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SUMMARY

1. Stroke is the neurological evidence of a critical reduction of cerebral blood flow
in a circumscribed part of the brain, resulting from the sudden or gradually progressing
obstruction of a large brain artery. Treatment of stroke requires the solid understanding
of stroke pathophysiology and involves a broad range of hemodynamic and molecular
interventions. This review summarizes research that has been carried out in many lab-
oratories over a long period of time, but the main focus will be on own experimental
research.

2. The first chapter deals with the hemodynamics of focal ischemia with particular
emphasis on the collateral circulation of the brain, the regulation of blood flow and the
microcirculation. In the second chapter the penumbra concept of ischemia is discussed,
providing a detailed list of the physiological, biochemical and structural viability thresh-
olds of ischemia and examples of how these thresholds can be applied for imaging the
penumbra. The third chapter summarizes the pathophysiology of infarct progression, fo-
cusing on the role of peri-infarct depolarisation, the multitude of putative molecular injury
pathways, brain edema and inflammation. Finally, the fourth chapter provides an overview
of currently discussed therapeutic approaches, notably the effect of mechanical or throm-
bolytic reperfusion, arteriogenesis, pharmacological neuroprotection, ischemic precondi-
tioning and regeneration.

3. The main emphasis of the review is placed on the balanced differentiation between
hemodynamic and molecular factors contributing to the manifestation of ischemic injury in
order to provide a rational basis for future therapeutic interventions.

KEY WORDS: focal ischemia; ischemic cell death; hemodynamic mechanisms; molecular
mechanisms; collateral circulation; hemodynamic reserve; penumbra; viability thresholds;
infarct progression; neuroprotection; thrombolysis; regeneration.

HEMODYNAMICS OF FOCAL ISCHEMIA

Collateral Circulation

The six main supplying arteries of the brain, i.e. the right and left anterior, mid-
dle and posterior cerebral arteries, are interconnected by two major collateral
systems: the circle of Willis at the base of the brain which provides low-resistance
connections between the origins of these arteries, and Heubner’s leptomeningeal
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anastomoses which interconnect the distal cortical branches (for review see Ziilch,
1985; Liebeskind, 2003).

The circle of Willis is responsible for the redistribution of blood supply under
conditions of extracranial vascular occlusion, notably the constriction or occlusion
of the carotid and vertebral arteries. With increasing flow resistance in these vessels,
blood perfusion pressure decreases throughout the circle of Willis, and when the
autoregulatory range of blood perfusion is exhausted, blood flow declines first in
the most peripheral branches of the brain arteries. This mechanism is referred to
as the “last meadow phenomenon” and explains the induction of border zone or
watershed lesions between the territories of the main supplying arteries of the brain
(Ziilch, 1985).

The pial network of Heubner’s anastomoses critically determines the volume
and severity of focal ischemia induced by the constriction or occlusion of a brain
artery distal to its origin from the circle of Willis (Fig. 1). The larger the number and
diameter of these anastomoses is, the more efficient is the collateral supply from the
adjacent unobstructed vascular territories. In contrast to the circle of Willis, these
anastomoses built up the highest perfusion pressure in the peripheral branches of
the brain arteries, resulting in the preferential protection of the borderzone areas.
The individual variability of these anastomoses is responsible for the fact that under
clinical conditions vascular occlusion may result in a wide range of injury volumes
from small lesions located in the central region (minimal infarct) to large infarcts
involving the total vascular supplying territory (maximal infarct; for review see
Ziilch, 1985).

The functional capacity of the anastomoses depends not only on the site, but
also on the speed of vascular occlusion. After abrupt occlusion induced experi-
mentally by clot embolism or mechanical obstruction, the maximal possible collat-
eral blood supply is not immediately established because the vascular resistance
of the small anastomotic vessels is much higher than that of the main supplying
artery. However, if vascular occlusion develops slowly, collaterals may undergo
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Fig. 1. Collateral circulation of the brain. Heubner’s leptomeningeal anastomoses
connect the peripheral branches of the brain arteries and provide collateral blood
flow to the peripheral parts of the adjacent vascular territories (modified from Ziilch,
1985).



Pathophysiology and Therapy of Stroke 1059

arteriogenesis, i.e. an active outward remodelling of the vascular wall, leading to the
increase in vascular diameter and conductance (Busch ef al., 2003). Arteriogenesis
of collateral vessels is initiated by a change in intravascular shear stress, followed
by adherence and transmigration of monocytes across the vessel wall (Buschmann
et al., 2003). According to Hagen—Poiseuille’s law, vascular conductance increases
with the 4th power of vessel diameter. Arteriogenesis is, therefore, a powerful mech-
anism to adjust collateral blood supply to the flow requirements of the hypoperfused
brain tissue.

Regulation of Blood Flow and Hemodynamic Reserve Capacity

When collateral blood supply does not suffice to maintain a normal blood per-
fusion pressure within the territory of the obstructed artery, the beginning reduction
of blood supply can be compensated for some time by the physiological mechanism
of flow regulation. The decline of blood perfusion pressure causes first an autoreg-
ulatory dilation of the resistance vessels. Later the beginning stimulation of anaer-
obic metabolism causes lactacidosis and, in consequence, a further pH-mediated
enhancement of vasodilation (for review see Dirnagl and Pulsinelli, 1990). Once the
resistance vessels are fully dilated, both autoregulation and CO, reactivity are abol-
ished, and blood flow follows passively the fluctuations of the systemic blood pres-
sure. The abolishment of CO; reactivity also causes an uncoupling from metabolic
activity which explains the dissociation between blood flow and metabolism during
peri-infarct depolarisations (see later).

The measurement of the response of cerebral blood flow to an increase in
arterial pCO,—induced either by inhalation of CO, or by the application of the
carboanhydrase inhibitor acetazolamide—is a convenient way to estimate the hemo-
dynamic reserve capacity of the autoregulatory response (Marshall et al., 2003).
Once the brain vessels are fully dilated, CO, reactivity disappears and any further
reduction of blood supply cannot be longer compensated by an autoregulatory ad-
justment of the vascular resistance. The loss of CO; reactivity is therefore a serious
predictor of impending brain ischemia that requires immediate therapeutic inter-
ventions (Markus and Cullinane, 2001).

Microcirculation

In the intact brain the capillary network is evenly perfused with blood (for
review see Hudetz, 1997). Although the suggestion had been made that capillar-
ies may intermittently open and close, sensitive measurements revealed that under
physiological conditions all capillaries are perfused with blood at all times (Gobel
et al., 1990). In focal ischemia, however, microcirculation is progressively disturbed
(Vogel et al., 1999). This disturbance is caused by at least three different pathophys-
iological mechanism: by the adhesion of white blood cells to the vessel wall; by an
increase in the blood viscosity due to the aggregation of blood corpuscles; and by
the compression of the capillaries by swollen astroglia. Although it is difficult to es-
tablish which of these factors is the most important, the combined effect results in
heterogeneous microcirculation with greatly varying topical oxygen pressures within
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the ischemic tissue. This has been demonstrated by oxygen micropressure record-
ings which revealed a shift from the normal Gaussian distribution to both subnormal
and supranormal values (Leniger-Follert and Liibbers, 1977). Some neurons may
therefore be exposed to lethal tissue hypoxia at mean blood flow values which are
still in the penumbral range, resulting in the phenomenon of disseminated neuronal
loss in the periphery of an ischemic brain lesion (Mies et al., 1983).

THE PENUMBRA CONCEPT OF ISCHEMIA

Definitions

The intact mammalian brain covers its energy needs almost exclusively by oxi-
dation of glucose. Opitz and Schneider (1950) were the first to draw attention to the
fact that an impairment of energy production induced by a reduction of oxygen sup-
ply affects the energy-consuming processes in a sequential way: First, the functional
activity of the brain is impaired followed, at a more severe degree of hypoxia, by the
suppression of the metabolic activity required to maintain its structural integrity.
The concept of two different thresholds of hypoxia for the preservation of functional
and structural integrity was later refined by Symon ez al. (1977) who used a model of
focal ischemia to establish the respective rates of blood flow. These studies revealed
that EEG and evoked potentials are disturbed at substantially higher flow rates than
the ion gradients across the plasma membranes (Fig. 2). Since the preservation of
these gradients is a sign of cell viability, Symon and his colleagues concluded that
neurons located in the flow range between “electrical” and “membrane” failure are
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Fig. 2. Thresholds of metabolic (left) and electrophysiological (right) disturbances during
graded reduction of cortical blood flow. The infarct core is the region in which blood flow de-
creases below the threshold of energy failure, and the penumbra is the region of constrained
blood supply in which energy state is preserved. SEP: somatically evoked potentials; EEG: elec-
troencephalogram (modified from Symon et al., 1977; Hossmann, 1994b).
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functionally silent, but structurally intact. In focal ischemia, this flow range corre-
sponds to a crescent-shaped region intercalated between the necrotic tissue and the
normal brain; it has been termed “penumbra” in analogy to the partly illuminated
area around the complete shadow of the moon in full eclipse (Astrup et al., 1981).

The penumbra concept of focal ischemia is of considerable interest for the un-
derstanding of stroke pathophysiology because it is the conceptual basis not only
for the progressive evolution of ischemic injury, but also for the therapeutic re-
versal of the acute neurological symptomatology arising from stroke (for reviews
see Hossmann, 1994b; Heiss, 2000; Ginsberg, 2003; Fisher, 2004; Guadagno et al.,
2004). Hakim (1987) defined the penumbra as “fundamentally reversible,” but he
stressed that this reversibility is time-limited. Memezawa et al. (1992) described the
penumbra as the difference between the ischemic infarct developing after 1 and 24 h
vascular occlusion. Other characterisations include the mismatch between perfusion
and diffusion imaging (Schlaug et al., 1999), the preservation of oxygen extraction
or receptor binding (Heiss, 2000), intermediate staining with neutral red as an indi-
cator of beginning acidosis (Selman et al., 1987), or the loss of calmodulin staining
(Degraba et al., 1993) as an indicator of increased intracellular calcium uptake. The
common denominator of these and other definitions of the penumbra is (a) the re-
duction in blood flow and (b) the fundamental viability of the ischemic tissue. Since
viability of brain tissue requires maintenance of energy-dependent metabolic pro-
cesses, we proposed to define the penumbra as a region of constrained blood supply
in which energy metabolism is preserved (Hossmann, 1994b).

Viability Thresholds of Ischemia

During the initial few hours of vascular occlusion, different brain functions
break down at widely varying flow levels (for references see Heiss, 1992; Hossmann,
1994b). Progressing from the periphery to the core of the infarct, the most sensitive
parameter is protein synthesis which is inhibited by 50% at about 0.55 mL g~! min~!,
and is completely suppressed below 0.35 mL g~! min~! (Fig. 3). These values are
clearly above the disturbances of glucose utilisation and energy metabolism which
begin to evolve at distinctly lower flow values. Glucose utilisation transiently in-
creases at a flow rate below 0.35 mL g~! min~! before it sharply declines below
0.25 mL g~! min~!. This range corresponds to the beginning acidosis and the begin-
ning accumulation of lactate. At flow rates below 0.26 mL g~ min~! tissue acidosis
becomes very pronounced and both PCr and ATP begin to decline.

Anoxic depolarisation occurs at even lower flow values. The sodium/potassium
ratio of brain tissue increases at flow values below 0.10-0.15 mL g~! min~! and ex-
tracellular ion changes occur between 0.06 and 0.15 mL g~! min~!. At the same
threshold extracellular calcium declines due to the opening of calcium channels.
The metabolic and ionic disturbances in the periphery of focal ischemia thus pro-
ceed in the following order: Initially protein synthesis is inhibited (at a threshold of
about 0.55 mL g~! min~!), followed by a stimulation of anaerobic glycolysis (below
0.35mL g~! min~!), a breakdown of energy state (at about 0.20 mL g~! min—') and
anoxic depolarisation of the cell membranes (below 0.15 mL g~! min—1).
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Fig. 3.  Effect of focal ischemia on brain metabolism (above), neuronal release of neuro-
transmitters into the extracellular compartment (middle) and the water and ion homoiosta-
sis of cerebral cortex (below). Note marked dissociation between the suppression of pro-
tein synthesis and energy failure, and between the narrowing of extracellular space and
disturbances of water and electrolyte homoiostasis. ATP: tissue ATP content; Na/K ratio:
quotient of the sodium and potassium content (data from Schuier and Hossmann, 1980;
Paschen et al., 1992; Shimada et al., 1993).

As far as the functional disturbances are concerned, amplitudes of EEG
and evoked potentials begin to decline at 0.23-0.25 mL g~! min~' and are sup-
pressed below 0.15 mL g~'. Spontaneous unit activity disappears at a mean value
of 0.18 mL g~! min~!. Neurological studies suggest that reversible hemiparaly-
sis appears at about 0.23 mL g~! min~!, followed by irreversible paralysis below
0.17-0.18 mL g~! min~!. All these values are distinctly below the threshold of the
suppression of protein synthesis and even below that of the beginning activation of
anaerobic glycolysis, but they fall into the range of the beginning energy crisis.

This is also true for the release of neurotransmitters into the extracellular com-
partment, as measured by interstitial dialysis techniques. According to these inves-
tigations, both inhibitory and excitatory neurotransmitters are released at about
0.2 mL g~! min~! with a possibly slightly higher threshold for glycine, adenosine
and GABA than for glutamate. The release of neurotransmitters is probably unspe-
cific because other intracellular metabolites are co-released.

A direct consequence of the metabolic disturbances associated with focal
ischemia is the rise of cell osmolality which causes a shift of water from the
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extracellular into the intracellular compartment. The resulting decline in the fluid
volume of the extracellular space can be detected by measurement of electrical
impedance or by diffusion-weighted NMR imaging, both of which are sensitive to
cell volume changes. Two hours after vascular occlusion the threshold of the be-
ginning rise of electrical impedance is about 0.30 mL g~! min~! and that of the
rise of signal intensity in diffusion-weighted imaging is 0.41 mL g~! min~'. These
thresholds are distinctly higher than the threshold of brain edema—defined as the
volumetric increase of water content—which is close to 0.1 mL g~! min~! and which
corresponds to that of anoxic depolarisation. This difference is the reason for the
fact that T,-weighted NMR imaging which detects only alterations of total tissue
water content, is less sensitive to mild ischemic changes than diffusion-weighted
imaging.

In contrast to the biochemical and functional changes which appear shortly af-
ter vascular occlusion, histological lesions require some time before they become
visible. The threshold of histological changes, therefore, depends on both the den-
sity and the duration of the flow reduction. Under conditions of permanent is-
chemia, the threshold of pan-necrosis is between 0.17 and 0.24 mL g~! min~—'. When
ischemia lasts only a few hours, the tissue is able to survive a reduction of flow
to 0.12 mL g~! min~!. At flow values below 0.80 mL g~! min~!, i.e. far above
the threshold of pan-necrosis, selective neuronal loss may occur. Interestingly, this
loss is not threshold-dependent. The flow rate correlates linearly with the number
of surviving neurons which suggests a coupled decrease in parallel to the reduced
metabolic requirements of the tissue. This interpretation is in line with the hypoth-
esis that the peri-infarct brain tissue suffers pathological changes which go beyond
those induced by the reduction of blood flow (see later).

Most of these thresholds have been determined at only one time point, i.e. af-
ter a few hours of vascular occlusion. However, studies dealing with the dynam-
ics of infarct development clearly indicate that the thresholds may change with
time. The threshold of ATP depletion increases from 0.13 mL g~! min~! after
30 min to 0.19 mL g~! min~! after 2 h vascular occlusion and further to 0.23 and
0.32 mL g~! min~! after 6 and 12 h, respectively. Similarly, the threshold of gluta-
mate release rises from 0.2 mL g~! min~! after 1 h to 0.3 mL g~! min~! after 6-15 h
ischemia. The threshold of the irreversible suppression of spontaneous neuronal
unit activity rises from 0.05 to 0.12 mL g~! min~! during the initial 2 h of vascu-
lar occlusion, and that of the signal intensity in diffusion weighted imaging—which
reflects alterations in the intra/extracellular water compartmentation—from 0.41 to
0.47 mL g~! min—! between 30 min and 2 h vascular occlusion. In contrast to these
gradually increasing threshold values, the threshold for the suppression of protein
synthesis remains remarkably stable at about 0.55 mL g~! min~! during the initial
12 h of ischemia and, therefore, is a robust predictor of the final size of ischemic
infarction.

Imaging of the Penumbra

Based on the threshold concept of brain ischemia, the penumbra can be im-
aged in various ways. Under experimental conditions a precise delineation of the
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Fig. 4. Imaging of infarct core and penumbra after middle cerebral artery occlusion in
rat. The areas of disturbed energy metabolism (ATP) and protein synthesis are outlined
and projected onto the images of blood flow (above) and the in situ hybridisation au-
toradiogram of hsp72 (below). Note correspondance of the biochemically characterised
penumbra with hypoperfusion and the area of Asp72 upregulation (data from Mies et al.,
1991; Hata et al., 1998).

penumbra is obtained by imaging the mismatch between tissue ATP depletion (for
detecting the infarct core) and any biochemical disturbance that evolves at flow val-
ues in the penumbral range, such as lactacidosis or the inhibition of protein syn-
thesis. The penumbra is the difference between the respective lesion areas (Fig. 4).
The exactness of this approach is documented by co-imaging gene transcripts that
are selectively expressed in the penumbra, such as the stress protein hsp72 (Hata
et al., 1998) or by demonstrating the gradual disappearance of the penumbra with
increasing ischemia times (see later).

Imaging of the penumbra can also be achieved by non-invasive methods, al-
though with less regional resolution. Widely used PET parameters are the in-
crease in oxygen extraction or the mismatch between reduced blood flow and
the preservation of viability markers, such as the binding of flumazenil to cen-
tral benzodiazepine receptors (Heiss, 2000). A widely used NMR method for the
imaging of the penumbra is the mismatch between the signal intensities in per-
fusion and diffusion weighted images (Schlaug et al., 1999), but the validity of
this approach is questioned by the known decline of the apparent diffusion co-
efficient (ADC) at flow values which are in the penumbra range (see earlier). A
more precise demarcation is obtained by tissue segmentation using quantitative
ADC thresholds which exhibit robust correlation with the biochemically charac-
terised penumbra at values between 90 and 77% of control (Hoehn-Berlage ef al.,
1995).
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Fig.5. Monitoring of infarct growth after middle cerebral artery occlusion of rat. Non-invasive imag-
ing of the apparent diffusion coefficient of water (ADC) at three coronal slices to demonstrate the
time-dependent expansion of the region in which ADC falls below the threshold of energy failure
(marked by the blue colour) (modified from Hoehn-Berlage et al., 1995).

PROGRESSION OF ISCHEMIC INJURY

With the advent of non-invasive imaging techniques unequivocal evidence has
been provided that brain infarcts grow (Fig. 5). This growth is not due to the pro-
gression of ischemia because the activation of collateral blood supply and sponta-
neous thrombolysis tend to improve blood flow over time. Infarct progression can
be differentiated into three phases. During the acute phase, tissue injury is the di-
rect consequence of the ischemia-induced energy failure and the resulting terminal
depolarisation of cell membranes. This injury is established within a few minutes
after the onset of ischemia. During the subsequent subacute phase, the infarct core
expands into the peri-infarct penumbra until, after 4-6 h, it becomes congruent with
it. The main mechanisms of this subacute infarct expansion are peri-infarct spread-
ing depressions and a multitude of cell biological disturbances, collectively referred
to as molecular cell injury. Finally, a delayed phase of injury evolves which may last
for several days or even weeks. During this phase, secondary phenomena such as va-
sogenic edema, inflammation and possibly programmed cell death may contribute
to a further progression of injury.

The largest increment of infarct volume occurs during the subacute phase in
which the infarct core expands into the penumbra. Using multiparametric imaging
techniques for the differentiation between core and penumbra, evidence could be
provided that shortly after occlusion of the middle cerebral artery the penumbra is
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approximately of the same size as the infarct core (Hata et al., 2000a). After 3 h
more than 50% and between 6 and 8 h almost all of the penumbra has disappeared
and is now part of the irreversibly damaged infarct core. In the following, the most
important mediators of infarct progression will be discussed.

Peri-Infarct Spreading Depression

A functional disturbance contributing to the growth of the infarct core into the
penumbra zone is the generation of peri-infarct spreading depression like depolar-
isations. As first described by Nedergaard and Astrup (1986), such depolarisations
are initiated by the infarct core from where they spread into the peripheral zone (for
review see Hossmann, 1996). During spreading depression the metabolic rate of the
tissue markedly increases in response to the greatly enhanced energy demands of
the activated ion exchange pumps. In the healthy brain the associated increase of
glucose and oxygen demands are coupled to a parallel increase of blood flow which
may rise to more than twice the base level. This flow response is suppressed in the
peri-infarct penumbra because the reduced hemodynamic capacity of the collateral
system prevents the adequate coupling of blood supply to the metabolic needs of the
tissue (Back et al., 1994). As a result, a misrelationship arises between the increased
metabolic workload and the low-oxygen supply, leading to transient episodes of hy-
poxia and the stepwise increase in lactate during the passage of each depolarisation
(Gyngell et al., 1994; Norris et al., 1998).

The pathogenic importance of peri-infarct depolarisations for the progression
of ischemic injury is supported by the linear relationship between the number of de-
polarisations and infarct volume (Mies et al., 1993). Correlation analysis of this rela-
tionship suggests that during the initial 3 h of vascular occlusion each depolarisation
increases the infarct volume by more than 20%. This is probably one of the reasons
that glutamate antagonists reduce the volume of brain infarcts because these drugs
are potent inhibitors of spreading depression (Iijima et al., 1992).

Molecular Mechanisms of Injury Progression

In the border zone of permanent focal ischemia or in the central part transient
vascular occlusion, cellular disturbances may evolve that cannot be explained by a
lasting impairment of blood flow or energy metabolism. These disturbances are re-
ferred to as molecular injury, where the term “molecular” does not anticipate any
particular injury pathway. The molecular injury cascades are interconnected in com-
plex ways, which makes it difficult to predict their relative pathogenic importance in
different ischemia models (Fig. 6). In particular, molecular injury induced by tran-
sient focal ischemia is not equivalent to the alterations that occur in the penumbra of
permanent ischemia. The relative contribution of the following injury mechanisms
differ therefore in different types of ischemia (for review see Siesjo and Siesjo, 1996;
Lipton, 1999; Nicotera, 2003).
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Fig. 6. Schematic representation of molecular injury pathways leading to ischemic cell
death. Injury pathways can be blocked at numerous sites, providing multiple approaches
for the amelioration of both necrotic and apoptotic tissue injury.

Excitotoxicity

Shortly after the onset of ischemia, excitatory and inhibitory neurotransmitters
are released, resulting in the activation of their specific receptors. Among these,
particular attention has been attributed to glutamate, which at high concentra-
tions is known to produce excitotoxicity. The activation of ionotropic glutamate
receptors results in the inflow of calcium from the extracellular into the intracel-
lular compartment, leading to mitochondrial calcium overload and the activation
of calcium-dependent catabolic enzymes. The activation of metabotropic glutamate
receptors induces the IP;-dependent signal transduction pathway, leading to the
stress response of endoplasmic reticulum (Paschen, 1996), and—via the induction
of immediate-early-genes (IEG)—to adaptive genomic expressions (Kiessling and
Gass, 1994). At high concentration, glutamate results in primary neuronal necrosis.
However, following pharmacological inhibition of ionotropic glutamate receptors,
an apoptotic injury mechanism evolves that may prevail under certain pathophysi-
ological conditions (Choi, 1996). The importance of excitotoxicity for ischemic cell
injury has been debated (Hossmann, 1994a), but this does not invalidate the ben-
eficial effect of glutamate antagonists for the treatment of focal ischemia (Prass
and Dirnagl, 1998). An explanation for this incongruity is the above-described
pathogenic role of peri-infarct depolarisations in infarct expansion. As glutamate
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antagonists inhibit the spread of these depolarisations, the resulting injury is also
reduced.

Calcium Toxicity

In the intact cell, highly efficient calcium transport systems assure the mainte-
nance of a steep calcium concentration gradient between the extra- and the intracel-
lular compartment on the one hand, and between the cytosol and the endoplasmic
reticulum (ER) on the other. Following anoxic depolarisation, these gradients break
down, resulting in the sharp rise of calcium ion activity in the cytoplasm, and its de-
cline in the ER. Both events are pathogenic: The rise of calcium in the cytoplasm
leads to the activation of catabolic enzymes and mitochondrial disturbances (Siesjo
et al., 1999), and the fall of calcium in the ER evokes an ER stress response, which
mediates a great number of ER-dependent functional disturbances (Paschen, 1996).
Calcium-dependent pathological events are therefore more complex than widely as-
sumed and should also consider ER-mediated effects.

Free Radicals

In brain regions with low or intermittent blood perfusion, reactive oxygen
species (ROS) are formed which produce peroxidative injury of plasma membranes
and intracellular organelles (Chan, 1996). The reaction with nitric oxide leads to
the formation of peroxynitrate, which also causes violent biochemical reactions
(Eliasson et al., 1999). Secondary consequences of free radical reactions are the re-
lease of biologically active free fatty acids such as arachidonic acid (Hillered and
Chan, 1988), the induction of endoplasmic reticulum stress (Paschen, 2003), the
induction of mitochondrial disturbances (Siesjo et al., 1999) and fragmentation of
DNA (Lipton and Nicotera, 1998). The latter may induce apoptosis and thus en-
hance molecular injury pathways related to mitochondrial dysfunction (see later).

Nitric Oxide Toxicity

Nitric oxide (NO) is a product of NO synthase (NOS) acting on argenin. There
are at least three isoforms of NOS: eNOS is constitutively expressed in endothe-
lial cells, nNOS in neurons and the inducible isoform iNOS mainly in macrophages
(Samdani et al., 1997). Pathophysiologically, NO has two opposing effects (Dalkara
and Moskowitz, 1994). In endothelial cells the generation of NO leads to vascu-
lar dilation, an improvement of blood flow and the alleviation of hypoxic injury,
whereas in neurons it contributes to glutamate excitotoxicity and—by formation of
peroxynitrate—to free radical-induced injury. The net effect of NO thus depends on
the individual pathophysiological situation and is difficult to predict.

Zinc Toxicity

Zinc is an essential catalytic and structural element of numerous proteins and
a secondary messenger which is released from excitatory synapses during neuronal
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activation (Choi and Koh, 1998). Recent evidence points to the contribution of zinc
to the manifestation of ischemic cell injury, one of the possible mechanisms being
the formation of free radicals (Kim ez al., 1999). However, the precise injury path-
ways are not fully understood and have to await further clarification.

Dysfunction of Endoplasmic Reticulum

Similar to many other forms of cellular stress, cerebral ischemia causes the re-
lease of calcium from the endoplasmic reticulum (ER). The resulting dysfunction of
the ER is associated with various cell biological abnormalities such as misfoldings of
proteins, expression of stress proteins and disturbances of global protein synthesis
(Paschen, 2003). The latter is due to the activation of protein kinase R (PKR) which
causes the phosphorylation and inactivation of the eukaryotic initiation factor elF,,
(DeGracia et al., 1999). This again leads to the selective inhibition of polypeptide
chain initiation, disaggregation of ribosomes and inhibition of protein synthesis at
the translational level.

Autoradiographic studies of regional protein synthesis revealed that all hith-
erto described forms of delayed ischemic cell death are preceded by irreversible
inhibition of protein synthesis (Hossmann, 1993). It is therefore likely that factors
responsible for the inhibition of protein synthesis play a crucial role in the initiation
of delayed ischemic cell death.

Mitochondrial Disturbances

The concurrence of an increased cytosolic calcium activity with the generation
of reactive oxygen species leads to the increase in permeability of the inner mito-
chondrial membrane (mitochondrial permeability transition, MPT), which has been
associated with the formation of MPT pores (Siesjo et al., 1999). The increase in
permeability of the inner mitochondrial membrane has two pathophysiologically
important consequences. The breakdown of the electrochemical gradient interferes
with mitochondrial respiration and, in consequence, the oxidative phosphorylation
of adenine nucleotides. Furthermore, the equilibration of mitochondrial ion gradi-
ents causes swelling of the mitochondrial matrix, which eventually will cause dis-
ruption of the outer mitochondrial membrane and the release of pro-apoptotic
mitochondrial proteins (Green and Kroemer, 2004). Among these, cytochrome C
and caspase 9 are of particular importance because they activate the cysteine pro-
tease caspase 3, which is directly involved in the execution of apoptotic cell death
(Krajewski et al., 1999). Ischemia induced mitochondrial disturbances thus con-
tribute to delayed cell death both by impairment of the energy state and the ac-
tivation of apoptotic injury pathways.

Brain Edema

An important modulator of focal ischemic injury is brain edema which can
be differentiated into two phases: An early cytotoxic type of edema, followed af-
ter some time by a late vasogenic type of edema (for review see Hossmann, 1989;
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Rosenberg, 1999; Rosand and Schwamm, 2001). The cytotoxic type of edema is
threshold dependent. It is initiated at flow values similar to 30% of control when
stimulation of anaerobic metabolism causes an increase of brain tissue osmolality
and, hence, an osmotically obliged cell swelling. At flow values below 20% of con-
trol, anoxic depolarisation and equilibration of ion gradients across the cell mem-
branes further enhance intracellular osmolality and the associated cell swelling. The
intracellular uptake of sodium is also associated with a coupled movement of water
that is independent of an osmotic gradient and which is referred to as “anomalous
osmosis” (Tomita, 2005).

In the absence of blood flow, cell swelling occurs at the expense of the extra-
cellular fluid volume, leading to the shrinkage of the extracellular compartment, but
not to a change in the net water content. The shift of fluid is reflected by a decrease
of the apparent diffusion coefficient of water which underlies the increase of signal
intensity in diffusion-weighted MR imaging (Hossmann and Hoehn-Berlage, 1995).
However, if some residual blood flow persists, water is taken up from the blood,
and the net tissue water content increases. After MCA occlusion this increase starts
within a few minutes after the onset of ischemia and within 4 h may raise the water
content of cerebral cortex from 4.2 to 4.9 mL g~ d.w. and that of white matter from
21t0o2.6mL g ! dw.

With the manifestation of tissue necrosis after 4—6 h of ischemia, the blood-
brain barrier breaks down and serum proteins begin to leak from the blood into the
brain. This disturbance initiates a vasogenic type of edema which further enhances
the water content of the tissue. Vasogenic edema reaches its peak at 1-2 days after
the onset of ischemia and may cause an increase of tissue water content to as much
as 8 mL g~! d.w. If brain infarcts are large, the volume increase of the edematous
brain tissue may be so pronounced that transtentorial herniation results in com-
pression of the midbrain. Under clinical conditions, this “malignant” form of brain
infarction is the by far most dangerous complication of stroke and an indication for
decompressive craniectomy (Walz et al., 2002).

Vasogenic edema, in contrast to the early cytotoxic type of edema, is isoos-
motic and accumulates mainly in the extracellular compartment. This reverses the
narrowing of the extracellular space and explains the “pseudonormalisation” of the
signal intensity observed in diffusion-weighted MR imaging (Lansberg et al., 2001).
However, as the total tissue water content is increased at this time, the high sig-
nal intensity in T,-weighted images clearly distinguishes this situation from a “real”
recovery to normal (Warach et al., 1995).

Recently, much attention has been directed to the fact that the formation of
cytotoxic—and to a lesser degree also vasogenic—edema requires the passage of
water through aquaporin channels located in the plasma membrane (Badaut et al.,
2002). Inhibition of aquaporin water conductance may, therefore, reduce the sever-
ity of ischemic brain edema (Griesdale and Honey, 2004). Similarly, the inhibition
of sodium transport across sodium channels has been suggested to reduce edema
formation (Betz et al., 1994). However, as the driving force for the generation of
edema is the gradient of osmotic and ionic concentration differences built up during
ischemia, aquaporin channels may modulate the speed of edema generation, but not
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the final extent of tissue water accumulation. Their pathophysiological importance
is, therefore, limited.

Inflammation

Brain infarcts evoke a strong inflammatory response which is thought to con-
tribute to the progression of ischemic brain injury (Del Zoppo and Hallenbeck,
2000). Gene expressions related to this response have, therefore, been exten-
sively investigated to search for possible interventional targets (for review see
Touzani et al., 1999; Rothwell and Luheshi, 2000). The pro-inflammatory cytokines
interleukin (IL)-1 beta, IL-6, and IL-10 are massively upregulated both during
permanent and after transient focal ischemia. The importance of IL-1 beta for the
progression of focal ischemic injury is strongly supported by evidence that applica-
tion or overexpression of the interleukin 1-beta receptor antagonist IL-1ra reduces
infarct size (Stroemer and Rothwell, 1997; Yang et al., 1999). Similarly, blockade of
interleukin-1 beta converting enzyme (ICE, caspase-1), which reduces the formation
of IL-1, also reduces brain injury (Hara et al., 1997; Rabuffetti ez al., 2000). IL-1 beta
expression is closely associated with an upregulation of ICAM and ELAM which
reach a peak between 6 and 12 h after the onset of ischemia (Wang and Feuerstein,
1995). ICAM-1 deficient mice suffer smaller infarcts after transient MCA occlusion,
suggesting that part of the IL-1 beta dependent injury is mediated by activation of
ICAM-1 (Soriano et al., 1996).

The inflammatory response of the ischemic tissue has been associated, among
others, with the generation of free radicals in reperfused or critically hypoperfused
brain tissue (see earlier). NF-kappa B, a transcription factor that is responsive to
oxidative stress is upregulated in the penumbra, but declines in the centre of the
ischemic lesion (Aronowski et al., 2000; Seegers et al., 2000). The prostaglandin
synthesizing enzyme cyclo-oxygenase-2 (COX-2) is also strongly upregulated in the
peri-infarct penumbra and can be detected in neutrophils, vascular cells and neurons
(Tadecola et al., 1999; Bidmon et al., 2000). The pathogenic importance of this pro-
tein is supported by the beneficial effect of a selective COX-2 inhibitor (Nagayama
et al., 1999). Infarct reduction was also observed after genetic or pharmacologi-
cal inhibition of matrix metalloproteinase (MMP)-9 (Asahi et al., 2000). Inflam-
matory reactions and the associated free radical-mediated injury are, therefore,
important modulators of ischemic injury that should be treated to improve postis-
chemic outcome.

THERAPY OF ISCHEMIC INJURY

In principle, brain injury can be reversed after normothermic focal ischemia
of at least 1 h, but recovery depends crucially on how fast nutritive blood flow is
restored (Hossmann, 1997). As post-ischemic recirculation dynamics differ greatly
after transient mechanical vascular occlusion, on one hand, and spontaneous or
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Fig.7. Reversal of focal ischemia after mechanical occlusion of the middle cerebral artery for 1 h.
Simultaneous imaging of the tissue content of ATP and protein synthesis. Note rapid restoration
of energy metabolism, but not of protein synthesis. A few hours after restoration of blood flow,
energy metabolism secondarily fails in the areas in which protein synthesis did not recover (data
from Hata et al., 2000b).

thrombolytic reperfusion following thromboembolic stroke, on the other, the two
pathophysiological situations will be discussed separately.

Reversal of Mechanical Occlusion

Recirculation after transient clip or filament occlusion of the middle cerebral
artery restores blood flow almost instantaneously, provided the occlusion does not
cause structural damage of the vessel. As a result, oxidative glucose metabolism and
brain energy state recover rapidly throughout the MCA territory, even after occlu-
sion of as long as 1 h (Fig. 7). If vascular occlusion is further prolonged, recovery of
energy metabolism depends on the residual flow rate during ischemia and fails first
in the central parts of the vascular territory where blood flow is lowest (Lust et al.,
2002). After more than 3-6 h occlusion, recovery also fails in the peripheral parts of
the vascular territory and the size of injury approaches that of permanent ischemia
(Buchan et al., 1992).

In contrast to energy metabolism, recovery of protein synthesis is much slower.
It also depends on both the duration of ischemia and the residual flow rate, but the
longest ischemia time after which protein synthesis recovers throughout the vascular
territory is only about 30 min. After longer ischemia times recovery fails in a grad-
ually expanding core region until, after about 2 h of vascular occlusion, recovery is
absent (Mies et al., 2001).

The late reversal of protein synthesis is one of the reasons that after long is-
chemia times recovery of energy metabolism is only transient. Depending again on
both the duration and the residual flow rate during ischemia, secondary failure oc-
curs first in the central parts and then spreads to the more peripheral regions until
it merges with the area in which protein synthesis has not returned (Mies et al.,
2001) (Fig. 7). The delay between the beginning of recirculation and secondary
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energy failure correlates inversely with the duration of ischemia and after 3 h vas-
cular occlusion may be as long as 3 weeks (Du et al., 1996).

There is good evidence that secondary energy failure and the resulting delayed
tissue necrosis is initiated by the molecular injury cascade discussed above. In fact,
most of the pharmacological interventions interfering successfully with this cascade,
were tested in models of transient mechanical occlusion and, therefore, are directed
against this particular pathophysiology. It should be noted, however, that reversal
of mechanical occlusion does not replicate naturally occurring reperfusion patterns
and that the observations made using this experimental paradigm are not readily
applicable to clinical stroke.

Reversal of Thromboembolic Occlusion

In most instances of stroke, collateral blood supply and spontaneous throm-
bolysis result in some degree of reperfusion. The speed and rate of reperfusion is
greatly accelerated by the application of thrombolytic agents but even under optimal
conditions, reperfusion is not instantaneous (Kilic et al., 2000). In the core of the is-
chemic territory, the slowly increasing, heterogeneously distributed supply of blood
promotes edema formation and reoxygenation injury before oxidative metabolism
is restored, preventing the recovery of tissue damage (Fig. 8). In the penumbra,
in contrast, even minor improvement of blood flow increases the hemodynamic re-
serve capacity of the still undamaged tissue and enhances the tolerance to additional
hemodynamic or functional loads, such as spurious fluctuations of blood pressure or
peri-infarct spreading depressions. As a result, infarct expansion into the penumbra
slows down, leading to the relative reduction of the final infarct volume as com-
pared to untreated ischemia. If thrombolysis—and hence recirculation—is delayed,
the therapeutic outcome depends on how far the infarct core has expanded into the
penumbra prior to the initiation of recirculation. This explains that with increas-
ing delay the therapeutic effect gradually declines until, after 3-6 h, improvement
cannot be longer expected (Brinker et al., 1999).

Arteriogenesis of Collateral Vessels

In the vertebrate brain three modes of vascular growth have been identified:
vasculogenesis (the formation of vessels by angioblasts during early ontogenesis),
angiogenesis (the production of capillary networks by sprouting or de novo growth)
and arteriogenesis (the outward remodelling of pre-existing arteries and arterioles).
Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a cytokine that is
known to induce arteriogenic growth of collateral vessels after occlusion of major
cardiac or peripheral arteries. Recently, evidence has been provided that arterio-
genesis also occurs in the brain under conditions of reduced arterial blood supply
(Busch et al., 2003). Hemispheric hypoperfusion induced by the combination of uni-
lateral common carotid and bilateral vertebral artery occlusions (three-vessel oc-
clusion, 3-VO) led to the slowly progressing growth of the anterior and posterior
segments of the circle of Willis which is the main collateral pathway between the
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Fig.8. Thrombolytic reversal of focal ischemia at 1 h after clot embolism of middle
cerebral artery. MR angiography of the circle of Willis (left), perfusion-weighted
imaging (middle) and imaging of the apparent diffusion coefficient of water (ADC).
Thrombolysis was started 1 h after embolism. Recanalisation of the occluded vessel
and restoration of blood flow prevents progression, but does not reverse the ADC-
detectable brain lesion (data from Hilger et al., 2002).

origins of the anterior, middle and posterior cerebral arteries. GM-CSF applied
subcutaneously at daily doses of 40 ug kg~! resulted in the marked acceleration
of this process (Buschmann et al., 2003) (Fig. 9). Within 1 week after the onset of
treatment, the diameter of the posterior segment of the circle of Willis enlarged to
170% of control, leading to the normalisation of blood flow in the hypoperfused
hemisphere. Arteriogenesis even fully restored the hemodynamic reserve capacity
of the brain which immediately after 3-VO was completely abolished. As a result,
the severity of hemodynamic stroke induced after 3-VO by systemic hypotension,
was significantly reduced, indicating that the improved hemodynamic reserve ca-
pacity was functionally relevant (Schneeloch et al., 2004). GM-CSF induced stimu-
lation of arteriogenesis in the hypoperfused brain thus provides powerful protection
against ischemic stroke.
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Fig.9. Arteriogenesis of the posterior cerebral artery for the preven-
tion of hemodynamic stroke. Rats were submitted to three-vessel (bi-
lateral vertebral and unilateral carotid artery) occlusion, followed by
treatment with granulocyte-monocyte (GM) colony stimulating factor
for the induction of arteriogenic growth of the posterior part of the cir-
cle of Willis. Treatment restored CO; reactivity and greatly reduced
hemodynamic infarction induced by systemic hypotension (data from
Busch et al., 2003; Buschmann et al., 2003; Schneeloch ez al., 2004).

Neuroprotection

In the wider sense, neuroprotection is the preservation of the structural and
functional integrity of the brain by any kind of intervention that interferes with
the deleterious effects of ischemia. The general use of this term, however, refers
to pharmacological treatments that alleviate the molecular injury cascades leading
to neuronal death (Fig. 6). For obvious reasons, neuroprotection is useless in a brain
region in which blood flow has declined below the threshold of energy failure, but it
may contribute to the temporary preservation of the penumbra, bridging the inter-
val between the onset of ischemia and the restitution of blood flow, and/or prevent-
ing secondary neuronal death during reperfusion (Ginsberg, 1997; Wahlgren and
Ahmed, 2004). However, as the penumbra can be effectively protected by improve-
ment of blood flow alone (see earlier), neuroprotective interventions are mediated
not only by interference with molecular injury cascades, but also by reducing the
mismatch between blood flow and metabolism. Examples of this are the suppression
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of peri-infarct depolarisations by glutamate antagonists (Gill et al., 1992; Iijima et al.,
1992), the alleviation of mitochondrial oxidative insufficiency by inhibiting the mi-
tochondrial permeability transition (Kuroda and Siesjo, 1997; Green and Kroemer,
2004), or the prevention of NAD depletion by PARP inhibitors (Endres et al., 1997;
Takahashi et al., 1999). A hemodynamically mediated molecular intervention is also
the application of statins which improve blood flow by upregulating eNOS (Amin-
Hanjani et al., 2001). Neuroprotection thus contributes to the temporary preserva-
tion of the penumbra and may bridge the interval between the onset of ischemia
and the restitution of blood flow.

During reperfusion after transient vascular occlusion, a great number of neu-
roprotective interventions are able to ameliorate outcome, apparently by prevent-
ing delayed injury. These interventions include anti-excitotoxic (Prass and Dirnagl,
1998), anti-apoptotic (Mattson et al., 2000), anti-inflammatory (Beech et al., 2001)
and anti-oxidant and free-radical inhibitory approaches (Hall, 1997; Clark et al.,
2001). Protective effects have also been observed by interference with calcium
homeostasis (Kristian et al., 1998) and the erythropoietin receptor (Siren and
Ehrenreich, 2001). However, as these interventions are only effective if energy
metabolism recovers, i.e. under conditions of unimpaired reperfusion, they may be
of limited relevance for clinical stroke.

Ischemic Preconditioning

The molecular signalling cascades initiated by brain ischemia are not solely de-
structive, but may also exert a neuroprotective effect (for review see Kirino, 2002).
In fact, most of the above-described injury pathways including ischemia itself, in-
duce a transient state of increased ischemic tolerance, provided the initial injury
remains subliminal for tissue destruction (Stagliano et al., 1999). This effect is called
“ischemic preconditioning” and can be differentiated into three phases: during the
induction phase molecular sensors which respond to the preconditioning stimulus
are activated by transcription factors; the transduction phase results in the amplifi-
cation of the signal; and during the effector phase proteins with a protective impact
are switched on (Dirnagl et al., 2003).

An important preconditioning pathway is the upregulation of the hypoxia-
inducible factor 1 (HIF-1) in astrocytes. HIF-1 is a transcription factor that among
others induces the expression of erythropoietin (EPO) which binds to the neuronal
EPO receptor and which exhibits potent neuroprotective effects (Prass et al., 2003).
Another putative mechanism is the endoplasmic reticulum stress response (Paschen,
2001). Depletion of ER calcium stores causes accumulation of unfolded proteins in
the ER lumen and induces the activation of two highly conserved stress responses,
the ER overload response (EOR) and the unfolded protein response (UPR). EOR
triggers activation of the transcription factor NF-kappa B, and UPR causes a sup-
pression of the initiation of protein synthesis. As the latter contributes to delayed
ischemic injury, its reduction may have a neuroprotective effect (Burda et al., 2003;
Paschen, 2003).
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Ischemia tolerance increases 2-3 days after the preconditioning stimulus and
slowly disappears after 1 week (Kirino, 2002). This rather long effect provides the
unique opportunity to protect patients with reduced hemodynamic reserve capacity
against injury until blood supply can be restored.

Regeneration

With the discovery of functionally active stem cells in the hippocampus and the
subventricular zone of the adult brain, the possibility of endogenous regeneration of
brain infarcts has been evoked (Imitola et al., 2004). In fact, neurogenesis has been
documented in several focal ischemia models, notably after photothrombotic necro-
sis of cerebral cortex (Gu et al., 2000). The number of spontaneously regenerating
neurons is so low that up to now the possibility of a regeneration of brain infarcts has
been excluded. However, it is conceivable that functionally relevant neurogenesis is
promoted by trophic factors, such as brain derived neurotrophic factor (BDNF) or
other growth factors (Dempsey et al., 2003; Suzuki et al., 2003). Regeneration ther-
apy has also been attempted by transplantation of immortalised neuroepithelial cells
(Modo et al., 2002), neural stem cells (Chu et al., 2004) and stem cells derived from
fetal brain tissue (Borlongan et al, 1997), bone marrow (Grabowski et al., 1995;
Chen et al., 2003) or umbilical cord blood (Willing et al., 2003). However, the re-
ported functional improvements are probably unspecific effects which cannot be
explained by the small number of surviving cells (Fig. 10). What kind of unspecific

Magnetic resonance imaging GFP infarct rim
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Implantation site Corpus callosum NeuN Merge

Fig. 10. Cell replacement therapy of ischemic stroke: migration and differentiation of transplanted
murine ES cells in the ischemia damaged rat brain. Grafted cells were labelled with iron oxide
nanoparticles and green fluorescent protein (GFP), and are detected by magnetic resonance imag-
ing and histochemistry. In the border zone of the ischemic lesion a GFP-positive cell (red) colocalizes
with the neuronal marker NeuN (red) (data from Hoehn et al., 2002).
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effects these are, is difficult to predict but recent evidence of spontaneous neuroge-
nesis, angiogenesis and synaptogenesis distant from the ischemic lesion points to a
remodelling of the surviving tissue which may promote post-lesional brain plastic-
ity (Roitberg, 2004). Understanding these processes may unveil hitherto unknown
mechanisms that may become targets of future therapeutic interventions.
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