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Abstract: Cytokines and neurotrophins appear to constitute a series of self-amplifying systems m the
development of essential features of ischemic neuronal injury that morphologically distinguish it in terms of
either necrosis or apoptosis. An interaction of regional components at the tissue and organ level would involve
vessels and particularly endothelium that are associated with proliferating glia and injured groups of neurons.
Tt 1s in terms of a system of progression as applicable to cytokine action, trophic biology and gene transcription
pathways that one may account for the development of ischemia as a selective susceptibility of neurons. A
primary neuronal pathobiology would evolve developmentally in terms of oxidative stress, mitric oxide
production and Calcium ion influx and would be reflected in lowered pH of regional tissues. Pinpointing the time
of death of cells might be translated in terms of cytokine and trophic effects that promote cytoskeletal injury
mn the face of energy depletion. Reperfusion and no-reflow phenomena would further reflect involvement of
cytokines and neurotrophins in neuronal ischemia. In fact, capillary bed loss would eventually result in central
core necrosis of focal ischemic lesions that contrasts with the surrounding potentially viable penumbral zone.
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INTRODUCTION

Inflammation characterizes bacterial and wviral
infections, multiple sclerosis, Alzheimer’s disease and
also cerebral ischemial"l

Global or focal 1schemic bramn imjury of tissues and of
cells would range from vascular to ghal to neurcnal
involvement. Such a range of set dynamics of injury
would appear often primarily determined at fairly early
stages of vascular occlusion. Cell component injury
includes cytoskeletal involvement that changes dynamics
of progression of damage to other cell components,
plasmalemma and nuclear transcription pathways.

Progression of ischemia: Mechanisms of ischemic lesion
expansion may include excitotoxicity, peri-infarct
depolarization,  lactic  acidosis,  microcirculatory
disturbances and flow-metabolism uncoupling™. A loss of
balance between inhubitory and excitatory stunulation may
promote ischemic cell death as in cases of internalization
of ionotropic GABA(A) receptors’’.

An integral approach to ischemic injury would
account for core necrosis as evidenced involvement of
focal tissue organ elements. Prolongation of a therapeutic
window may be possibly achieved by suppression of
neuroinflammation, as induced by MILN519, a proteasome
inhibitort".

Endothelial cell injury appears to participate not only
in deprivation of oxygen to tissues but to also promote
progression of necrosis and apoptosis™. Ischemic CAl
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pyramidal cell death may be imtiated by activation of the
c¢-Jun N-termmal kinase pathway and then involve
apoptosis’™.

A clear delineation of necrosis pathways from
apoptotic events might implicate a process originating
from vascular endothelial cell damage with subsequent
potential progression.

Tt might perhaps prove a reliable guide to possible
outcomes in ischemia that apoptosis!”
of cytokine action and reaction. Septic shock can induce
diffuse cerebral damage with neuronal ischemia and
apoptosis, and associated with increased expression of
vascular inducible Nitric Oxide synthase™. Excitotoxic
stimulation of superoxide and nitric oxide production
leads to the formation of peroxynitrite and hydroxyl
radical that damage lipids, proteins and DNAP. Necrosis
as a deprivation system of effects, and apoptosis in
progressive involvement of cell components, would
implicate transcription factors that predetermine cell fate.
Increased gene expression of somatostatin receptor 2
occurs after neuronal ischemia and mitochondria-mediated
apoptotic pathways™”.

arises i1 a context

Ischemia as organ involvement: Realization of a true
focus of organ involvement in neuronal ischemia
mighthelp account for modes of mteraction that deprive
the cells of energy (as ATP) and of proteins, and also
promote progression of active lesions as reflected in
apoptosis as self-programmed cell death™". Gene transfer
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of baculoviral p53 by adenoviral vector protects against
neuronal apoptosis as occurs in cases of ischemia or
neurodegeneration?.

Deprived ATP production might define pathways of
autophagocytosis  intermediate in  character and
progression between necrosis and self-programmed
apoptosis.

Reactive nitrogen oxide species may enhance
ischemic injury via increased glutamate release and/or
reduction of glutamate uptake"?. The endoplasmic
reticulum 1s susceptible to oxidative stress-induced injury

after ischemia/reperfusion™.

Endothelial cell participation: A lowered pH of the
intracellular milieu would reflect fundamental changes in
the extracellular microenvironment in defining ischemic
myury.

Extracellular predetermination of cellular outcome in
ischemic events would tend to reflect consequences of
endothelial cell pathobiology.

Blood brain barrier breakdown within an ischemic
lesion largely maps out the core of a focal ischemic lesion
in the bram. Fundamental distinction between the core
region and the penumbra might specifically implicate
pathobiologic progressiveness in endothelial injury. Only
msofar as it 1s necessary to distinguish cells involved in
tissue injury is it also possible to implicate various cell
components primarily targeted in cell death due to
1schemia. Cyclin D1 expression appears implicated in
exacerbated ischemic neuronal cell death that is induced
by cyclooxygenase-2 activity!'”.

Inhibition of mitochondrial respiration promotes
accumulation of lactate and hydrogen ions and
dramatically reduces ATP production with dysregulation
of cellular ion metabolism and intracellular Ca™
accumulation!'®).

Endothelial protagonists in predetermined outcome
of neuronal 1schemic mjury might contrast with a vascular
occlusive phenomenon that alternates with reperfusion in
further inducing necrosis or apoptosis.

Cytokine action: Ca' entry into cells would perhaps
reflect consequences of activated gene transcription
arising as a consequence of cytokines that include
Tnterleukin 1B and Tumor Necrosis Factor «.

Neutrophils promote activation of endothelial cells
and are participants in ongoing regional ischemia. They
better define how core necrosis contrasts with an
unstable permumbral zone with potential neurconal
recovery. Gene transcription would allow or prevent
consequences of involved cytokine action in neuronal
susceptibility to further ischemic injury. Bone
morphogenetic protein 7, a trophic factor m the
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Transforming Growth Factor p superfamily, reduces
ischemic neuronal injury possibly via activation of p42,
44MAPK and PKCI.

Estrogen attenuates Nuclear Factor K B activation
induced by transient cerebral ischemia, implicating a
critical role for suppression of postischemic inflammation
in neuroprotection!®,

The no-reflow phenomenon would itegrally
compartmentalize focal ischemic injury that partly
accounts for endothelial pathobiology.

Selective vulnerability of neurons: A vascular system
supports cells and tissues in promoting functional
adaptation to injury. A selective vulnerability to neuronal
ischemia™ might account for different modes of
adaptation to cellular mjury based principally on
subcellular neuronal differentiation.

Astrocytic
expression 1s mvolved in neuronal cell death, and is
induced by the TNF-¢ dependent pathway™™".

Developmental pathways of subtype differentiation
of neurons would go hand in hand with a propensity for
adaptation or tolerance to ischemia mherently related
topographically or physiclogically to bloed vessels, glia
and other newrons as induced by Transforming Growth
Factor p 1-mediated neuroprotection against excitotoxic
injury™. Ienotropic glutamate receptor chammels and L-
type voltage-sensitive calcium channels are mvolved in
early stages of the cellular cascade leading to neuronal
death after hypoxia/ischemia®®?.

Functional attributes of particular subtypes of
neurcns, as found m the hippocampal CA1 region, would
implicate mechanisms of ischemic injury and of outcome
that are developmentally predetermined. Caspase3 1s a
key protease in the execution of apoptosis after
hypoxiafischemia of the immature brain®. Modes of
involvement of the pontosubicular neurons in perinatal
hypoxiafischemia  would  attest topographic
determinants of selective newonal vulnerability.
Hippocampal and Layers 4-5 cortical neurons would not
be susceptible to ischemia simply on the basis of specific
vascular patterns of supply but rather to how ischemia
itself evolves m relation to neurons that lack oxygen.

Structural and physiologic attributes of groups of
neurons predetermine individual cellular injury manifested
either as edematous cell change, ischemic cell change or
as autophagocytosis. The Akt signaling pathway
contributes to regulation of apoptosis and i1s modulated
by growth factors™?. Transient hypoxia triggers apoptosis
in the CA1 hippocampal neurons of newborn rats and is
followed by increased neurcgenesis™.

The of potential neuronal

intercellular  adhesion molecule-1

to

actual realization



Intl J. Mol. Med. Adv. Sci,, I(2): 121-129, 2005

ischemic injury would be an expression of how neurons
undergo induced progression from peint of initiation of
the 1schemic event to perpetuation of such injury as
transformimg  events.  Strategic  suppression  of
neuroinflammation may range from transcriptional
regulation of inflammatory gene expression of Nuclear
Factor-x B to proteasome, signaling pathways (ICE-
cascade, MAPK/mKK/ERK cascade)*.

Tt might be that ischemia constitutes an expression of
how regions of supply somehow are developmentally
predestined to progressive edematous or ischemic cell
change and to cell necrosis or apoptosis. On the other
hand, ischemic preconditioning may increase activity of
several antioxidant enzymes”. Oxidative stress also plays
a significant role m neurodegeneration of Parkinson’s
disease and of Huntington’s disease!®.

Neuronal response: Perinatal systems of expressed
neuronal injury arising from i1schemia’hypoxia appear to
constitute patterned modes of neuronal response to
ischemic mjury™. Neurotrophins appear effective in
suppressing neurcnal apoptosis but not necrosis™. One
might view modes of involvement of striatum, thalamus,
pontosubiculum and lippocampus m  terms of
developmental stages in evolving neuronal response to
such injury. Vascular endothelial growth factor inhibits
caspase-3 activity and modulates the
phosphatidylinositol 3 kinase (PI3K)/Akt/nuclear factor-
kB signaling pathway, inhibits outward delayed rectifier
potassium channel currents and enhances migration and
proliferation of neural progeniter cells™ Multicystic
change of the brain in nfants, for example, would attest to
possible alternative but distinctive endresults in
mdividual neuronal 1schemic injury.

Adult neuronal mjury as eosinophilic shrunken cells
would involve the combined participation of injured cells
operative at a regional tissue level

Such regional pathology would implicate glial cells
and the vascular supporting systems that integrally
mclude endothelially lined capillaries, venules and
arterioles.

The activation of poly(ADP-ribose) polymerase-1
(PARP-1) after exposure to mtric oxide or free oxygen
radicals can lead to cell imjury via nreversible depletion of
NADFY At a tissue and cellular level, ischemic and
hypoxic injury would implicate an endresult response on
the part not only of neurons but especially of regional
capillary beds as well. A cell death mode switch from
necrosis in the core region to apoptosis in the penumbra
may constitute a self-protective mechanism™®. The no-
reflow phenomenon would mplicate leukocytes and
myured limng endothelium 1 a manner that permits global
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participation of neurons in operatively variable
progression. Ischemic neuronal injury activates cyclin-
dependent kinases, with aberrant entry of neurons into
the cell cycle™.

One might indeed view the morphologic expression
of ischemic neuronal injury as transforming tissue change
implicating m particular the regional endothelial and
capillary beds. Human recombinant hepatocyte growth
factor acts on the blood brain barrier and protects against
apoptosis of cerebral endothelial cells at an early stage
after the ischemial™. It is in this context that ventricular
hemorthage so prommmently constitutes a singular
component of perinatal ischemia/hypoxia pathology in the
premature infant.

In the aged bram, an altered gene expression profile
may further exacerbate neurcnal ischemic mjury and

impair tissue reorganization and repair™.

Subcellular involvement: Lowered pH constitutes an
endresult of 1schemia whereby the oxygen deficiency
induces subsequent structural transformation of
individual neurons and also of blood vasculature as well.
A localized regional system of circulatory failure at the
capillary level might entaill modes of transforming
potential recovery expressed as selective vulnerability of
individual neurons in a given anatomic region. Vascular
Endothelial Growth Factor protects neurons against
experimental ischemia®”.

Further characterization at a subcellular level might
implicate ionic exchange and membrane pumps that
determine specific suborganelle mjury. Cytochrome C-
imitiated activation of apoptosis protease factor-1 1s a key
step in the activation of apoptosis™. Changes in
localization and complex formation by Bad, a pro-
apoptotic member of the bel-2 gene family, are probably
involved in determining vulnerability to global ischemnial™.

Depolarization events of injured neurons implicate a
regional participation in progression of ischemic injury
that may functionally promote subsequent morphologic
or structural cellular change.

Cytokine participation in ischemic cellular injury
operatively bridges capillary bed pathology and neuronal
1schemic imjury and implicates predetermined pathways of
necrosis or of apoptosis of regional neurons. Cathepsin
B release triggers the activation of proinflammatory
caspases in the absence of reperfusion™
such progression, necrosis might progress within a

! In terms of

context of evolving tissue change that regionally
characterizes that ischemic injury event. There is evidence
that reactive gliosis and post-ischemic inflammation
involving microglia contribute to ischemic change®".
Astrocytes maintain glutamine synthesis and enable
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neuronal formation of neurotoxic glutamate™”. On the

other hand, neuronal apoptosis might simply be a

consequence of a strictly cellular event inducing active

cellular participation. Erythropoletin prevents neuronal
damage following ischemia by an anti-apoptotic

mechanism™?. It may play a significant role in the

developing brain.

Self-programmed cell death pathways might be
expressed forms of an induced involvement that
transforms to active individual cell participation in lesion
progression. Targeting the apoptotic cell death pathway
may mnvolve mhibition of tBrd-induced SMAC release and
caspase-3 activation™™, Transforming growth factor B, a
multifunctional cytokine, suppresses apoptosis of

neurons in ischemia™’,

9 within cells

Subcellular organelles: Calcium ion influx!
might result from the eventual breakdown in energy
supply to cell membranes involving plasmalemma and
especially subcellular organelle umts.

Reactive oxygen-nitrogen species play a critical role
in the initiation of apoptosis. Mitochondrial permeability
transition and poly(ADP-ribose) polymerase activation
provide additional mechanisms for oxidative damage™. A
combination of mitochondrial injury and accumulation of
extracellular glutamate induces neuronal cell death™*”.

Mitochondrial dysfunction n particular may play a
central role m reperfusion myury following cerebral
ischemial®l.

Lysosomal particles, endoplasmic reticulum stacks
and sacs, polyribosomes and even nuclear chromatin
would undergo iyjury that develops subsequent to onset
of pathobiology of endothelially-lined capillaries and of
neuronal subset groups at a regional level. Sustained
calpamn activation may lead to lysosomal rupture and
ischemic neuronal necrosis rather than apoptosis™?.
Endoplasmic reticulum dysfunction is responsible for
ischemia-induced shut down of translation®™. The co-
chaperone BAG-1 regulates 70 kDa shock proteins and
protects cells from ischemic imjury®'.

Tt is in this sense that the penumbra in focal ischemic
lesions constitutes modes of interaction not only with the
central 1schemic core of mnecrosis but also with

surrounding, less mvolved CNS tissues.
FOCT OF CENTRAL CORE NECROSIS

Acute 1schemic mjury is triggered by excitotoxic
elevation of intraneuronal (Ca'® followed by
reoxygenation-dependent oxidative stress, metabolic
failure and cell death!™. Glutamate uptake by astrocytes
would critically provide neuroprotection in the ischemic
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penumbra. Polyamines appear implicated in the
development of neuronal cell death™.

Histiocytes also produce erythropoietin, and several
anglogenic and neurotrophic factors m vascular and
neurcnal regeneration!™!,

Realized pathways of central core necrosis in cerebral
1schemia would entail loss of blood supply in
subsequently evolving regions of tissue loss. Indeed, one
might speak of a centrally predetermined pathway of
regional tissue loss that evolves consequently as loss of
integral capillary beds in cerebral ischemia. In such a
context, lowered pH and neuronal depolarization would
operatively accompany a depletion of ATP in further
augmenting effects of
hyperglycemia.

Glucose but not lactate aggravate the effects of
acidosis in neuronal ischemia™. Acute hyperglycemia
activates the mitochondria-initiated cell death pathway
after an intermediate period of ischemia®®. Protein kinase
C delta mediates reperfusion injury in vive in multiple
organs®™. Glutamate exposure is less marked in the
penumbral zone with delay in neuronal death. PKC
activation is triggered by Ca" released from endogenous

stores’™,

ischemia in states of

Gene transcription of cytokine action: The response to
hypoxia is complex and involves the regulation of multiple
signaling pathways and coordinated expression of
hundreds of genes™”. Inhibitors of p53 bleck p53-
mediated induction of cell death and concomitantly
enhance NF-k B induced survival signmaling™. Cene
transcription events and cytokine action might constitute
axial systems of induced injury that are regionally
predetermined and that subsequently operate at the
cellular level™"!, Nuclear Factor-k B is involved in brain
damage in ischemia and neurodegeneration'™.

Tumeor Necrosis Factor ¢ shows biphasic expression
correspending to ischemia and reperfusion®, and is a
proinflammatory cytokine™!, that may induce ischemic
neurcnal cell death®™. Induction of the naip gene (that
blocks apoptosis) may contribute to neuroprotection as
exerted by Tumor Necrosis Factor ¢ in transient focal
1schemia. Inhibition of Tumor Necrosis Factor-o¢ may
induce neuroprotection by preventing its release from the
inactive cell-bound precursor .

Leukocyte interactions with endothelial cells of
regional capillary beds would implicate progression in the
1schemic process as neuronal/endothelial interaction.
Cross talk between nitric oxide and Zn'* apoptotic signal
transduction pathways may promote neuronal cell death
or mneurodegeneration™. Neutrophils contribute  to
reperfusion  imjury®™. One might

vascular view
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endothelium a predisposing influence in any subsequent
pattern of selective neuronal susceptibility. Vascular
endothelial growth factor protects neurons from ischemic
cell death directly but may worsen cerebral hemodynamics
after stroke™. Indeed, primary neurcnal pathobiology as
cellular attributes of response to and consequence of
1schemia would operate as transforming progression in
cell necrosis or apoptosis. It 15 mn such a context that
cytokine participation would selectively individualize
regional involvement in individual neuronal selective
vulnerability.

Neuregulin-1 protects neurons from delayed
1schemia-induced apoptosis by inhibiting proinflammatory
responses™. Interleukin-1 participates in generating
reactive oxygen molecules, and m further precipitating
ischemic neuronal cell injury™".

Cellular versus tissue injury: Perinatal hypoxia/ischemia
mnplicates a propensity for evolving imury that is
developmentally predetermined.

A lack of functional F as death receptors renders
neurons resistant to hypoxia and ischemia™.

One might view cerebral palsy arising from perinatal
1schemia‘hypoxia a varied constellation of events that
renders neurons regional determinants of such injury. A
hypoxic-ischemic insult of insufficient severity that
results n rapid cell death and mfarction can lead to
prolonged evolution of tissue damage. Specific periods of
increased vulnerability occur during development!™.
Aberrant CD40 expression on microglia as induced by
gene transcription via cytokines such as Interferon
gamma and Tumor Necrosis Factor o may unplicate
neuroimmunologic cascades™.

The capillary bed 1s a participant in regional 1schemia
that determines attributes of a central core of necrosis and
of a surrounding penumbra zonally evolving as change in
blood supply.

Stating modify endothelial function and increase
blood flow and also have anti-inflammatory action; they
may unprove sensorimotor recovery after intracerebral
hemorrhage™. In terms of such change, a no-reflow
phenomenon would arise in a context of reperfusion-
related events.

Oxidative stress and mitric oxide production
constitute fundamental consequences of endothelial and
neuronal involvement and also of glial cell proliferation.
Proliferation of cells of ghal type might provoke the
production of cytokines, free oxygen radicals and nitric
oxide that precipitate ATP depletion affecting cellular
outcome. Minocycline, a tetracycline derivative, inhibits
the p38 mitogen-extracted protein kinase pathway, with
reduced production of nitric oxide, Tumor Necrosis Factor
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o and Interleukin-1 P and of inducible nitric oxide
synthase in microglia™. Tecrclimus targets astrocytes
and microglia that modulate the neuromflammatory
response.  lmmunosuppressants in  general are
neuroprotective and neurotrophic in focal and global
cerebral ischemia™!.

A sudden proliferation of glial cells would further
deplete ATP stores as available to regional neurons and
endothelial cells.

Intracellular ATP availability and ion homeostasis
enhance neuronal survival after neuronal ischemial™,

Glutathicne protects against Zn™ induced neural cell
death in transient cerebral ischemnial™.

Mitochondria are central to neuronal response to
1schermia with critical roles in ATP generation, free radical
production and regulation of apoptosis’®. Disrupted
endoplasmic reticulum Ca'? homeostasis is also implicated

in neuronal cell death in ischemial™.

Cytoskeletal injury: This appears a potential mducer of
progression in neuronal necrosis that is distinct from
apoptosis.

In terms of such necrosis there would evolve nuclear
transcription events that promote cytokine production.
Cytoskeletal injury is implicated in cytokine production
involving central core necrosis. Foci of ischemia would
implicate transformation m cell neuronal injury and in
protein deprivation pathways"".

Energy deprivation and protein breakdown are
consequences of ischemia and also induce progressive
cell necrosis affecting cell viability. Astrocytes secrete
cytokines and neutrophilic factors to neurons, consistent
with a neurosupportive role for astrocytes, and possibly
implicating astrocytic gap junctions™.

A large number of glial-glal gap junctions and glial
glutamate release would perhaps induce progression of
neuroinflammation via a syncytial switch participation of
glial compartments and microglia". p38/SAPK2
(p38/stress activated protein kinase 2) may be mhibited by
a pyrimidyl imidazole with suppression of ischemic
neuronal cell death, via control of astrocytic gap junction

closure®®.

CONCLUSIONS

Considerations of how injury to cells does arise as an
1nitial 1schemia might implicate self-amplhifying events that
induce active cellular degeneration as primary neuronal
pathobiclogy.

One might view energy deprivation as simply a
powerful system pinpomting transformation of the injured
cell and as induced by cytokines.
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Trreversible cell injury would constitute consequence
of transcription events associated with upregulated
cytokine action and within a context of injury to both
neurons and endothelium. Neurotrophin and vascular
endothelial biclogy would further determine cyclical or
acyclical imbalance states of progression that variably
compromise neuronal recoverability. Neurons would act
as a systemn mechanism of propagated target action in
cytokine and trophic imbalance states that characterize
potentially  identifiable  parameters of
susceptibility patterns m 1schemic imjury mmplicating
transcription pathways.

neurcnal
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