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Summary: The following features of the ischaemic and postischaemic brain are the focus of interest:
development of acidosis, oedema formation, calcium overload, glutamate excitotoxicity, free radical formation
and nitric oxide overproduction. The brain is critically dependent on its blood flow for a continuous supply of
oxygen and glucose. Energy depletion has fundamental importance in the genesis of subsequent injurious
events. Loss of ATP rapidly leads to a massive calcium influx and release of calcium from intracellular compart-
ments. Extracellular concentrations of glutamate are markedly elevated in ischaemic brain tissue. Intracellular
Ca2* overload during ischemia has several deleterious consequences including the formation of reactive oxy-
gen species. Nitrogen monoxide (NO) is an important mediator of cellular and molecular events which impacts
the pathophysiology of cerebral ischemia. An increase in intracellular Ca2+ activates the enzyme NO synthase
which catalyzes the synthesis of NO. NO is produced in neurons, glia cells and vascular endothelium in central
nervous system. Depending on its origin, its effects are varied. NO is a mediator having both neurotoxic and
neuromodulator effects. Neuronal NO is the neurotoxic agent mediating glutamate toxicity and increasing acu-
te ischaemic damage. Vascular NO as a potent vasodilator and an inhibitor of platelet aggregation, may be ben-
eficial in the early stages of focal cerebral ischemia. There is increasing evidence that ischaemic brain injury se-
condary to arterial occlusion is characterized by acute local inflammation, which involves accumulation of poly-
morphonuclear neutrophils. Overexpression of inflammatory mediators such as cytokines, chemokines and

adhesion molecules promotes recruitment of leukocytes in the ischaemic area.
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Cerebral ischaemia

Cerebral ischaemia is a common and devastat-
ing neurological disorder which is the third leading
cause of death in major industrialized countries and
also a major cause of long-lasting disability (1 8).
Cerebral ischaemia is always of vascular origin and
can be divided into haemorrhagic and thromboem-
bolic, with the latter accounting for approximately 90
% of strokes and results from embolic or thrombotic
occlusion of the major cerebral arteries, most often
the middle cerebral artery (1). Cerebral ischaemia can
be classed by topography as global or focal, and by
chronology as reversible and irreversible. Focal hypo-
xia-ischaemia also occurs in such contexts as trau-
matic insults or cerebral haemorrhages, while global
hypoxia-ischaemia occurs in cardiac arrest, near dro-
wning and carbon monoxide poisoning (9).

Occlusion of the middle cerebral artery (MCA)
develops an infarct area in MCA territory. Ischaemia
due to middle cerebral artery occlusion encompasses
a densely ischaemic focus and a less densely ischae-

mic penumbral zone. A rim of moderate ischaemia
surrounds the severely ischaemic area. This is called
penumbra which lies between normally perfused brain
and infarct area. Penumbra does not exist in global
ischaemia. The penumbra defines regions with blood
flow below that needed to sustain electrical activity,
but above that required to maintain cellular ionic gra-
dients, and that lead in time to infarction (10). In pe-
numbra, pathophysiological mechanisms are dyna-
mic, cell death occurs last and pharmacological
approach has been most successful. Penumbra may
extend outside (11). Cells in the focus are usually
doomed unless reperfusion is quickly instituted. In
contrast, although the penumbra contains cells »at
risk«, these may remain viable for at least 4 to 8
hours. Cells in the penumbra may be salvaged by re-
perfusion or by drugs that prevent an extension of
infarction into the penumbral zone (12).
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Mechanisms involved
in ischaemic brain damage

Many events occurring during and after cerebral
ischaemia are well known, but they are not known
enough to fully elucidate the mechanisms of brain
damage. Factors responsible for the extension of
infarction into the penumbral zone include acidosis,
oedema formation, acute local inflammation, dissipa-
tive ion fluxes, calcium overload, glutamate excitotox-
icity, free radical formation, nitric oxide overproduction
and programmed cell death (2, 13 16). Central to any
discussion of the pathophysiology of ischaemic le-
sions is energy depletion. Energy failure alone cannot
explain the functional damage occurring during the re-
perfusion phase.

Acidosis

The brain is critically dependent on its blood flow
for a continuous supply of oxygen and glucose. Within
minutes of the onset of ischaemia, energy demands
exceed the brain capacity to synthesize ATP anaerobi-
cally. Energy depletion has fundamental importance in
the genesis of subsequent injurious events. Following
ischaemia, oxygen and glucose supplies of brain di-
minish. ATP decreases rapidly. In 2 3 min, lactic acid
formation reaches its maximum level. Lactate and
unbuffered hydrogen ions accumulate in tissue in pro-
portion to the carbohydrate stores present at the onset
of ischaemia. Lactic acidosis exerts its lethal effect in
several ways. Mitochondrial respiration is depressed at
low pH. This inhibits further ATP formation. Low tissue
pH enhances free radical formation and lipid peroxi-
dation (17). In vitro acidosis causes delocalization of
protein bound iron, and thereby facilitates iron-cat-
alyzed production of oxygen reactive species (18). Low
pH can enhance free radical reactions also by shifting
the unprotonated form of superoxide radical (02 ) to
the protonated form (HO?2 ) which is more lipid solu-
ble and pro-oxidant (18). In spite of this evidence, it is
very difficult to show a correlation between ischaemic
acidosis and free radicals because their production is
localized into small subcellular compartments. In addi-
tion, acidosis worsens the disturbance occurred dur-
ing ischaemia in calcium ion homeostasis (15).

Oedema formation

In addition to the rapid change in tissue acid-
base status, failure of all energy dependent mecha-
nisms, including ion pumps, leads to deterioration of
membrane ion dgradients, opening of selective and
unselective ion channels and equilibration of most
intracellular and extracellular ions (anoxic depolariza-
tion). As a consequence of anoxic depolarization, po-
tassium ions leave the cell, sodium, chloride and cal-
cium ions enter (11). Cellular accumulation of ions
cause formation of cytotoxic oedema. Cellular osmo-

larity increases. Depending on this, water shifts from
extracellular into intracellular compartment. This cau-
ses ischaemic neuronal swelling and development of
cytotoxic oedema. Brain oedema is one of the major
determinants of the survival of stroke patients. Cyto-
toxic oedema is the first stage of ischaemic oedema
and occurs in the first minutes of ischaemia. In addi-
tion, increased Ht ions due to ischaemic acidosis are
expelled out of the cells in exchange for Na+ ions. This
worsens cytotoxic oedema. Cytotoxic oedema occurs
both in gray and white matter. Blood brain barrier
(BBB) is intact. In acute ischaemic stroke, oedema be-
gins as reversible cytotoxic form, later, changes into
vasogenic form. Vasogenic oedema follows, second-
ary to leakiness of the blood brain barrier which is also
impaired by energy failure and the hydrostatic force
created by the blood pressure. Disruption of BBB
leads to extracellular water accumulation and forma-
tion of vasogenic oedema. The resultant brain oede-
ma may compress capillaries, thereby further decreas-
ing regional blood flow into the ischaemic zone as well
as inhibiting the reperfusion which may follow relief of
arterial obstruction or revascularization. Cerebral
oedema and increased intracranial pressure affect the
perfusion of peripheral areas and cell necrose enlarges
(17). Vasogenic oedema develops after 4 6 hours of
ischaemia, reaches maximum at 36 72 hours and
lasts 7 14 days. If this oedema is severe enough, it
causes death in 1/3 of ischaemic lesions and 3/4 of
haemorrhagics.

Glutamate neurotoxicity

Extracellular concentrations of glutamate are
markedly elevated in ischaemic brain tissue as a con-
sequence of both enhanced release of the amino acid
from neurons and its impaired uptake into glia and
neurons. Glutamate released from depolarized presy-
naptic endings activates several postsynaptic receptor
/channel complexes which are named according to
the preferred agonist (the quisqualate, kainate and
NMDA-preferring receptor). Of these, the N-methyl-D-
aspartate (NMDA) receptor/channel complex is per-
meable to calcium ions. Glutamate acts on both N-
methyl-D-aspartate (NMDA) and non-NMDA receptors
and activates both NMDA and non-NMDA (Kainate
and AMPA/Quisqualate) type receptors. Non-NMDA
receptors mediate acute neuronal swelling. NMDA
receptors are particularly important in mediating sub-
sequent delayed neuronal disintegration. Non-NMDA
receptors play a more significant role in global
ischaemia and NMDA receptors in focal ischaemia (1).

Calcium overload

Calcium ions are among the most powerful intra-
cellular messengers, able to give rise to a great variety
of events. Intracellular Ca2+ overload during ischaemia
is thought to have several deleterious consequences
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including: a) beginning of the metabolic cascades,
which include activation of phospholipase A,, attack-
ing cellular membranes, liberating fatty acids (mainly
arachidonic acid) and altering membrane permeability
and cell function; b) mitochondria accumulates calci-
um, which uncouples oxidative phosphorylation at a
time when ATP production is already reduced; c) alter-
ation of receptor function; d) toxic excitatory amino
acid (EAA) release, precipitating neurons in a state of
hyperexitability (15,16); e) elevated cytosolic Ca*2 acti-
vates the neutral protease Calpain I. Activated Calpain
I, converts xanthin dehydrogenase into xanthine oxi-
dase by cleaving a peptide bond in xanthine dehydro-
genase in endothelium of cerebral blood vessels.
Elevated xanthine oxidase activity during reperfusion
may contribute to increased oxygen radical formation
as a result of the metabolism of xanthine to uric acid;
f) elevated cytosolic Ca*2 activates ornitin decarboxy-
lase leading to oversynthesis of polyamines (1, 18).
This causes activation of polyamine site of NMDA re-
ceptor amplifying its response, increases Ca*2 influx;
g) In the presence of Ca*2, DAG activates protein ki-
nase C. Protein kinase C is a soluble protein and it is
inactive catalytically in the absence of DAG. Protein
kinase C is activated by Ca+2 and DAG which remains
in the membrane. The activated kinase then phospho-
rylates several cellular enzymes and receptors, thereby
altering their activity. Protein kinase activation
depends on both Ca+*2 and DAG. This is an indicator
of the relationship between the two branches of inozi-
tol-lipid signal pathway. Protein kinase C also phos-
phorylates NMDA receptor, thereby, enhances NMDA
receptor stimulation via reduction of the Mg+2 block
(1); h) Intracellular Ca+2 overload activates nitric oxide
synthase (NOS) leading to the formation of NO from
arginine (1). NO produces cGMP by activating guany-
late cyclase. cGMP has anti-oxidant, anti-aggregant,
anti-adhesive, anti-inflammatory and dilating effects; i)
Ca*2 activates some lytic enzymes (proteases, endo-
nucleases). Endonucleases induce DNA fragmenta-
tion, programmed cell death. Proteases degrate pro-
tein MAP2 in microfilaments and microtubulis. This
correlates with neuronal degeneration.

Reactive oxygen particules

Intracellular Ca2+ overload can also set off a cas-
cade of events which may lead to the formation of
reactive oxygen species, promoting arachidonic acid
metabolism and converting xanthine dehydrogenase
into xanthine oxidase. Injury to brain cells may release
iron ions that can stimulate free radical reactions. In
addition, there is a high concentration of ascorbic acid
in the gray and white matter of the central nervous sys-
tem (CNS). Ascorbate/iron and ascorbate/copper mix-
tures generate free radicals. One more source of oxy-
gen free radicals is the intramitochondrial electron
transfer chain. Free radicals produced in mitochondria
may cause point mutations, DNA cross link and DNA

strand breaks in mitochondrial genes. Damage to the
mitochondrial genome results in impaired respiration,
further increasing the possibility of oxygen radical pro-
duction. The brain and nervous system are prone to
radical damage for a number of reasons. Membrane
lipids are very rich in polyunsaturated fatty acid side
chains. In addition, the brain is poor in catalase activi-
ty and has only moderate amounts of superoxide dis-
mutase and glutathione peroxidase (15, 16).

Nitric oxide

Nitrogen monoxide (NO) has recently emerged
as an important mediator of cellular and molecular
events which impacts the pathophysiology of cerebral
ischaemia. An increase in intracellular Ca*+2 resulting
from the activation of voltage-gated Ca*2 channels or
ligand-gated Ca+2 channels or from the mobilization
of intracellular Ca+2 stores could activate the enzyme
NOsynthase (NOS; EC 1.14.13.39) which catalyzes
the synthesis of NO from the guanido nitrogen of L-
arginine and molecular oxygen. NO is produced in
neurons, dglia cells and vascular endothelium in CNS.
Depending on its origin, its effects are varied. NO is a
mediator having both neurotoxic and neuromodulator
effects. Neuronal NO is proposed as the neurotoxic
agent mediating NMDA toxicity and increasing acute
ischaemic damage. It causes cytotoxicity through for-
mation of iron-NO complexes with several enzymes
including mitochondrial electron transport chain, oxi-
dation of protein sulfhydryls and DNA nitration. NO
may mediate cell death also through formation of the
potent oxidant peroxynitrite (ONOO ). ONOO de-
composes to the hydroxyl radical (OH ©) and nitrogen
dioxide radical (NO,) which is a potent activator of lipid
peroxidation. On the other hand, vascular NO as a
potent vasodilator and an inhibitor of platelet aggrega-
tion, may be beneficial in the early stages of focal cere-
bral ischaemia. It may facilitate collateral blood flow to
the ischaemic territory (15, 16). A third isoform, iNOS,
is normally not present in most cells, but its expression
is induced in pathological states associated with in-
flammation. iINOS generates toxic levels of NO, and
may contribute to the cytotoxicity induced by inflam-
mation (13). In the brain, iNOS is induced by postis-
chaemic inflammation. After transient or permanent
middle cerebral artery (MCA) occlusion in rodents,
iNOS messenger RNA has been reported to be upre-
gulated and peaks at 12 48 h after ischaemia (13).
iNOS is induced in neutrophils infiltrating the injured
brain and in cerebral blood vessels in the ischaemic
territory. It has been also reported that postischaemic
NO production continues during the recovery phase of
ischaemic stroke. The data on iNOS inhibitors along
with the data from studies in iINOS-null mice, suggest
that NO produced by iNOS is an important factor in
ischaemic damage (13).
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Inflammation in cerebral ischaemia

There is increasing evidence that ischaemic
brain injury secondary to arterial occlusion is charac-
terized by acute local inflammation, which involves
accumulation of polymorphonuclear neutrophils
(PMN). An inflammatory reaction is a common res-
ponse of the brain parenchyma to various forms of
insult. It is characterized by the infiltration of leuko-
cytes, which are mainly polymorphonuclear leukocy-
tes and monocytes/macrophages (5, 7, 19). Overex-
pression of inflammatory mediators such as cyto-
kines, chemokines and adhesion molecules promo-
tes recruitment of leukocytes in the ischaemic area.
Leukocytes have deleterious effects in brain ischa-
emia and play the key role in the progression from
ischaemia to irreversible injury. Human data regard-
ing inflammation in stroke are scarce. The inflam-
matory response of ischaemic brain parenchyma has
been more thoroughly explored in animal models. In
animal models of cerebral ischaemia, accumulation
of PMN has been detected within the first 12 hours
after induction of ischaemia (5, 7, 20). During reper-
fusion after acute ischaemia, polymorphonuclear
neutrophils (PMN) are believed to exacerbate tissue
damage by both physical obstruction of vessels and
release of oxygen radicals, proinflammatory cytoki-
nes, and cytolytic enzymes (5, 21). There are a num-
ber of mechanisms by which leukocytes may pro-
duce deleterious effects on ischaemic parenchyma
(5, 7, 21). It has been proposed that leukocytes
obstruct the microvessels and contribute toward the
so-called »no-reflow« phenomenon (7, 22). This
indicates the lack of complete recovery of cerebral
blood flow in the ischaemic area after reperfusion (7,
23 25). Other detrimental effects of leukocytes dur-
ing ischaemia may be due to the release of vaso-
constrictive mediators, such as thromboxane A,,
endothelin-1, and prostaglandin H,; an alteration in
cerebral artery vasoreactivity; the release of cytotox-
ic enzymes; free oxygen radicals; NO; and products
of the phospholipid cascade (5, 7, 21, 26). It is
believed that the release of proteolytic enzymes such
as elastase might damage endothelial cell mem-
branes and the basal lamina, alter the blood-brain
barrier, and contribute to the formation of post-
ischaemic oedema. In addition, loss of the integrity
of the endothelial cell-basal lamina lining might facil-
itate the escape of red blood cells and the haemor-
rhagic transformation of a brain infarct (7, 27 29).

Recent studies have provided evidence that
expression of the inflammation-related enzymes, nitric
oxide synthase (iNOS) and cyclo-oxygenase (COX)-2
are critical mechanisms by which inflammatory cells
influence the progression of cerebral ischaemic dam-
age (13). COXis a rate limiting enzyme in the synthe-
sis of prostaglandins and tromboxanes. Two isoforms
have been described: COX-1 and COX-2. COX-1 is
involved in normal cellular function. COX-2 is normal-
ly expressed at low levels in neurons. COX-2 is upreg-

ulated in response to mitogens, inflammatory media-
tors and hormones. In inflammation, it contributes to
tissue damage through the production of reactive oxy-
gen species and toxic prostanoids. Superoxide pro-
duced by COX-2 reacts with NO to form the powerful
oxidant peroxynitrite (13). There is evidence that COX-
2 participates in cerebral ischaemia (13). It was shown
that COX-2 messenger RNA and protein expression
are upredgulated 12 24 h after cerebral ischaemia in
rodents. COX-2 expression in rodents has been obser-
ved in neurons at the periphery of the infarct, in vas-
cular cells, and in microglia (3, 13). It was reported
that administration of a selective COX-2 inhibitor, 6 h
after ischaemia reduced infarct volume in a model of
focal cerebral ischaemia in rats (3,13).

Cytokines and cerebral ischaemia

It is believed that cytokines play a key role in the
entry of leukocytes into the ischaemic area (2 8).
Cytokines are low-molecular-weight glycoproteins that
act as intercellular messengers and mediate and regu-
late immune and inflammatory responses (5, 7). They
are produced by activated macrophages, monocytes,
lymphocytes, endothelial cells, fibroblasts, platelets,
and many other cell types (7, 30). Cytokines act at very
low concentrations on specific target-cell receptors,
whose expression is modulated by the cytokines them-
selves. Binding of cytokines to receptors activates
intracellular second messenger systems and several
protein kinases and phosphatases. These enzymes
trigger the expression of a number of proinflammato-
ry genes by inducing the synthesis of transcription fac-
tors including nuclear factor-kB, hypoxia inducible
factor-1, interferon regulatory factor-1 and Stat3 (2,
31 34). Cytokines are considered to be the principal
mediators of immunologic and inflammatory respons-
es (7). During cerebral ischaemia cytokines can attract
leukocytes and stimulate the synthesis of adhesion
molecules in leukocytes, endothelial cells, and other
cells, thus promoting the inflammatory response of
damaged cerebral tissue. They can facilitate thrombo-
genesis by increasing levels of plasminogen-activating
inhibitor-1, tissue factor, and platelet-activating factor
and by inhibiting tissue plasminogen activator and
protein S (7, 35 37). Increased production of several
cytokines has been demonstrated intrathecally in
patients with acute ischaemic stroke (5, 38 40). In-
creased synthesis of cytokines in acute stroke is, how-
ever, not restricted to the CNS but can also be detect-
ed systemically (5, 8, 41, 42).

Chemokines in cerebral ischaemia

Chemokines constitute a subgroup of the cyto-
kine family, which may play a pivotal role in the attrac-
tion and accumulation of leukocytes through the pa-
renchyma and toward the ischaemic area (5, 7,
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43 46). Chemokines are low-molecular-weight mole-
cules with chemotactic activities on selective leukocyte
subpopulations (7, 8). The number of discovered che-
mokines is continuously growing, and so far, more
than 20 members of this cytokine family have been
identified (7). They are characterized by the presence,
as a common structural pattern, of four cysteine re-
sidues. They are divided into two main subfamilies (o-
or C-X-C subfamily and 3- or C-C subfamily) according
to the presence or absence of an amino acid between
the residues of the two most amino-proximal cysteines
(7, 47). Members of the IL-8 family belong to a.-che-
mokines, while monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein (MIP)-1a,
and MIP-1pB belong to the C-C chemokines. The struc-
tural distinction is reflected in vitro by a peculiar effect
on different cell types: C-X-C chemokines tend to
attract polymorphonuclear leukocytes (PMNL), primari-
ly neutrophils, whereas C-C chemokines preferentially
act on monocytes/macrophages (7, 8). Each chemo-
kine family binds to specific receptors formed by seven
transmembrane domains that activate G proteins and
subsequently an intracellular kinase cascade (7, 48).
Chemokine production and secretion are stimulated
by a number of compounds, such as bacterial lipo-
polysaccharide, IL-1 a, IL-1 3, and TNF-a (7, 47).

Cell adhesion molecules
in cerebral ischaemia

The inflammatory process initiated by locally
produced proinflammatory cytokines induce or
enhance the expression of several adhesion molecules
(7, 8, 41, 45). The adhesion of leukocytes to the
endothelial surface and their subsequent migration
from the microvessels into the brain parenchyma are
mediated by a variety of molecules located on the sur-
face of both leukocytes and endothelial cells (7).
Adhesion molecules are divided into four main fami-
lies: integrins, the immunoglobulin superfamily, cad-
herins, and selectins (49). Under normal conditions,
there is little or no cell-surface expression of adhesion
molecules (50). Inflammatory processes, such as
cerebral ischaemia induce their expression with the
upregulation mediated by cytokines (7). They are gly-
coprotein in nature and are the anchors that mediate
the attachment of leukocytes (51).

Therapeutic approach

Heavy studies are being performed to develop
drugs that will prevent neurodegeneration following
acute ischaemic stroke (15, 16, 52 55). For this pur-
pose, animal models have been produced that mimic
the neuropathological consequences of stroke. During
the past 10 15 years of stroke research, reproducible
techniques for the induction of focal and global ischa-

emia have been developed. These models have seve-
ral advantages and disadvantages. Reversible or irre-
versible focal ischaemia models like stroke in humans
are useful for studies of molecular mechanisms of
stroke and also for the development of neuroprotec-
tive drugs. The advantages of using rats for stroke
study include the similarity of their intracranial circula-
tion to that of man and the relatively low animal cost
which is important for large scale studies for statistical
analysis. They provide the exact time of the onset of
ischaemia and the possibility to test new drugs.

Even though a large number of different com-
pounds have been proven to reduce the size of brain
infarct in animal studies, these drugs caused disap-
pointing results in stroke patients. The reasons for the
unsuccessful clinical trials have been either the toxic
side effects, which have overridden the neuroprotec-
tive potential of the compounds demonstrated in ani-
mals, or a limited time window for human therapy.
Compounds with no or tolerable side effects com-
bined with a protective potential when administered
several hours after ischaemic insult are under heavy
research (2, 6, 7). Currently, the only treatment of pa-
tients with acute ischaemic stroke is thrombolysis and
restoration of blood flow (3, 6, 7). Only a fraction of
stroke patients benefits from this therapy. Therapeutic
recanalization of an occluded cerebral artery is a risky
option that can be applied only in the case of selected
patients. The main limitation of cerebral thrombolysis
is the narrow, 3-hour therapeutic »window« during
which the thrombolytic agent has to be administered
to be effective. Beyond this time limit, its effectiveness
is neutralized by the high risk of cerebral hemorrhage
(7). In acute stroke, only a small fraction of patients
benefit from intravenous administration of recombi-
nant tissue plasminogen activator, which is the only
drug with proven effectiveness in reducing the size of
infarct in humans (6).

The rationale for the use of a number of other
pharmacological treatments for acute stroke is based
on recent advances in the pathophysiology of brain
ischaemia. One of the most rapidly expanding and
promising areas of which is the role of inflammation in
stroke (2, 4, 6, 7). Factors that influence the recruit-
ment of PMN could be new therapeutic targets in
acute stroke (5). Drugs capable of interfering with
inflammation related mechanisms have given encour-
aging results in experimental stroke models in ani-
mals. Possible future pharmacological treatments
could be based on the inhibition of proinflammatory
mediators, prevention of adhesion between the leuko-
cytes and endothelial cells, controlling the specific
transduction pathway signals following cytokine pro-
duction and promoting neovascularization. Strategies
that block the activity of inflammation-induced enzy-
mes, such as iINOS and COX-2 should also be investi-
gated.
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PATOLOGIJA CEREBRALNE ISHEMIJE

Mehanizmi ukljuceni u oStecenje neurona

Tomris Ozben

Akdeniz Medicinski fakultet, Institut za biohemiju, 04058 Antalya, Turska

Kratak sadrZaj: Interesovanje je usredsredeno na sledece karakteristike ishemijskog i posthemijskog
ostecenja mozga: razvoj acidoze, stvaranje edema, opterecenja kalcijumom, eksitoksi¢nost glutamata, stvara-
nje slobodnih radikala i veliku proizvodnju nitricnog oksida. Mozak kriticno zavisi od protoka krvi u njemu u
pogledu kontinuiranog snabdevanja kiseonikom i glukozom. Deplecija energije je od fundamentalne vaznosti u
genezi kasnije nastalih ostecenja. Gubitak ATP brzo dovodi do masivnog priliva kalcijuma i oslobada kalcijum
iz intracelularnih delova. Ekstracelularne koncentracije glutamata su znacajno povecane u ishemijskom moz-
danom tkivu. Intracelularna preoptereéenost sa Ca2* za vreme ishemije ima nekoliko $tetnih posledica uklju-
¢ujuéi stvaranje reaktivnih vrsta kiseonika. Azot monoksid (NO) je vazan medijator celularnih i molekularnih
dogadanja koja uti¢u na patofiziologiju cerebralne ishemije. Poveéanije intracelularnog Ca2+ aktivira sintezu
enzima NO sintaze koja katalizuje sintezu NO. NO se prozivodi u neuronima glia ¢elija u vaskularnom endoteliju-
mu centranog nervnog sistema. Neuronalni NO, kao potentan vazodilatator i inhibitor agregacije plocica, moze
biti koristan u ranim stanjima fokalne cerebralne ishemije. Postoji mnogo dokaza da se u ishemijskom ostece-
nju mozga posle okluzije arterija javlja karakteristicno akutno lokalno zapaljenje sa akumulacijom polimorfno
nuklearnih neutrofila. Veliko ispoljavanje inflamatornih medijatora, kao $to su citokini, hemokini i adezioni mole-

kuli, pomaze u regrutovanju leukocita u ishemi¢nom delu mozga.

Kljucne reci: cerebralna ishemija, glutamat, azot oksid, slobodni radikali, zapaljenje

References

1.

Scatton B. Excitatory amino acid receptor antagonists: a
novel treatment for ischaemic cerebrovascular diseases.
Life Sci 1994; 55 (25/26): 2115 24.

. Dirnagl d, ladecola C, Moskowitz MA. Pathobiology of

ischaemic stroke: an integrated view. Trends Neurosci
1999; 22: 391 97.

. ladecola C, Niwa K, Nogawa S, Zhao X, Nagayama M,

Araki E, Morham S, Ross ME. Reduced susceptibility to
ischaemic brain injury and N-methyl-D-aspartate-medi-
ated neurotoxicity in cyclooxygenase 2-deficient mice.

sion molecules in cerebral ischaemia. Experimental
bases and therapeutic perspectives. Arterioscl Throm
Vas 1998; 18: 503 13.

10.

. Kostulas N, Kivisakk P, Huang Y, Matusevicius D,

Kostulas V, Link H. Ischaemic stroke is associated with
a systemic increase of blood mononuclear cells express-
ing interleukin-8 mRNA. Stroke 1998; 29: 462 6.

. Choi DW. Cerebral Hypoxia: Some new approaches and

unanswered questions. J Neurosci 1990; 10 (8): 2493
501.

Obrenovich TP. The ischaemic penumbra: Twenty years
on. Cerebrovas Brain Met Review 1995; 7 (4): 297 323.

. 11. Pulsinelli W. Pathophysiology of acute ischaemic stroke.
Proc Natl Acad Sci USA 2001; 98 (3): 1294 99. Lancet 1992: 339: 533 7.

- Yrjanheikki J, Keinanen R, Pelikka M, H Kfelt T, 12. Siesj BK. Pathophysiology and treatment of focal cere-
Koistinaho J. Tetracyclines inhibit microglial activation bral ischaemia Part I: Pathophysiology. J Neurosurg
and are neuroprotective in global brain ischaemia. Proc 1992a; 77: 169 184.

Natl Acad Sci USA 1998; 95: 15769 74.
13. ladecola C, Alexander M. Cerebral ischaemia and infla-

. Kostulas N, Pelidou SH, Kivisakk P, Kostulas V. mmation. Curr Opin Neurol 2001; 14 (1): 89 94.
Increased IL-1 b, IL-8, and IL-17 mRNA expression in o . P
blood mononuclear cells observed in a prospective 14. SleS]' BK. Pa}thophysmlogy and t.reatmento ocal cere-
ischaemic stroke study. Stroke 1999; 30: 2174 9 bral ischaemia. Part Il: Mechanisms of damage and

) T ’ treatment. J Neurosurg 1992b; 77: 337 54.

: Yranhel.kk} J, Tikka T, Ke1n<<r'1er1 R, G ol.dsteln.s G, Cban 15. fizben T. Pathophysiology of cerebral ischaemia.
PH, Koistinaho J. A tetracycline derivative, minocycline, Mechanisms involved in neuronal damage in fizben T
reduces inflammation and protects against focal cere- (Ed.), Free radicals, oxidative stress and antioxidants.
bral 1schaem'1a with a wide therapeutic window. Proc Pathological and physiological significance. Plenum
Natl Acad Sci USA 1999, 96 (23) 13496 500. Press, New York and London, 1998, pp. 163 88.

- Pantoni L, Sarti C, Inzitari D. Cytokines and cell adhe- 16. fizben T. Nitrogen radicals in the ischaemic damage of

the brain in: Poli G, Cadenas E and Packer L (eds), Free
radicals in brain pathophysiology. Marcel Dekker, Inc.
New York, 2000, Chapter 4, pp. 77 108.



Jugoslov Med Biohem 2003; 22 (2)

91

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Scheinberg P. The biologic basis for the treatment of
acute stroke. Neurology 1991; 41: 1867 73.

Cafe C, Torri C, Marzatico F. Cellular and molecular
events of ischaemic brain damage. Funct Neurol 1993;
8(2): 121 33.

Kochanek PM, Hallenbeck JM. Polymorphonuclear
leukocytes and monocytes/macrophages in the patho-
genesis of cerebral ischaemia and stroke. Stroke 1992;
23: 1367 79.

Garcia J, Liu KF, Yoshida Y, Lian J, Chen S, del Zoppo
GJ. Influx of leukocytes and platelets in an evolving brain
infarct (Wistar Rat). Am J Pathol 1994; 144: 188 99.

Hartl R, Schurer L, Schmid-Schonbein GW, del Zoppo
GJ. Experimental anti-leukocyte interventions in cerebral
ischaemia. J Cerebr Blood F Met 1996; 16: 1108 19.

del Zoppo GJ, Schmidt-Schonbein GW, Mori E,
Copeland BR, and Chang CM. Polymorphonuclear
leukocytes occlude capillaries following middle cerebral
artery occlusion and reperfusion in baboons. Stroke
1991; 22: 1276 83.

Ames A, Wright LW, Kowade M, Thurston JM, Majors G.
Cerebral ischaemia, II: The no-reflow phenomenon. Am
J Pathol 1968; 52: 437 53.

Schmid-Schonbein GW, Usami S, Skalak R, Chien S.
The interaction of leukocytes and erythrocytes in capil-
lary and postcapillary. Microvasc Res 1980; 19: 45 70.

Sutton DW, Schmid-Schonbein GW. Elevation of organ
resistance due to leukocyte perfusion. Am J Physiol
1992; 262: H1648-H50.

Hamann GF, del Zoppo GJ. Leukocyte involvement in
vasomotor reactivity of the cerebral vasculature. Stroke
1994; 25: 2117 9.

Romanic AM, White RF, Arleth AJ, Ohlstein EH, Barone

FC. Matrix metalloproteinase expression increases after

cerebral focal ischaemia in rats. Stroke 1998; 29: 1020
30.

Hamann GF, Okada Y, Fitridge R, del Zoppo GJ.
Microvascular basal lamina antigens disappear during
cerebral ischaemia and reperfusion. Stroke 1995; 26:
2120 6.

Hamann GF, Okada Y, del Zoppo GJ. Hemorrhagic
transformation and microvascular integrity during focal
cerebral ischaemia/reperfusion. J Cerebr Blood F Met
1996; 16: 1373 78.

Howard MC, Miyajima A, Coffmann R. T-cell-derived cy-
tokines and their receptors. In: P. We (ed.), Fundamental
Immunology. 3rd ed., Raven Press Ltd, New York, NY
1993, pp. 763 800.

ladecola C, Salkowski CA, Zhang F, Aber T, Nagayama
M, Vogel SN, Ross ME. The transcription factor interfer-
on regulatory factor-1 is expressed after cerebral
ischaemia and contributes to ischaemic brain injury. J
Exp Med 1996; 189 (4): 719 27.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Planas AM, Soriano AM, Berruezo M, Justicia C, Estrada
A, Pitarch S, Ferrer I. Induction of stat3, a signal trans-
ducer and transcription factor, in reactive microglia fol-
lowing transient focal cerebral ischaemia. Eur J Neurosci
1996; 8(12): 2612 18.

Bevilacqua MP, Pober JS, Majeau GR, Cotran RS,
Gimbrone MAJ. Interleukin 1 (IL-1) induces biosynthe-
sis and cell surface expression of procoagulant activity in
human vascular endothelial cells. J Exp Med 1984; 160:
618 23.

Conway EM, Bach R, Rosenberg RD, Konigsberg WH.
Tumor necrosis factor enhances expression of tissue
factor mRNA in endothelial cells. Thromb Res 1989; 53:
231 41.

Nawroth PP, Handley DA, Esmon CT, Stern DM,
Interleukin-1 induces endothelial cell procoagulant while
suppressing cell-surface anticoagulant activity. Proc Natl
Acad Sci USA 1986; 83: 3460 64.

Beamer NB, Coull BM, Clark WM, Hazel JS, Silberger
JR. Interleukin-6 and interleukin-1 receptor antagonist in
acute stroke. Ann Neurol 1995; 37: 800 5.

Tarkowski E, Rosengren L, Blomstrand C, Wikkelso C,
Jensen C, Ekholm S, Tarkowski A. Early intrathecal pro-
duction of interleukin-6 predicts the size of brain lesion
in stroke. Stroke 1995; 26: 1393 98.

Tarkowski E, Rosengren L, Blomstrand C, Wikkelso C,
Jensen C, Ekholm S, Tarkowski A. Intrathecal release of
pro- and anti-inflammatory cytokines during stroke. Clin
Exp Immunol 1997; 110: 492 99.

Fassbender K, Rossol S, Kammer T, Daffertshofer M,
Wirth S, Dollman M, and Hennerici M. Proinflammatory
cytokines in serum of patients with acute cerebral
ischaemia: Kinetics of secretion and relation to the
extent of brain damage and outcome of disease. J
Neurol Sci 1994; 122: 135 9.

Pelidou SH, Kostulas N, Matusevicius D, Kivisakk P,
Kostulas V, Link H. High levels of IL-10 secreting cells
are present in blood in acute cerebrovascular diseases.
Eur J Neurol 1999; 6: 437 42.

Yamasaki Y, Matsuura N, Shozuhara H, Onodera H,
Itoyama Y, Kogure K. Interleukin-1 as a pathogenetic
mediator of ischaemic brain damage in rats. Stroke 199;
26: 676 81.

Loddick SA, Rothwell NJ. Neuroprotective effects of
human recombinant interleukin-1 receptor antagonist in
focal cerebral ischaemia in the rat. J Cereb Blood F Met
1996; 16: 932 40.

Liu T, McDonnell PC, Young PR, White RF, Siren AL,
Hallenbeck JM, Barone FC, Feuerstein GZ. Interleukin-
1 b mRNA expression in ischaemic rat cortex. Stroke
1993; 24: 1746 51.

Liu T, Clark RK, McDonnell PC, Young PR, White RF,
Barone FC, and Feuerstein GZ. Tumor necrosis factor-a
expression in ischaemic neurons. Stroke 1994; 25:
1481 88.



92

Jugoslov Med Biohem 2003; 22 (2)

45.

46.

47.

48.

49.

50.

51.

52.

Kim JS. Cytokines and adhesion molecules in stroke
and related diseases. J Neurol Sci 1996; 137: 69 78.

Nelson PJ, Krensky AM. Chemokines, lymphocytes and
viruses: What goes around comes around. Curr Opin
Immunol 1998;10: 265 70.

Furie MB, Randolph GJ. Chemokines and tissue injury.
Am J Pathol 1995; 146: 1287 1301.

Baggiolini M, Dewald B, Moser B. Human Chemokines:
An Update. Ann Rev Immunol 1997; 15: 675 705.

Frenette PS, Wagner DD. Adhesion molecules, part 1.
New Eng J Med 1996; 334: 1526 29.

Osborn L. Leukocyte adhesion to endothelium in inflam-
mation. Cell 1990; 62: 3 6.

Sluiter W, Pietersma A, Koster JF. Are free radicals
involved in the expression of adhesion molecules?, in T.
fizben(Ed.). Free radicals, oxidative stress and antioxi-
dants. Pathological and physiological significance. Ple-
num Press, New York and London, 1998, pp. 103 9.

Balkan S, fizben T, Balkan E, Oguz N, Serteser M,

53.

54.

55.

Gumuslu S. Effects of lamotrigine on brain nitrite and
cGMP levels during focal cerebral ischaemia in rats. Acta
Neurol Scand 1997; 95 (3): 140 146.

Balkan E, Balkan S, fizben T, Serteser M, Gumuslu S,
Oguz N. The effects of nitric oxide synthase inhibitor, L-
NAME on NO production during focal cerebral
ischaemia in rats: Could L- NAME be the future treat-
ment of sudden deafness?. Int J Neurosci 1997; 89:
61 77.

Gumuslu S, Serteser M, fizben T, Balkan S, Balkan E.
Inhibitory role of Nw-nitro-L-Arginine Methyl Ester (L-
NAME), a potent nitric oxide synthase inhibitor on brain
malondialdehyde and conjugated diene levels during
focal cerebral ischaemia in rats. Clin Chim Acta 1997;
267(2): 213 23.

Serteser M, fizben T, G m sl S, Balkan S, Balkan E.
Biochemical evidence of crossed cerebellar diaschisis in
terms of nitric oxide indicators and lipid peroxidation
products in rats during focal cerebral ischaemia. Acta
Neurologica Scandinavica 2001; 103 (1): 43 8.

Received: August 25, 2002
Accepted: December 15, 2003



