtained by 
reducing the areas of normal brain tissue of ischemic side with vital staining from the 
areas ofnonischemic hemisphere (192). 

3.5.1.3. LONG-TERM PATHOLOGY 

Aside from the secondary changes ofischemic damage (193, 194), long-term evalu­
ation of ischemic damage may be necessary, since arecent study demonstrated that 
postischemic hypothermia only delays the process of cell death and does not change 
the final (2 mo after ischemia) outcome (195). 

When the MCA-occluded rat survives for a long time, infarcted area becomes lique­
fied. At this chronic phase, it is difficult to measure infarct volume. Measuring the 
hemispheric weight separately is a time-saving and convenient way to assess the long­
term ischemic damage (196). The hemispheric weight at chronic phase reflects the 
total effect of ischemia, including primary effects and secondary changes in the thala­
mus and substantia nigra. This is a very simple and quite accurate method to evaluate 
the effects ofischemia andlor treatment. Usually, the infarct volume is calculated from 
the infarct areas of given slices and the distances of the neighboring slices. This is a 
very useful way to evaluate the ischemic effects. However, it is based on the hypoth­
esis that the mass of infarction can be represented as a barrel or a truncated cone model 
and that the distance between neighboring sections is constant. 

3.5.2. Functional Evaluation 
The ultimate aim of all therapies is functional recovery. The extent of pathological 

lesion is strongly correlated with the functional outcome in nontreated animals 
(172,196). However, when a drug is administered, the extent of functional recovery 
may not correlate with that of pathological damage (197,198). Recently, it was sug­
gested that a laboratory environment is important for functional recovery to occur (199). 
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Exposure to a rich environment can result in improved function without pathological 
improvement. Functional recovery is certainly based on morphological changes such 
as reorganization of synaptic networks (200). However, such changes are not detect­
able with methods used in conventional pathological studies. Hence functional evalua­
tion is inevitable for the assessment ofthe therapy. Fortunately, it is possible to detect 
functional changes even in a rat with a very small cortical infarction (167). Functional 
differences between the right and left hemispheres can also be investigated in such a 
small animal (21,167,201). 

3.5.2.1. MOTOR FUNCTION 

Several methods have been proposed for evaluating motor function in rats and they 
well correlate the extent ofthe ischemic damage (35,172,196,202). These are useful in 
short-term observations. However, motor function recovery is quite fast in the rat focal 
ischemia model (203). Contrary to the motor function, cognitive impairment persists 
considerably long period (203). 
3.5.2.2. COGNITIVE (BEHAVIORAL) FUNCTION 

Before evaluating the cognitive function, total activity must be evaluated. If the 
activity is diminished, there is no reason to do a cognitive test. 

To test cognitive function in the rat, water mazes (204), passive avoidance tests, 
active avoidance tests, the Y -maze, and the eight-arm radial maze are frequently employed. 

4. CONCLUDING REMARKS 

Classification of ischemia, factors affecting the result of ischemic insult, experi­
mental models for each category, and evaluation systems for the rat focal ischemia 
model were described. 

Recent advances in medical technology are astonishing; it is possible to obtain some 
metabolic information in human stroke using PET or MRI. In asense, we are in a new 
era of clinical ischemic study. However, we cannot obtain complete information of 
ischemia without sampling brain tissue itself. 

In recent years, old concepts such as the no-reflow phenomenon (98) and neuronal 
plasticity (200) have been reevaluated (205,206), and new aspects of ischemic brain 
damage such as lymphocytic infiltration (207) have been disclosed. These new and 
reevaluated findings may open new therapeutic windows. With increasing accumula­
ti on of information regarding mechanisms of cerebral ischemia, new therapeutic strat­
egies aimed at specific targets are being developed (208-210). Animal models are 
indispensable in investigating the efficacy of these therapeutic modalities. 
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cascade therapy, 50 
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Antisense oligonucleotides, gene 

expression modulation, 200, 201 
APCP, coronary artery bypass, 144 
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143 
Apoptosis, 7, 11-14, see also Necrotie 

ceH death; Programmed ceH death 
cerebral ischemia, 252 
defined,4 
neuronal, 156 

induction, 158, 159 
molecular mechanisms, 11, 12 

APP, see Amyloid precursor protein 
Aptiganel hydrochloride, 127 
AR, see Ascorbate radical 
Ascorbate radieal (AR), formation, 

237,238 
Aspartate, 155 
Aspirin 

clinieal trials, 52 
stroke prevention, 45 

Astrocytes, 160, 161 
effects of oxygen deprivation, 162, 

163 
expression, 161, 162 
function, 7, 8 
gene activation foHowing global 

ischemia, 190, 191 
neurotrophie factors, 8 
response to focal ischemia, 199 

Astroglia, role in ischemie brain, 240 
Astrogliosis, 190, 191 

B 
B2 integrins, ceH adhesion, 243 
Bcl-like proteins, ceH death protection, 

13 
BDNF, see Brain-derived 

neurotrophie factor 
Behavioral abnormalities, caused by 

NMDA antagonists, 140, 141 
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Benzodiazepine chlormethiazole, 
c1inical trials, 54 

Beta adrenoceptor antagonists, stroke 
prevention, 44 

bFGF overexpressing mice, 201 
Bilateral common carotid artery 

occ1usion 
in spontaneously hypertensive rats, 

275,276 
with hypotension, 275 
in Mongolian gerbils, 273, 274 

Blood-brain barrier, damage, 165 
Blood pressure reduction, stroke 

prevention, 45 
Bolus track perfusion, 35 
Brain-derived neurotrophic factor 
(BDNF), transient focal ischemia, 194 
Brain injury, see also Traumatic brain 

injury 
free radical-mediated, protection 

of, 172, 173 
HA-966,134 
NO effects, 171, 172 

Brint model, 281 

C 
Calbindin, 72 
Calcineurin 

apoptosis stimulation, 253 
cerebral ischemia pathophysiology, 

251 
Calcium 

extrusion from cytosol, 73, 74 
gene expression, 72, 73 
homeostasis, age-related change, 78, 79 
homeostatic regulation, 68-74 
influx mediated by voltage-gated 

channels, 70-72 
influx through ligand-opera ted 

calcium channels, 68-70 
IP3 receptors and G-proteins, 68 
ryanodine receptors, 69, 70 
Trk and IP3 pathway, 68, 69 

overload, 5, 6 
PCD,67 
transport, 73, 74 

Calcium antagonists 
prophylaxis, 90 
stroke prevention, 44 
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Calcium cascade, stimulation, 215 
Calcium channel antagonists 

c1inical trials, 53, 54 
ischemic cascade therapy, 50 

Calmod ulin, 72 
Carotid endarterectomy, stroke 

prevention, 44, 45 
Catalase, 170, 171 
CBF, see Cerebral blood flow 
CDK, see Cycklin-dependent kinases 
C. elegans, programmed cell death, 

12,13 
Cell adhesion molecules 

anti-adhesion therapy, 246 
B2 integrins, 243, 244 
cerebral ischemia, 245, 246 
intracellular adhesion molecules, 

244,245 
role in inflammation, 242-246 
selectins, 245 

Cell death 
Bc1-2-like proteins protection, 13 
calcium-dependent, 76-78 
comparison to proliferation, 13, 14 
glutamate induced, 6, 7, 76, 77 
role of intracellular calcium, 67 
therapeutic manipulation, 16 
types, 4 

CeH injury, pathophysiology, 2-16 
Cerebral blood flow (CBF) 

oxygen metabolism, 35, 36 
regional, assessment, 34, 35 

Cerebral circulation, human, 45 
Cerebral damage, free radical-medi­

ated,153-174 
Cerebral ischemia, see also Focal 

ischemia; Global cerebral ischemia; 
Permanent focal ischemia; 
Transient focal ischemia 

animal models, 133, 134,283 
apoptosis,252 
ceH adhesion molecules, 245, 246 
etiology,3 
genomic responses to, 185-202 
glucocorticoids,216-220 
HA-966, 133, 134 
hormonal modulators, 215-227 
inflammatory responses to, 235-253 
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excitatory neurotransmitters, 
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glycine, 106, 107 

quinoxalinedione therapy, 135-137 
therapy,17 
time-course, 31, 32 

Cerebral tissue perfusion, impairment, 
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Cerebrovascular accident (CV A) 
defined,1 
ischemic, see also Stroke; Transient 

ischemic attacks (TIAs), 1 
Chen model, 281 
Circulating leukocytes, 237-239 

cerebral tissue perfusion, 237 
free radical and toxin secretion, 

237,238 
lymphocytes, 238, 239 
monocytes / macrophages, 239 
neutrophils, 238 
thrombosis initiation, 237 

Clinical trials 
design issues, 55, 56 
disability and handicap measure­

ment, 58, 59 
methodology, 54-60 
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spheric stroke, 86-90 
outcome measures, 57 
stroke, 50, 51 
stroke scales, 57-59 
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Cobalt-Positron emission tomography 
(Co-PET),36 

Computer tomography (CT), 2, 32, 33, 
44,46 

comparison to MRI, 34 
Co-PET, see Cobalt-Positron emission 

tomography 
Coronary artery bypass, APCP, 144 
Corticosteroids, see also Glucocorti-

coids 
adverse effects, 53 
immunosuppressants, 246 
ischemic insult protection, 246 
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Corticotropin-releasing factor (CRF) 
function, 220 
neurotoxic properties, 220, 221 

CR3, role in microglia activation, 192 
CRF, see Corticotropin-releasing factor 
CRH, see Corticotropin-releasing 

factor 
CT, see Computer tomography 
CuZnSOD,166-170 
CV A, see Cerebrovascular accident 
Cycklin-dependent kinases (CDK), 192 
Cyclosporin-A 

action, 248 
anti-inflammatory action, 249, 250 
apoptosis inhibition, 252, 253 
neuroprotective effects, 248 
NO inhibition, 251 
therapeutic use, 246 

Cytokine metabolie cascade, initiation, 
162 

Cytokines, see also Proinflammatory 

D 

cytokines 
function, 161, 162 
inflammatory cells activation, 236 
ischemia-hypoxia effects, 162 
permanent focal ischemia, 197, 198 

Death genes, 73 
Dementia, 90 
Dexamethasone, clinical trials, 53 
Dextromethorphan, 127 
Diffusion weighted imaging (DWI), 47 
Dipyridamole, stroke prevention, 45 
Distal MCA occlusion, with bilateral 

CCAs occlusion, 281 
Dizocilpine, 127 
Duplex scanning, 47 
DWI, see Diffusion weighted imaging 

E 
EAA, see Excitatory amino acids 
Edema,4,5 

cytotoxic, 4, 5 
vasogenic, 4, 5 

Elderly, GC exposure, 219 
Electron spin resonance spectrometry 

(ESR), detection of radical 
formation, 157 
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Endogenous antioxidant enzymes 
ischemia/hypoxia effects, 165-171 

glutathione peroxidase and cata­
lase, 170, 171 

superoxide dismutases, 166-170 
Endothelium 

calcium homeostasis, 74, 75 
function, 74 
injury, 163, 164 

Epoprostenol, c1inical trials, 52 
ESR, see Electron spin resonance 

spectrometry 
Estrogens 

antioxidant effects, 222 
neuroprotective effects, 221, 222 
risk reduction of Alzheimer's dis-

ease,221 
Excitatory amino acid antagonists, 

c1inical trials, 54 
Excitatory amino acid cascade, GC 

impact on, 217 
Excitatory amino acids (EAA) 

free radical production, 155, 156 
release, 156 

Excitotoxicity, 6-11, 101, 102 
glutamate trigger, 101, 116 
glycine, 106, 107 
ischemia-induced, 101 

ExtraceHular 500, 166-171 

F 
Felbamate 

neuroprotective propertives, 138, 139 
side effects, 143 
therapeutic effects, 143 

FK-506 
action, 248 
anti-inflammatory action, 249, 250 
apoptosis supression, 251-253 
direct neuronal actions, 250, 251 
hypoxic-ischemic injury reduction, 10 
neuroprotective effects, 248, 249 
NO inhibition, 251 
therapeutic use, 246 

Focal ischemia, see also Permanent 
focal ischemia; Transient focal 
ischemia 

astrocytic response to, 199 

Index 

comparison with global ischemia, 193 
genomic responses, 193-200 
glial response, 199,200 
NMDA receptor blockade, 115 
programmed ceH death (PCD), 198 
recurrent spreading depression, 

114,115 
Focal ischemia models 276-283 

c1assification, 277, 278 
evaluation system, 281-283 
importance, 276 
ischemic threshold and penumbra, 

277 
nimodipine, 83, 84 
rat, 279-281 
results, 276, 277 
rodent, 278, 279 
therapeutic window, 277 

Forebrain ischemia 273-276 
bilateral common carotid artery 

occ1usion in spontaneously 
hypertensive rats, 275, 276 

bilateral common carotid occ1usion, 
273,274 

Pulsinelli' s model, 274, 275 
Smith' s model, 275 

Four-vessel occ1usion, rat, 274, 275 
Fraxiparine, c1inical trials, 52 
Free radicals, 8-10 

ceHular sources, 156, 157 
defense mechanisms against, 9, 10 
formation, 155-157 

detection, 17 
production of cerebral damage, 

153-174 
secretion, 237, 238 
toxicity 

blood-brain barrier damage, 165 
endothelial injury, 163-165 
glial ceH response, 157-163 
neuronal ceU injury, 157-160 

Free radical scavengers 
c1inical trials, 54 
ischemic cascade therapy, 50 

G 
Gangliosides, c1inical trials, 54 
GCs, see Glucocorticoids 
Gender, effect on ischemic injury, 268 
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Genes, see also Immediate early genes 
expression, programmed ceH 
death, 187, 188 

induction 
PCD,185 
transient forebrain ischemia 

pathophysiology, 186, 187 
Glial cells 

cytokine network, 161, 162 
free radical formation, 157 
function,7 
ischemia-induced genomic 

responses, 190-193 
oxygen-reactive proteins, 162, 163 
proliferation after ischemia, 161 
response to focal ischemia, 199, 200 
response to hypoxia-ischemia, 160-

163 
Global cerebral ischemia, 271-276 

asphyxia or cervical compression, 
272 

comparison with focal ischemia, 193 
increased intracranial press ure, 

271,272 
induced tolerance, 186, 187 
surgical occ1usion, 272, 273 

Global cerebra I ischemia models, 269-
276 

forebrain ischemia, 273-276 
global cerebral ischemia, 271-273 
nimodipine, 82, 83 
total body ischemia, 269, 270 

Glucocoritcosteroids, see Glucocorti­
coids 

Glucocortieoids (GCs) 
adverse effects, 216 
cerebral ischemia, 216-220 
edema therapy, 5, 219 
excitatory amino acids, 76 
function, 216 
neurotoxicity, 216, 217, 216-219 

Glucose, GCs effect, 218 
Glutamate, 155 

efflux, 103 
efficacy, 108 
inhibition of, 110, 111 
ischemia-induced, 110, 111 
in ischemie core, 109 
origins, 107, 108 

requirements, 108 
reversed uptake, 111 
time course, 108 
in vivo, 109, 110 

function, 101 

299 

ischemia-induced release of, 103 
neurotoxic action, 6, 7, 77, 101, 104, 105 

and aging, 78, 79 
in penumbra, 103, 104 

Glutamate ionotropie receptors 
alterations, 111-114 

polyamine potentiation of 
NMDA-glutamate-evoked 
responses in ischemia, 113 

redox changes, 113, 114 
relief of voltage-dependent 

magnesium-block of NMDA-
gated channels, 112, 113 

Glutamic acid ion channel receptors, 
LTP, 115 

Glutamine synthetase, oxidative inac­
tivation, 189 

Glutathione peroxidase, 170, 171 
Glycerol 

adverse effects, 53 
c1inieal trials, 53 

Glycine 
anticonvulsant properties, 107 
excitotoxicity, 106, 107 
function, 128 
NMDA responses, 106, 128 

Glycine site antagonists 
c1asses, 130-142 
toxicity, 139-142 

behavioral effects, 140-142 
hemodynamie and physiologie 

effects, 142 
pathologieal effects, 140 

G-proteins, 68 
Growth factors, promotion of neuritic 

sprouting, 90 
GV150526A, neuroprotective proper­

ties,139 

H 
HA-966 

anima I models of brain injury, 134 
animal models of cerebral ischemia, 

133, 134 
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function, 133 
structure, 133 
in vitro studies of neuronal injury, 

133 
Heat shock proteins 

cell injury, 160 
ischemic tolerance, 186 
postischemic synthesis, 185 

Heat shock proteins formation, 
antisense oligonucleotides im­
pairment of, 201 

Hemorrhage 
intracerebral, 1 
subarachnoid, 1 

Hemorrhagic stroke, 2 
Heparin, clinical trials, 52 
Hippocampus, GC-mediated damage, 

216,217 
Hormones, cerebral ischemia modula-

tion, 215-227 
Huntington's disease, 7-CI-thio-kyn, 132 
Hyperglycemia, effect on ischemic 
brain damage, 267, 268 
Hyperthyroidism, neuroprotective 

effects, 225, 226 
Hypoperfusion, detection, 37 
Hypotension, effect on ischemic brain 

damage, 268 
Hypoxic/ischemic injury, free radical­

mediated, pharmacotherapy, 
9, 10 

I 
12CA 

neuroprotective propertives, 135 
NMDA site inhibition, 135 

lanotropic receptors, 101 
IL-1, see Interleukin-1 
IL-6, see Interleukin-6 
Immediate early genes 

permanent focal ischemia, 195-197 
transient focal ischemia, 194 

Immune activation, 10, 11 
Immunosuppressants, 246-253 

corticosteroids, 246 
cyclosporin-A, FK-506 and 

rapamycin, 246-248 
anti-inflammatory action, 249, 
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apoptosis supression, 251-253 
direct neuronal actions, 250, 251 

Induced tolerance, global cerebral 
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Infection, 2, 3, 5 
Inflammation, detection, 37 
Inflammatory process markers, 193 
Inflammatory responses, 32, 165, 195 

role in CNS pathology, 235, 236 
to cerebral ischemia, 235-253 
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effect on Alzheimer's disease, 224 
neuroprotective effects, 223, 224 

Interleukin-1 OL-1), 161, 195 
adverse effects, 10 
permanent focal ischemia, 198 
response in cerebral ischemia, 241, 

242 
therapeutic effects, 10 

Interleukin-6 OL-6), role in stroke, 242 
Intracellular adhesion molecules, role 

in inflammation, 244, 245 
Intravascular thread model, 280, 281 
IP3 receptor pathyway, 68-70 
Ischemia, see also Focal ischemia; Glo-

bal cerebral ischemia; Total body 
ischemia 

NMDA-glutamate-evoked re­
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temperature effects, 267 
Ischemia/hypoxia injury 

mechanism, 153-157 
cellular sources of oxygen-free 

radicals in brain, 156, 157 
excitatory amino acids and free 

radicals, 155, 156 
nitric oxide, 154, 155 
reactive oxygen species, 153 
superoxide, 153, 154 

Ischemia-reperfusion injury, neutro­
phil role, 238 

Ischemic animal models, see also Fo­
cal ischemic models 

evaluation, 281, 282 
monitoring, 269 

Ischemic brain injury 
effect of gender, 268 
glycine antagonist therapy, 127-144 
hyperglycemic effect, 267, 268 
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hypotension effect, 268 
monocyte role, 239 
sympathetic catecholamines, 224, 

225 
Ischemic cascade, 3, 4 

pharmacotherapy, 49, 50 
Ischemic core, glutamate efflux, 108, 

109 
Ischemic damage 

cognitive (behavioraD function, 283 
long-term pathology, 282, 283 
motor function, 283 
neutropenia-induced protection, 

238 
Ischemic penumbra, 3 

therapy, 48, 49 
Ischemic preconditioning, 159, 160 

role of microglia, 240 
Ischemic stroke, 75-79 

glutamate release, 76, 77 
nimodipine, 86-90 
pathophysiology, 76 

Ischemic threshold, 277 
Ischemic tolerance, see also Ischemic 

preconditioning 
heat shock proteins, 186 

K 
Killer genes, 15 
Knockout mice, 201 
Koizumi model, 280 
Kynuerinic acid, 130-132 

L 

animal models of brain injury and 
neurodegenerative disease, 
132, 133 

animal models of cerebral ischemia, 
131, 132 

function, 130 
in vitro studies of neuronal injury, 

130, 131 

Lamotrigine, cerebroprotective effects, 
111 

L-deprenyl, therapeutic effects, 173 
Lethal ischemic insult, 166-168 
Leukocytes 

infiltration, 32 
role in thrombosis initiation, 237 
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Long-term potentiation (LIP), anoxia-
induced, 115 

LIP, see Long-term potentiation 
L-type calcium channels, 75 
LY231617, therapeutic effects, 173 
Lymphocytes, pathogenesis of cere-

bral ischemia, 238, 239 

M 
Macrophages, infiltration, 239 
Magnesium, clinical trials, 54 
Magnetic resonance angiography, 34, 

35,47 
Magnetic resonance imaging (MRI) , 

31,33-35 
comparison to CI, 34, 46, 47 
functional, 35, 46, 47 
neuronal damage assessment, 16, 

17 
Magnetic resonance spectroscopy 

(MRS),34 
diffusion, 34 
perfusion, 34 

Metabotropic receptors, 101 
Methylprednisolone,5 
Microdialysis, 102 

measurement of ischemic insults, 76 
Microglia, 160, 161 

activation, 32 
expression, 161, 162 
gene activation, 191, 192 
macrophage-like phenotype, 239, 

240 
response to focal ischemia, 199,200 
roIe in inflammatory response, 239, 

240 
role in ischemic preconditioning, 

240 
IGF-Bl induction, 192 

MK-801 
neuroprotective effects, 7, 197 
side effects, 7 

MnSOD,166-171 
Monocytes, role in ischemic brain 

injury, 239 
MRI, see Magnetic resonance imaging 
MRS, see Magnetic resonance 

spectroscopy (MRS) 
Muscimol,7 
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Naftidrofuryl, clinical trials, 52 
Necrosis, defined, 4 
Necrotic ceH death, 11 

free radical role, 156 
Neurodegenerative disease, 7-CI-thio­

kyn, 132 
Neuronal ceH injury, 157-160 

acute ischemic ceH change, 157 
apoptosis, 158, 159 
delayed neuronal death, 157 
free radical toxicty, 157-160 
ischemic preconditioning, 159, 160 
kynurenic acid, 130, 131 
necrosis, 158 
visualization, 16, 17 
in vitro studies, 133 

Neuron-glia interactions, 7, 8 
Neutrophils, role in ischemia­

reperfusion injury, 238 
Nicardipine, 7 
Nimodipine, 7 

clinical trials, 53, 54 
effect on microvascular degenera-

tion,75 
efficacy,88 
experimental stroke models, 82-86 
in experimental stroke models 

focal cerebral ischemia models, 
83,84 

global cerebral ischemia models, 
82,83 

stroke-prone spontaneously 
hypertensive rat strains, 84, 85 

pharmacodynamics, 80, 81 
cerebrovasodilatory effects, 80 
neuronal effects, 80, 81 

pharmacokinetics, 81, 82 
absorption and distribution, 81 
metabolism and elimination, 81, 82 

pharmacology,80 
safety,88 
stroke therapy, 86-90 

Nitric oxide (NO), 154, 155, 155 
apoptosis induction, 159 

Nitric oxide synthases (NOS) 
effects on brain injury, In, 172 
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expression in brain, 171 

induction, 197 
inhibition of, In, 172 
isoforms, 171 
knock-out mice, 201 
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NMDA-gated channels, 112, 113 
NMDA-glutamate evoked responses, 
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NMDA receptor antagonists 

ischemic cascade therapy, 50 
side effects, 127 

NMDA receptor channel, 7, 77 
NMDA receptor complex 

glycine site, 106, 127-129 
I2CA inhibition, 135 
sites, 127, 128 

NMDA receptor-ionophore complex, 
redox changes, 113, 114 

NMDA receptors 
antisense oligonucleotides impair­

ment of formation, 201 
blockade in focal ischemia, 115 

NO, see Nitrous oxide 
"No-reflow" phenomenon, 237 
NOS, see Nitric oxide synthases 

o 
Oligodendrocytes, 160 
Oxidative stress, apoptosis induction, 159 
Oxygen-free radicals, see Free radicals 
Oxygen metabolism, ischemic assess-

ment, 35, 36 
Oxygen-reactive proteins, 162, 163 

p 

Parvalbumin, 72 
PCD, see Programmed ceU death 
PCP, see Phencyclidine 
PCP "angel dust" receptor, 7 
Pentoxifylline, clinical trials, 52 
Penumbra, 277 
Penumbral zone 

glutatmate presence, 103, 104 
nimodipine, 84, 85 

Perfusion scanning, 47 
Permanent focal ischemia, 195-200 

APP, 198 
cytokines and molecules involved 

in ceU attraction, ceH adhesion 
and tissue infiltration, 197, 198 
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stress proteins and immediate early 
genes, 195-198 

Peroxynitrite, reduction, 172 
PET, see Positron emission 

tomography 
Phencyc1idine (PCP), 127 
Photothrombosis model, 281 
PKC, see Protein Kinase C 
Positron emission tomography (PET), 

2,35,49, see also Cobalt-Positron 
emission tomography 

comparison with SPECT, 37, 38 
Postischemic hypothermia, 

neuroprotective effects, 267 
Presynaptic glutamate release inhibi­

tors, ischemic cascade therapy, 50 
Progesterone, neuroprotective effects, 

221 
Programmed ceH death (PCD), 11, 158 

C. elegans, 12, 13 
focal ischemia, 198 
gene expression, 187, 188, 194, 195 
gene induction, 185 
role of intraceHular calcium, 67 

Proinflammatory cytokines, 240-242 
interleukin-l, 240, 241 
other cytokines, 242 

Proliferation, comparison to ceH 
death, 13, 14 

Propentifylline, c1inical trials, 52 
Protein kinase C (PKC), 72 

activation, 114 
Protein synthesis inhibition 

cell death, 190 
genomic responses, 189, 190 

Proximal MCA occ1usion, 279, 280 
Pulsinelli's Model, 274, 275 

Q 
Quinoxalinediones, 135-137 

R 

anima I models of cerebral ischemia 
and brain injury, 135-137 

in vitro studies in neuronal injury, 
135 

Rapamycin, 248 
neuroprotective effects, 248 

Rat ischemia models 279-281 

Chen model, 281 
Koizumi model, 280, 281 
Tamura model, 279, 280 
Watson model, 281 
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Reactive oxygen species (RaS), 8-10, 
153, see also Free radicals 

increase by GCs, 217 
Reaper genes, 15 
Recombinant tissue plasminogen acti­

vator (rtPA), c1inical trials, 51 
Reperfusion 

glutamate efflux, 103 
stroke therapy, 50, 51 

Rescue genes, 15, 160 
Rheological modification, stroke 

therapy, 51, 52 
Riluzole, beneficial effects, 111 
Risk factors for stroke, 2, 3, 43-45 
Rodent focal ischemia models 

MCA occ1usion, 278, 279 
MCA occ1usion in the mouse, 278 
MCA occ1usion in the rat, 278 
unilateral carotid artery occ1usion 

in the gerbil, 278 
RaS, see Reactive oxygen species 
rtPA, see Recombinant tissue plasmi­

nogen activator 
Ryanodine receptors, 69, 70 

S 
SD, see Spreading depression 
Seizures, felbamate therapy, 143 
Selectins, role in inflammation, 245 
Selfotel, 127 
Single photon emission tomography 

(SPECT), 31, 36-38, 49 
comparison with PET, 37, 38 

SK, see Streptokinase 
SM-18400, neuroprotective effects, 

137 
Smith's model, 275 
SODl, see CyZnSOD 
SOD2, see MnSOD 
SOD3, see ExtraceHular SOD 
Sodium channel antagonists, ischemic 

cascrde therapy, 50 
SODs, see Superoxide dismutases 
SPECT, see Single photon emission 

tomography 
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Spreading depression (SO), 114, 115 
glutamate efflux, 104 
LTP induction, 115 

Streptokinase (SK), clinical trials, 51 
Stress genes, transient focal ischemia, 
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Stress proteins, permanent focal 

ischemia, 195-197 
Stroke 

acute, assessment, 46, 47 
classification, 45 
clinical trials, 50, 51 
complications, 48 
cost of care, 2 
defined,43 
developmental phases, 31, 32 
epidemiology, 43-45 
etiology, 2, 3, 43 
imaging, 31-38 
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mortality, 1, 34,48, 51 
outcome,48 
pathogenesis, 3 
pharmacotherapy, 79 
prevention, 1, 44, 45 
pro gnosis, 47 
risk factors, 2, 3, 43-45 
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Stroke sc ales, 57, 58 
Stroke units, efficacy, 48 
Sublethai ischemic insult, 167, 168 
Superoxide, 153, 154 
Superoxide-dismutase overproducing 

mice, 201 
Superoxide dismutases (SOOs), 154, 

166-170 
impact on ischemia/reperfusion, 

166-168 
induction mechanism, 169, 170 
neuroprotective effects, 172, 173 
therapeutic use, 173 
time course, 166 

Surrogate markers, 59, 60 
Survival genes, see Rescue genes 
Swanson's method, 282 
Sympathetic catecholamines, ischemic 

injury, 224, 225 
Synaptic efficacy, enhancement, 115 
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Tamura model, 279, 280 
Tandem occlusion model, 281 
TC, see Transcranial Doppler ultra­

sound 
Temperature, effect on ischemic cere­

bral damage, 267 
Testosterone, neuroprotective effects, 

222,223 
TGF-Bl, see Transforming growth 

factor-Bl 
Therapeutic window, 277 
Thiazide diuretics, stroke prevention, 

44 
Thrombolysis, stroke therapy, 50, 51 
Thrombosis, leukocyte initiation, 237 
Ticlopidine, stroke prevention, 45 
Time window, 55, 56, 57 
TNFalpha, see Tumor necrosis factor 

alpha 
Total body ischemia, 269-271 

cardiac arrest and resuscitation, 
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profound systemic hypotension, 
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Transcranial Doppler ultra sound 

(TeD),47 
Transforming growth factor-Bl (TGF­
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Transgenic mice, 201 
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amyloid precursor protein, 195 
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in ceH attraction, ceH adhesion 
and tissue infiltration, 195 

genes associated with PCD, 194, 195 
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genomic responses to, 186-193 
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induced genomic responses 
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ischemia-induced activation of 
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Transient ischemic attacks (TIAs), 1,44 
Traumatic brain injury 

12CA therapy, 135 
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TTC stain, 282 
Tumor necrosis factor alpha 

(TNFalpha), 161, 165, 195 
adverse effects, 10, 11 
beneficial effects, 11 
ischemic injury contribution, 242 
permanent focal ischemia, 197, 198 
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U 
U74006F, therapeutic effects, 173 
Ultrasound, see Transcranial Doppler 

ultrasound 

V 
Vitamin C analogs, 173 
Vitamin E analogs, 173 
Volume calculation, 282 

W 
Warfarin, stroke prevention, 44 
Watson model, 281 

Z 
ZD9379, neuroprotective properties, 139 




