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PREFACE

The adult mammalian brain is not well equipped for self-repair. Although
neuronal loss reinstalls parts of the molecular machinery that is essential for neuronal
development, other factors and processes actively impede regeneration of the
damaged brain. Many therapeutic efforts thus aim to promote or inhibit these
endogenous pathways. In addition, more radical approaches appear on the horizon,
such as replacement of lost neurons with grafted tissue.

Neurorepair, however, is not the topic of this book. Here, we go one step back
in the sequence of events that lead eventually to the demise of a neuronal population.
This book focuses on the precious period when an initial damaging event evolves
into a vast loss of neurons. The time frame might be hours to days in acute brain
injury or months to years in chronic neurodegenerative diseases.

Given the limited capacity of regeneration, protecting neurons that are on the
brink of death is a major challenge for basic and clinical neuroscience, with
implications for a broad spectrum of neurological and psychiatric diseases, ranging
from stroke and brain trauma to Parkinson’s and Alzheimer’s disease. In recent
years, rapid progress has been made in unravelling many of the cellular and molecular
players in neuronal death and survival. However, as the field develops into more
and more specialized branches, the notion of common pathogenic pathways of
neuronal loss might get buried under the wealth of novel data.

Thus it seems a timely endeavor to provide an overview on the most exciting
recent developments in neuroprotective signaling and experimental neuroprotection.
This book brings together experts from cellular and molecular neurobiology,
neurophysiology, neuroanatomy, neuropharmacology, neuroimmunology and
neurology. It is my hope that the book serves as a reference text for both basic
neuroscientists and clinicians, offering a fresh look at many (certainly not all) of the
highly intertwined processes that determine the fate of CNS neurons in the face of
acute or chronic insults.

The book is written mostly from the viewpoint of the basic scientist who works
at the cellular and molecular level, but who also develops and tests new hypotheses
using animal models of acute and chronic brain injury. Although many of the new
findings hold promise for therapeutic interventions, their translation into clinically
relevant neuroprotective strategies is still in its infancy. If this book helps to bridge
this gap, it will certainly be worth the effort.



I thank my publisher, Ron Landes, for his support and the opportunity to put
this volume together. It was a pleasure working with Cynthia Dworaczyk, who
coordinated the production of this book in a most skillful fashion. Finally, I am
greatly indebted to the authors for their time and their valuable contributions.

Christian Alzheimer
Munich, February 2002
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I. NEURONAL CELL DEATH—

Overview of Basic Mechanisms






EXCITATORY AMINO ACID NEUROTOXICITY

Thomas Gillessen', Samantha L. Budd? and Stuart A. Lipton®

HISTORICAL PERSPECTIVE

The excitatory potency of the acidic amino acids glutamate and aspartate in various
regions of the central nervous system (CNS) has been recognized since the 1960’s.'2
Nevertheless, the earlier findings that these amino acids are (1) constituents of
intermediary metabolism and are (2) located in the brain ubiquitously in high
concentrations rendered them unlikely candidates as neurotransmitters. These
findings fueled a sustained debate about their physiological role as neurotransmitters
in the 1970s. Today, L-glutamate is accepted as the predominant fast excitatory
neurotransmitter in the vertebrate brain.

In parallel to studies on the physiological role of these amino acids, it has been
observed since the 1950s that glutamate can exert toxic effects on the nervous system
under certain conditions. Following the systemic application of glutamate to mice,
toxic effects on retinal neurons were described.® Further studies in the 1970s
corroborated these toxic effects and extended this view by showing neuronal cell
death following oral intake of glutamate or aspartate in brain regions devoid of the
blood-brain barrier in mice and nonhuman primates (Fig. 1).**

Thus, L-glutamate is the primary excitatory transmitter in the mammalian CNS
but is cytotoxic under certain conditions. This relation between the physiological
function as excitatory amino acid (EAA) and the pathological effect is reflected by
the term “excitotoxicity” introduced in the 1970s by Olney et al.'

With the introduction of structural transmitter analogues, local injections of the
glutamate agonist kainate were shown in the late 1970s and 1980s to induce cell
death with a similar pattern of damage in different brain regions, thus confirming

nstitut fuer Pharmakologie und Toxikologie, Bereich Studien und Wissenschaft, Neuherbergstrasse 11,
80937 Muenchen, Germany; Present address: Max-Planck-Institute of Psychiatry, Kraepelinstrasse 2-10,
80804 Muenchen, Germany, 2Astra Zeneca R&D Sodertilje, Bioscience, 141 57 Huddinge, Sweden and
3The Burnham Institute, 10901 Torrey Pines Road, La Jolla, CA 92037.
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Figure 1. A, Tissue section through arcuate nucleus (arc) of hypothalamus from a 10 day old mouse
(control; x150). No signs of pathology are present. B, Section trough arcuate nucleus (arc) from a 10 day
old mouse treated orally with 1 g/kg sodium glutamate (x150). There is a considerable number of necrotic
cells within the arcuate region. Reprinted with permission from Olney JW, Ho OL. Brain damage in infant
mice following oral intake of glutamate, aspartate or cysteine. Nature 1970; 227:609-611, copyright ©
1970 Macmillan Publishers Ltd.

the neurotoxic effect.''"'4 Today, it is well recognized, that exogenous or endogenous
agonists of EAA receptors can induce cell death in CNS neurons.

Our knowledge about the role of glutamate as an excitatory neurotransmitter
and its cytotoxic effects increased in parallel during the 1980s, and notably, the
development of substances that antagonized the excitatory function'> also stimulated
studies on mechanisms underlying the toxic effects.'®!® The discovery of different
EAA receptor subtypes in conjunction with the introduction of selective receptor
antagonists revealed that the glutamate-induced cell death was induced by excessive
ionotropic glutamate receptor activation.'*-26

The view that activation of different ionotropic EAA receptors can induce
excitotoxic cell death was supported by subsequent studies on the ionic mechanisms
underlying excitotoxicity. It was demonstrated, that excessive calcium loading plays
a pivotal role in neuronal cell death following the intense stimulation of ionotropic
glutamate receptors,?’-?® and since then the implication of ion homeostasis
dysregulation and dysfunction in calcium signaling have been studied extensively
(Fig. 2).293

Regarding the mode of cell death, glutamate-induced neuronal cell death has
been judged originally as necrotic from the morphological appearance.®34-3
However, the observation of a delayed neuronal cell death in the penumbra of
ischemic lesions®” and after EAA exposure*®? has stimulated studies in the 1990s
focussing on the mode of cell death. Today, there is compelling evidence that failure
in extracellular glutamate homeostasis can result in different modes of cell death
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Figure 2. Cortical neurons in cell culture before (top row) and 1 day after (bottom row) a 5 min incubation
in 500 uM glutamate. A, Na" ions replaced with equimolar choline. B, 1 uM tetrodotoxin added. C, Ca*"
ions omitted. Considerable cell death occurred even under replacement of Na™ or addition of 1 uM
tetrodotoxin. Omission of Ca®" resulted in a substantial decrease in neuronal cell loss. Reprinted with
permission from Choi D W. Glutamate neurotoxicity in cortical cell culture is calcium dependent. Neurosci
Lett 1985; 58:293-297, copyright © 1985 Elsevier Science.

with morphological and biochemical features of either apoptosis or necrosis de-
pending on the severity of the insult, with more fulminant insults causing rapid
energy failure because of lack of ionic homeostasis and thus necrosis.**-#*

CLINICAL RELEVANCE OF EXCITATORY AMINO ACID
NEUROTOXICITY

There is evidence that excitotoxicity is involved in acute brain damage under
pathophysiological conditions following status epilepticus, mechanical trauma or
ischemia (Fig. 3).*> Moreover, glutamate cytotoxicity seems to be partly involved in
many neurodegenerative diseases.

EPILEPSY

Histopathological studies on the brains of patients suffering from chronic
epilepsy have revealed that certain brain regions show structural alterations with
severe loss of neurons and reactive gliosis.***’ Brain pathology in epilepsy is
described best for human temporal lobe epilepsy, resulting in sclerosis of the
hippocampus that extends into the amygdala and the parahippocampal gyrus and is
termed “mesial temporal sclerosis”, “hippocampal sclerosis” or “Ammon’s horn
sclerosis”. Pronounced brain damage has been observed following sustained
epileptiform activity with seizures lasting more than 30 min, called “status
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| | |

SEIZURES HYPOXIA HYPOGLYCEMIA TRAUMA
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Figure 3. Glutamate induces acute CNS injury. This historical schematic summarizes that seizures, hypoxia,
hypoglycemia and trauma share common mechanisms of acute injury. The excitatory activity of the
transmitter glutamate is linked to its toxic effects (excitotoxicity). Reprinted with permission from Choi
D W. Glutamate neurotoxicity and diseases of the nervous system. Neuron 1988; 1:623-634, copyright ©
1988 Elsevier Science.

q_.

epilepticus” (SE).*** Importantly, neuronal cell loss after SE is not distributed
equally across all hippocampal subfields and the extent of damage is in the order
CA1l > CA4 > CA3 > CA2, thus indicating different susceptibility to SE-induced
cell death.!>%

In animal models of epilepsy using chemoconvulsant-induced or electrical
stimulation-induced SE, similar patterns of brain damage were observed.’!>*
Experiments aimed at the observation of ultrastructural changes have demonstrated
that certain features of cell damage, such as swelling of dendrites and soma, are
independent of the mechanism used to induce SE.>!~%

Evidence for the implication of EAA-mediated excitotoxicity in SE-induced
neuronal cell death arises from several experiments. First, the morphological
appearance of cell damage following SE is similar to damage following systemic or
local application of the glutamate receptor agonists L-glutamate, NMDA or
kainate.536:31:333556 Second, the administration of ionotropic glutamate receptor
antagonists that inhibit excitotoxic cell death in cultured neurons can prevent cell
death induced by epileptiform activity.?”-¢°

Apart from the above-mentioned evidence for excitotoxicity in epilepsy, there
has been a considerable debate regarding the mode of cell death. There is now a
large body of evidence suggesting the implication of both, necrotic and apoptotic
cell death following pathologically relevant EAA receptor activation. Recently,
several reports have added evidence for the implication of apoptotic pathways in
epilepsy-associated neuronal cell death.®'%° In conclusion, the mode of cell death in
SE-induced brain pathology may be the result of intensity and duration of glutamate
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receptor activation, with a shift from apoptotic death to necrotic death with increasing
intensity and duration of receptor activation **+3

TRAUMATIC BRAIN INJURY

Following head trauma, mechanical brain injury can be accompanied by
secondary changes as ‘metabolic’ glutamate leaks uncontrollably from the neuronal
cytoplasm®’ causing subsequent excitotoxic damage of surrounding neurons.
However, compared to research on mechanisms underlying the cell damage in
epilepsy, studies on traumatic injury have been sparse and there is less evidence for
the implicated modes of cell death. Some studies have suggested the sudden release
of excitatory amino acids from the cytoplasm into the extracellular space and
subsequent bioenergetic failure as well as ultrastructural damage that can be diminished
by NMDA antagonists, all indicative of excitotoxicity,’’** whereas others have
demonstrated activation of caspase enzymes, internucleosomal DNA fragmentation
and induction of immediate early genes, indicative of apoptosis.®®’! Most recently,
in neonatal models of traumatic brain injury (TBI) (mortality and morbidity from
head trauma is highest in children), the resulting excitotoxicity has been shown to
elicit both apoptosis and necrosis. Necrosis occurs localized to the site of impact,
and within 4 hr of the insult, whereas a secondary apoptotic damage occurs between
6 — 24 hr and is found in the areas surrounding the primary necrosis.”? In this model,
the secondary damage was more severe than the primary damage suggesting a
preponderance of apoptosis over necrosis.

HYPOXIA/ISCHEMIA

Under conditions of local or global ischemia, neurons are deprived of glucose
and oxygen, resulting in bioenergetic failure and subsequent decrease of ion gradients
across the plasma membrane.”* The resulting plasma membrane depolarization leads
to increased synaptic release of glutamate, and the diminished Na® gradient is
followed by attenuated Na'-dependent glutamate uptake or even reversed glutamate
transport in terms of transporter-mediated release of glutamate from neurons and
astrocytes.”*’® Moreover, osmotic cell swelling following the influx of Na*, Cl" and
H,0O can result in plasma membrane rupture and further release of cytoplasmic
glutamate into the extracellular space. In summary, hypoxia/ischemia results in a
secondary net increase in the extracellular glutamate concentration.”’”” As in the
other above-mentioned acute CNS insults, this increase in extracellular glutamate
results in excitotoxic damage.®*®> The implication of excitotoxicity in hypoxia/
ischemia is corroborated by the observation that NMDA-type glutamate receptor
antagonists can reduce neuronal death in animal models of cerebral ischemia.*%7
However, the actual set of circumstances in humans appears to differ from the defined
animal models.®® In addition to the well-accepted concept of excitotoxicity-associated
acute necrotic cell death, there are several lines of evidence, that neurons can undergo
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Table 1. Neurodegenerative diseases thought to be mediated at least in part
through stimulation of glutamate receptors

Huntington’s disease (pathologic process mimicked by injection of the endogenous NMDA agonist
quinolinate; mitochondrial inhibitors, which make neurons more susceptible to glutamate toxicity,
can reproduce this process)

AIDS dementia complex (human immunodeficiency virus-associated cognitive-motor complex) (evidence
that neuronal loss is ameliorated by NMDA antagonists in vitro and in animal models)
Neuropathic pain syndromes (e.g., causalgia or painful peripheral neuropathies with a central component
blocked by NMDA-receptor antagonists or inhibitors of nitric oxide synthase)
Olivopontocerebellar atrophy (some recessive forms associated with glutamate dehydrogenase deficiency)
Parkinsonism (mimicked by impaired mitochondrial metabolism, which renders neurons more susceptible

to glutamate-induced toxicity)

Amyotrophic lateral sclerosis (primary defect may be a mutation in superoxide dismutase gene, which may
render motor neurons more vulnerable to glutamate-induced toxicity; there is also evidence for
decreased glutamate reuptake)

Mitochondrial abnormalities and other inherited or acquired biochemical disorders (partial listing)

MELAS syndrome (mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes due
to a point mutation in mitochondrial DNA)

MERRF (myoclonus epilepsy with ragged-red fibers, signifying mitochondrial DNA mutation; also
frequently accompanied by ataxia, weakness, dementia, and hearing loss)

Leber’s disease (point mutation in mitochondrial DNA, presenting with delayed-onset optic neuropathy and
occasionally degeneration of basal ganglia, with dystonia, dysarthria, ataxia, tremors, and
decreased vibratory and position sense)

Wernicke’s encephalopathy (thiamine deficiency)

Rett syndrome (disease of young girls, presenting with seizures, dementia, autism, stereotypical hand
wringing, and gait disorder)

Hyperhomocysteinemia and homocysteinuria (L-homocysteine has been shown to be a weak NMDA-like
agonist as is L-homocysteic acid)

Hyperprolinemia (L-proline is a weak NMDA-like agonist)

Nonketotic hyperglycinemia (a case report of some improvement after treatment with an NMDA
antagonist)

Hydroxybutyric aminoaciduria

Sulfite oxidase deficiency

Combined systems disease (vitamin B12 deficiency, which may result in accumulation of homocysteine)

Lead encephalopathy

Alzheimer’s disease (data that the vulnerability of neurons to glutamate can be increased by B-amyloid
protein)

Hepatic encephalopathy (perhaps a component, although inhibitory neurotransmitters are more clearly
involved)

Tourette’s syndrome (deficits in basal ganglia have been proposed to be mediated by glutamate or
glutamate-like toxins)

Drug addiction, tolerance, and dependency (animal modes suggest that NMDA antagonists may be helpful
in treatment)

Multiple sclerosis

Depression/anxiety

Glaucoma
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Table 2. Exogenous excitotoxins

Kainic acid Domoic acid BOAA
Structure P /:\\ coon " com
R i,— "'"’:7- S W
n_C_-_/ \——cmu R ‘ — o o
Biological source Digenea simplex ~ Chondria armata Lathyrus sativus
Consumption Ascaricide Blue mussels Chick pea (staple
food)
Binding site Ki 21 nM (kainate) 13 nM (kainate) 760 nM (AMPA)
Toxicity in culture 67 uM 10-100 uM
Acute toxic dose 9-15 mg/kg i.p. 4 mg/kg i.p. 500 mg/kg i.p.
(rodents) (pathology in
hippocampus)
Neurological None reported Limbic seizures; Neurolathyrism
syndrome amnesia

Reprinted with permission from Meldrum B, Garthwaite J. Excitatory amino acid neurotoxicity and
neurodegenerative diseases. Trends Pharmacol Sci 1990; 11:379-387, copyright © 1990 Elsevier
Science.

apoptosis following ischemia.*!*” Among various biochemical markers of apoptosis,
DNA fragmentation®*”! and activation of caspase-3 have been observed®**? in models
for cerebral ischemia. Moreover, application of caspase-inhibitors results in reduced
infarct size*>*>** and decreases cell death in cultured neurons following ischemia.”®

NEURODEGENERATIVE DISEASES

In addition to acute neurological disorders, many chronic neurodegenerative
diseases may exhibit a component of glutamate-dependent neuronal damage,
including apoptosis or injury to dendrites and axons (Table 1). This arises when the
primary disease causes neuronal injury which in turn may cause the leak or release
of excessive glutamate. Additionally, elevated inflammatory responses in many of
these diseases can also contribute to excessive glutamate release or decreased
glutamate clearance from the synaptic cleft.”*"’

INTOXICATION WITH EXOGENOUS EXCITATORY
AMINO ACIDS

Several structural analogues of endogenous EAAs have been introduced to the
neurosciences during the 1980s, which exhibit similar or even higher excitatory and
neurotoxic potency compared to the endogenous EAAs. In 1987, an outbreak of
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domoic acid poisoning following ingestion of mussels occurred in Canada. Patients
suffered from acute headache, seizures, sensory dysfunctions and showed motor
signs. In four fatal cases, neuropathological studies revealed lesions predominantly
in the hippocampus and amygdala, resembling the lesion pattern after application of
the exogenous excitotoxin kainate.”® It was reconstructed that the mussels had
accumulated domoic acid, synthesized by the phytoplankton Nitzchia pungem.gg
Domoic acid is a structural analogue of kainic acid, which is also synthesized by
seaweed, but compared to kainate, domoic acid has a higher excitatory potency.”!%
In parallel to its high excitatory potency, domoic acid exerts potent excitotoxic effects
on CNS neurons (Table 2). Experimental administration of domoic acid to rodents
and monkeys has resulted in brain damage with ultrastructural features resembling
L-glutamate excitotoxicity.!?!"1%

Ingestion of the chick pea Lathyrus sativus, which contains another EA A structural
analogue results in acute spastic motor signs following the consumption. The clinical
features of this motor disorder called “lathyrism” were known even by the ancient
Greeks but the toxic component, the amino acid 3-N-oxalyl-L-alanine (BOAA) was
identified only some decades ago (Table 2).'* Experimental administration of BOAA
is known to induce the features of lathyrism in nonhuman primates'® and application
of BOAA to cell cultures results in cell death with structural features of
excitotoxicity'% that can be attenuated by non-NMDA receptor antagonists.'%”-18
Importantly, the high excitotoxic potency of this glutamate receptor ligand is in
accordance with its high excitatory potency as agonist at AMPA receptors.'?’

IMPLICATION OF DISTINCT GLUTAMATE RECEPTOR
CLASSES IN EXCITOTOXICITY

L-glutamate, the most abundant excitatory transmitter in the brain, binds
to different classes of receptors comprising different types of ionotropic
receptors as well as metabotropic receptors. lonotropic glutamate receptors are
ligand-gated ion channels, which are named after agonists that bind
preferentially to these receptor subtypes. They include
a-amino-3-hydroxy-5-methyl-isoxalole-4-propionate (AMPA), kainate and
N-methyl-D-aspartate (NMDA) receptors.

AMPA receptors are widely distributed in the CNS and are expressed on many
different types of neurons. They control a cation channel that is permeable to Na*
and K ions with a single channel conductance < 20 pS."'" Activation of AMPA
receptors results in the fast onset of an excitatory postsynaptic current (EPSC) with
rapid desensitization.""! This current shapes the fast component of glutamatergic
EPSCs in CNS neurons. !> Importantly, certain AMPA receptor subtypes can exhibit
substantial Ca’" permeability and thereby contribute to the Ca**-dependent form of
excitotoxic cell damage.!'3"!1 Ca®" -permeable channels are formed from the receptor
subunits GluR1 or GluR3, whereas coassembly with GluR2 results in only poor
Ca’" permeability.'!7-1?
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Another type of ionotropic glutamate receptor termed kainate receptor is less
well understood because of lack of sufficiently selective agonists and antagonists.
As with AMPA receptors, kainate receptors control a cation channel that desensitizes
rapidly. Since the agonist kainate activates kainate receptors but also AMPA receptors,
their physiological and pathophysiological role remains elusive. Recently, results
based on gene-targeted rodents lacking certain kainate receptor subtypes have
extended our knowledge of localization and function of kainate receptors.'>*!?! From
these studies one can conclude that kainate receptors are not only localized to
postsynaptic sites but also appear to be localized presynaptically, suggesting a role
for modulation of synaptic strength (for review see refs. 122,123).

The third type of ionotropic glutamate receptor, the NMDA receptor differs
fundamentally from AMPA and kainate receptors in several ways. First, the pore is
significantly permeable to Ca>" ions,'>*!% but also to K™ and Na" ions.'? In contrast
to AMPA receptors, NMDA receptors exhibit a high single channel conductance (50
pS) and desensitize much slower (for review see refs. 127,128). NMDA receptors
are widely distributed in different types of CNS neurons and shape the late component
of glutamatergic EPSCs. Second, the opening of the ligand-gated cation channel
does not only depend on binding of agonist but is voltage-dependent, since the channel
is blocked by Mg?“ions at resting membrane potentials and a depolarization of the
plasma membrane is required to relieve the Mg?*-dependent block. Third, activation
of NMDA receptors requires binding of a coagonist to the so-called glycine-binding
site of the NMDA receptor. Very recently, the amino acid D-serine has been suggested
to be an endogenous ligand for the glycine-binding site.'?’ This is supported by the
findings that (1) D-serine has a high potency to potentiate NMDAR-mediated
neurotransmission, (2) D-serine is colocalized with NMDARs in the forebrain and
(3) enzymatic degradation of the amino acid attenuates NMDAR-mediated
neurotransmission.

As discussed at the start of this chapter, experimental application of the
endogenous nonselective agonist glutamate has been shown to induce excitotoxic
cell damage.*® As with L-glutamate, administration of the agonists kainate!'-1%1420
or NMDA'" induced brain damage, thus confirming the implication of different
glutamate receptor classes.

The implication of different ionotropic glutamate receptor types in induction of
brain damage has been further studied by the use of selective receptor antagonists.
Experimental administration of competitive or uncompetitive NMDA
antagonists? 228386130 or application of kainate antagonists attenuates cell death in
cell cultures as well as brain damage.?° Unfortunately, the clinical use of these receptor
antagonists has been hampered by the inhibition of physiological NMDAR-mediated
neurotransmission, resulting in various adverse effects.!*! However, the
uncompetitive NMDA antagonist memantine (1-amino-3,5-dimethyladamantane hy-
drochloride), which has already been used for years for treatment of Parkinson’s
disease, is sufficiently tolerated. Memantine is an open-channel blocker, but has
faster kinetics than MK-801. This results in substantial inhibitory drug action under
conditions of prolonged exposure to glutamate but much less inhibition under millisecond
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exposure to glutamate. > This raises the hypothesis, that memantine should be suited
to treat disease conditions associated with elevated glutamate concentrations for
prolonged periods. Indeed, several groups have demonstrated its neuroprotective
effectiveness combined with only few adverse effects.!33-13

Whereas the role of ionotropic glutamate receptors in excitotoxicity has been
studied extensively, the significance of metabotropic glutamate receptors (mGluRs)
in excitotoxicity is less well understood. Importantly, there is no indication, that
activation or inhibition of mGluRs by itself exerts excitotoxicity.'*® Instead, in view
of the literature it appears more likely, that specific metabotropic receptor subtypes
can be involved in modulation of ionotropic receptor-mediated excitotoxicity. This
may be due to the coupling of different mGluR subtypes to different signal
transduction pathways and effectors. Group I mGluRs comprise the subtypes mGIuR
and mGluRs which in heterologous expression systems couple to phospholipid
hydrolysis through phospholipase C. Among other effects, this results in second
messenger-mediated activation of protein kinase C and Ca®" release from IP3-sensitive
Ca*" stores.!37"13% Application of recently developed selective receptor ligands
suggests, that activation of group I, and particularly mGluR1 receptors amplifies
NMDA-mediated excitotoxicity.!36:140-144

Group II receptors comprise the subtypes mGluR, and mGluRj that are
negatively coupled to the adenylate cyclase pathway. Recent pharmacological studies
using selective agonists indicate that group Il receptor activation results in protection
against NMDA-mediated excitotoxicity.!*"'4>147 Likewise, group III receptors
(mGluR4 and mGluRe.g) are negatively coupled to adenylyl cyclase, and activation
of mGluR4 or mGIuRS group III receptors results in attenuation of NMDA-mediated
neurotoxicity. '47-14°

IONIC DEPENDENCE OF EXCITOTOXIC CELL DAMAGE

Activation of different ionotropic receptor types is linked to excitotoxic cell
damage through the underlying ion currents. Depending on the predominance of
either Na* or Ca®" influx, two different components of excitotoxicity have been
suggested. Na” ion influx mediated by activation of NMDA-type and
non-NMDA-type glutamate receptors is followed by secondary influx of CI" and
H,0 and results in swelling of neurons. 23413151 This acute form of cell damage
depends on the transmembrane Na" and CI" gradients?® and can be prevented by
extracellular substitution of Na* and CI” with impermeant ions.'*>!33 In contrast to
the acute, primarily Na*-dependent osmotic damage, a more delayed mode of cell
death has been attributed to Ca>" influx.?®!33 This delayed Ca**-dependent cell death
can be largely attenuated by inhibition of NMDA receptors,!***84154 removal of
extracellular Ca®" jons?*!3315¢ or buffering of cytoplasmic Ca?" by membrane
permeable chelators.!>”!3® Therefore, the Ca’’-dependent component was
traditionally believed to be induced exclusively by NMDA receptor activation.

The finding that the late component can be mimicked by calcium ionophores in
presence of Ca”" ions has corroborated the Ca?*-dependence of the delayed cell
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death.”® However, the discovery of Ca’"-permeable AMPA /kainate receptors, has
lead to the view that neurons expressing these Ca>*-permeable non-NMDA receptors
can also undergo Ca®’- dependent delayed cell death.’>!>° In summary, different
routes of Ca®>" influx such as through NMDA receptors, Ca>"-permeable AMPA/
kainate receptors and voltage-dependent Ca>* channels, which are all involved in
physiological signaling, are implicated in excitotoxic cell death.

The suggested key role of Ca* in excitotoxicity has been subsequently confirmed
by the finding, that the extent of excitotoxic cell death correlates with the total amount
of Ca®" uptake and is independent of the route of entry. In some cases Zn>" can
substitute for Ca®" as the cation inducing excitotoxic damage.?%!%%160

The Ca®" overload observed following sustained stimulation of NMDA receptors
results from the inability of cellular Ca?* homeostasis, such as extrusion of Ca>*
across the plasma membrane by Na“/Ca" antiporter'®"1%3 and Ca®" ATPase'** or
Ca’" sequestration by the endoplasmic reticulum and mitochondria'®>!% to remove
the large influx of Ca*".

Interestingly, during sustained exposure to glutamate, the intracellular calcium
concentration [Ca®"].rises rapidly to a peak value and thereafter slowly recovers to
an elevated plateau level.'®” However, the [Ca®]. can also manifest a second, delayed
increase,*!%® immediately preceding cell death (Fig. 4). This delayed [Ca®'],
increase, termed “delayed calcium deregulation” (DCD) is irreversible and reflects
irreversible loss of cellular Ca** homeostasis. Although the interval between the
initial Ca®" spike and the DCD varies within a cell population exposed to NMDA
receptor agonists, once DCD occurs within a neuron, it invariably precedes cell
death. The temporal relation between neuronal Ca*>* levels and delayed cell death
suggests, that Ca’"-dependent effector mechanisms are involved, which do not need
sustained high Ca”" levels but are triggered by transient changes in [Ca*].

Since many enzymes are activated by transient or sustained [Ca’"] elevation
various effector mechanisms may be implicated in Ca®’-mediated excitotoxic cell
death. Consequently, a variety of Ca’"-dependent hydrolytic enzymes, including
lipases and proteases, have been suggested to be involved in excitotoxic neuronal
damage. Activation of the Ca®"-dependent phospholipase A2 has been observed
following NMDA receptor activation'® and the subsequent catabolism of released
arachidonic acid by lipoxygenases and cyclooxygenases (COX), is also associated
with concomitant production of reactive oxygen species (ROS).!*17! In addition,
activation of phospholiase A2 and subsequent release of arachidonic acid may inhibit
transporter-mediated glutamate uptake from the extracellular space.*>!">!73

Among several Ca*"-activated proteases, the activity of the Ca**-dependent
cysteine protease calpain is increased following glutamate receptor-mediated Ca*"
loading. '7#'"7 Calpain activation results in proteolysis of structural proteins and
degradation of the neuronal cytoskeleton.!”” Furthermore, calpain may direct the
mode of cell death to necrosis by preventing the cytochrome c-mediated activation
of caspases (see following).!™

Ca*"-mediated activation of nitric oxide synthase may be another pathway
involved in excitotoxic cell death since neurons constitutively express the isoenzyme
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called “neuronal nitric oxide synthase” (nNOS). nNOS is activated by glutamate
receptor-mediated [Ca®"]. increases'’®!” and there is compelling evidence, that
nNOS activation is linked to excitotoxic damage®! since inhibition of NO formation
results in protection of neurons from glutamate receptor-mediated cell death.!7%-182
Studies on nNOS-deficient neuronal cultures confirmed the role of NO in glutamate
receptor-mediated neurotoxicity since in nNOS-deficient cortical cultures the toxic
effects elicited by administration of NMDA are markedly attenuated.'s* The role of
NO in excitotoxicity is mediated at least partly through the reaction of NO with
superoxide anions (057 to form peroxynitrite (ONOO").!34

Other classes of enzymes are also thought to be involved in the Ca**-mediated
cell death but in less direct ways. Calcineurin is a Ca>*/calmodulin-activated
phosphatase which can dephosphorylate nNOS, thereby increasing its activity'
and potentially increasing excitotoxic damage. Calcineurin has been convincingly
demonstrated to be involved in neuronal cell death since pharmacological experiments
using the calcineurin inhibitors cyclosporin A and FK-506 have revealed attenuation
of excitotoxic cell death.'®!8” Accordingly, inhibition of calmodulin can also be
shown to decrease excitotoxic cell death,'8%!88

MITOCHONDRIAL DYSFUNCTION

Studies on the time course of glutamate receptor-induced [Ca®']. increase have
demonstrated that if the neuronal cell does not succumb to the insult, [Ca®*], slowly
recovers after the termination of agonist application.3*!®” This recovery is due to
several mechanisms that ensure the cellular Ca?* homeostasis under physiological
conditions (Fig. 5) such as extrusion across the plasma membrane by the Na*/Ca®"
exchanger'® and the Ca?"-ATPase, or sequestration of Ca*" into the endoplasmic
reticulum'#%1°0 and mitochondria.!*!-1%?

In theory, the driving force for Ca?" ions to enter the mitochondrial matrix in
energized mitochondria is formed by the strong electrochemical gradient for Ca®*
across the inner mitochondrial membrane, mainly due to the mitochondrial membrane
potential Ay, (A, = -180 mV). Therefore, normal energized mitochondria can
take up substantial amounts of calcium.'** Net uptake of calcium occurs in isolated
mitochondria whenever [Ca®'], rises above a set point in the high nanomolar range
(>0.5 uM), indicating the dynamic equilibrium of mitochondrial uptake and extrusion
mechanisms.!** [Ca?], can be shown to increase above this set point'®> during
excessive cytoplasmic Ca®* loading following ionotropic glutamate receptor
activation and results in net mitochondrial Ca>* uptake.!*!"!2

It has been proposed that mitochondrial Ca?* uptake can shape the time course
of cytoplasmic [Ca®"]..'”® During excessive Ca’>* loading into neurons, mitochondrial
Ca®" uptake appears to blunt the [Ca®'], increase since mitochondrial depolarization
by protonophores prior to Ca®" loading results in increased [Ca®"]..'031%¢1%° A fter
termination of the Ca®" influx, [Ca®'], slowly decreases and Ca®" redistribution from
mitochondria into the cytoplasm begins when [Ca’"], decreases below the set
point, 192196
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Figure 4. Time course of glutamate-induced Ca®" overload. A, intracellular free Ca®" concentration [Ca?'],
ofahippocampal neuron. [Ca®*], was measured using the calcium-sensitive fluorochrome indo-1. Glutamate
(100 uM) was applied for S min by superfusion (see bar). With a delay of about 90 min following glutamate
application an irreversible calcium increase occurred. B, Schematic presentation of the [Ca®"]. time
course. Reprinted with permission from Randall RD, Thayer SA. Glutamate-induced calcium transient
triggers delayed calcium overload and neurotoxicity in rat hippocampal neurons. J Neurosci 1992;
12:1882-1895, copyright © 1992 Society for Neuroscience.

Ca*" uptake into mitochondria results in a decrease in Ay, that can be monitored
in isolated energized mitochondria?-2%? as well as in situ.2%>-2°7 This depolarization
is due to the balancing of the charge transfer carried by Ca>* ions by re-entry of
protons into the mitochondrial matrix. Under normal conditions, Ca?*-induced
depolarization is transient and serves to activate mitochondrial dehydrogenases?’8-214
and the mitochondrial ATP synthase,?!> which in turn results in increased electron
transport through the respiratory chain and consequently increased outward flux of
protons.

However, studies on in situ mitochondrial membrane potential using cationic
fluorochromes have demonstrated convincingly that the time course of Ay,
depolarization can vary considerably, and depends on the time of Ca>* loading. Short
pulses of NMDA result in at least partial recovery of Ay,,2*> whereas prolonged
NMDA exposure or higher agonist concentrations result in sustained depolarization
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with negligible recovery.**29%2% This sustained depolarization indicates that
excessive Ca?’ uptake triggers severe mitochondrial bioenergetic dysfunction.
Sustained depolarization has been ascribed to various underlying mechanisms, and
ROS seem to play a key role in several of the suggested hypotheses.

In neurons as in other tissues, mitochondria are a major source of ROS;?16217
nonetheless, mitochondria are themselves susceptible to oxidative damage. Excessive
Ca*" uptake into isolated mitochondria is known to result in increased formation of
ROS (Fig. 6),2'%1° which in turn inhibit pyruvate dehydrogenase?*’ and tricarboxylic
acid cycle enzymes??!??? as well as complex I of the respiratory chain.??*?% In
intact neurons, ROS formation has been monitored with redox-sensitive
fluorochromes, which are oxidized by ROS to form fluorescent molecules.?26-228
These studies indicate that ionotropic glutamate receptor-induced Ca®" loading
enhances the production of 0, 227229-231

The main site of ROS formation within mitochondria is within the respiratory
chain. Complex I7*2%* as well as complex I11***23¢ are thought to participate in one
electron reduction of molecular oxygen, resulting in the generation of O,” which in
turn can lead to other ROS. Nevertheless, the exact biophysical link between
mitochondrial Ca®" uptake and increased mitochondrial ROS production remains
unclear.

THE ROLE OF REACTIVE OXYGEN SPECIES
IN EXCITOTOXICITY

Evidence for the implication of ROS in excitotoxic cell damage arises from
experiments showing enhanced production of O, 227239231237 f5]]owing ionotropic
glutamate receptor over-stimulation and from studies using radical scavengers or
inhibitors of the formation of certain ROS.??’ These studies unequivocally
demonstrate that removal of ROS results in attenuation of glutamate receptor-induced
cell death.>382%

Several Ca*"-dependent processes that increase the endogenous production of
ROS have been described, which are all assumed to be implicated in excitotoxic cell
death following NMDA receptor activation. As stated above, Ca>* loading into
mitochondria appears to be one important mechanism of ROS production under
conditions associated with excitotoxicity.??"-?27-231:237.240 A part from this mechanism,
activation of Ca®"-dependent phospholipase A2 has been observed following NMDA
receptor activation'® and catabolism of released arachidonic acid by lipoxygenases
and cyclooxygenases has been implicated in excitotoxicity through the concomitant
production of ROS.16%-17!

Some ROS exhibit a high reactivity with correspondingly short half-lives and
can undergo many different reactions. Generally speaking, ROS can exert multiple
damaging reactions to proteins, lipids, carbohydrates and nucleic acids, thereby
disrupting cellular functions. The increased production of ROS is therefore a potential
threat to cellular homeostasis and neuronal survival if production is not balanced by
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Figure 5. Calcium transport in neurons. Influx of Ca>* ions through receptor operated channels (ROC) and
voltage-dependent calcium channels (VDCC) activates extrusion mechanisms and calcium sequestration
into mitochondria, endoplasmic reticulum (ER) and nucleus. Reproduced with permission from Murphy
AN, Fiskum G. Bcl-2 and Ca?*-mediated mitochondrial dysfunction in neuronal cell death. Biochem Soc
Symp 1999; 66:33-41, copyright © 1999 the Biochemical Society.

the capacity of endogenous antioxidant mechanisms. Some basic characteristics of
activated oxygen species are listed in Table 3.

From a multitude of ROS-mediated disturbances following NMDA receptor
activation, only some examples will be discussed. Since mitochondria appear to be
the major source of Ca>*-induced increase in ROS formation and ROS are highly
reactive, mitochondria are prone to damage by ROS. As discussed above, several
mitochondrial enzymes, such as NADH:CoQ oxidoreductase, succinate
dehydrogenase, ATP synthase, pyruvate dehydrogenase and the citric acid cycle
enzyme aconitase, are inhibited by ROS including Oy, H,O, or «QH 220:221:223.241.242
The delayed deregulation of cellular Ca>* homeostasis (DCD) that has been observed
after NMDA exposure could be caused by ROS-dependent mechanisms. This
hypothesis is supported by the finding that experimentally induced production of
0, by menadione results in enhancement of DCD,238 whereas dismutation of O,
by the manganoporphyrin Mn-TBAP attenuates DCD.>*® Importantly, the
redox-sensitive mechanism underlying DCD is still unresolved. Although oxidative
stress-induced dysfunction of the plasma membrane Ca®’-ATPase has been
demonstrated®** and this dysfunction has been proposed as a mechanism underlying
the NMDA receptor-induced DCD,?*32#* the conclusion that mitochondrially
generated ROS are involved in plasma membrane protein dysfunction should be
judged cautiously because of the small reaction range.
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Figure 6. Electron paramagnetic resonance spectra from intact, coupled mitochondria isolated from rat
cerebral cortex. A, no signals indicative of free radicals were detected in the absence of Na'and Ca?". B,
following exposure to 14 mM Na" and 2.5 uM Ca?" signals could be detected, indicating free radical
production. C, incubation with ascorbate resulted in detection of an ascorbyl radical signal following
incubation in 14 mM Na* and 2.5 uM Ca®", supporting the finding that free radicals were produced under
this condition. Reprinted with permission from Dykens JA. Isolated cerebral and cerebellar mitochondria
produce free radicals when exposed to elevated Ca?* and Na*: implications for neurodegeneration. J
Neurochem 1994; 63:584-591, copyright © 1994 Blackwell Science Ltd.
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Ca’"-induced increase in ROS can result in mitochondrial dysfunction including
dissipation of Ay, bioenergetic failure and disturbance of cellular Ca>* homeostasis.
Apart from the inhibition of enzyme activity, the opening of a large nonselective
pore in the inner mitochondrial membrane termed “mitochondrial permeability
transition” (mPT) has been suggested as a key mechanism in neuronal
excitotoxicity.?2% The basic concept of a pore-mediated permeabilization of the
inner mitochondrial membrane rather than membrane damage had been suggested
as early as the 1970s. The early studies by Haworth and Hunter’*® showed that
various divalent cations could induce or prevent mitochondrial swelling and that the
assumed pore is selective for the permeation of solutes below 1500 kDa. The idea of
a large nonspecific channel was confirmed almost one decade later by
electrophysiological experiments. Single-channel patch-clamp recordings from the
inner mitochondrial membrane revealed a large conductance channel (1.3 nS),?*
which opened in response to the addition of Ca®>" to the mitochondrial preparation.
Notably, the activation and inhibition characteristics of this “mitochondrial
megachannel” are similar to the proposed mPT. Application of Ca**, ROS, inor-
ganic phosphate and the adenine nucleotide translocator ligand atractylate induce
permeability transition and opening of the megachannel, whereas Mg?*, antioxidants,
ADP, cyclosporin A and the adenine nucleotide translocator ligand bongkrekic acid
(BA) inhibit permeability transition and channel opening.?'*?#7-2% This strikingly
similar behavior has resulted in the conclusion that the mPT and the mitochondrial
megachannel are virtually identical.>>’

Dissipation of Ay, bioenergetic failure and disturbance of mitochondrial Ca**
homeostasis following activation of NMDA receptors all could be explained by
opening of the mPT.?*32% However, conclusions regarding the involvement of mPT
in neuronal excitotoxicity until recently were based on pharmacological experiments
using the mPT inhibitor cyclosporin A and should be treated cautiously since
cyclosporin A also inhibits calcineurin and the multidrug-resistance channel.>*%%
Recently, however, our group succeeded in demonstrating that BA, a more specific
inhibitor of mPT, could prevent NMDA-induced neuronal apoptosis, suggesting the
involvement of mPT in this form of excitotoxic cell death.?*°

In summary, several ROS-dependent mechanisms have been suggested, mainly
based on data from isolated mitochondria. In any event, the complex environment
of'in situ mitochondria, containing, for example, mPT enhancers as well as inhibitors,
prevents a definitive interpretation of the physiological and pathophysiological
relevance of the proposed mechanisms at this time.

ROLE OF NITRIC OXIDE AND OTHER REACTIVE
NITROGEN SPECIES IN EXCITOTOXICITY

Nitric oxide (NO) is a well-recognized messenger molecule in the CNS that
affects various cellular functions, e.g., neuronal transmitter release, synaptic plasticity
and gene expression (see refs. 261-263). NO is produced by several types of cells
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expressing three distinct isoforms of the enzyme nitric oxide synthase (NOS,
NADPH-diaphorase) that converts L-arginine into NO and citrulline: (1) neuronal
NOS (nNOS), (2) inducible or immunologic NOS (iNOS) in microglia and astrocytes
and (3) endothelial NOS (eNOS) predominantly in endothelial cells of brain blood
vessels. Unlike classical neurotransmitters, NO is freely diffusible and therefore
cannot be stored in synaptic vesicles. Once synthesized, NO diffuses across cell
membranes and thus can reach (1) various compartments within the NO-producing
cells and (2) different types of surrounding cells (Fig. 7). In contrast to conventional
transmitters, the activity of the messenger molecule is not terminated by reuptake or
enzymatic degradation but by chemical reactions with target molecules and its
spontaneous formation of nitrite. The absence of control over its activity by release
and reuptake mechanisms is functionally compensated by a tight regulation of its
synthesis. However, the regulatory mechanisms involved in physiological signaling
may also implicated under pathophysiological conditions. During the last decade,
pharmacological experiments using NO donors, NOS inhibitors or exogenous
substrates (reduced hemoglobin) for competitive reactions with NO suggested that
NO is linked to neuronal cell death.>!*>!32 Even more important, cell death under
conditions assumed to induce excitotoxicity could be largely attenuated by inhibition
of NO formation or blockade of NO effects.>!"!822% Sybsequent studies on
nNOS-deficient neuronal cultures confirmed the role of NO in glutamate
receptor-mediated neurotoxicity since toxic effects elicited by administration of
NMDA are markedly attenuated in nNOS-deficient cortical cultures compared with
wild-type neurons.'®? Since nNOS activity is known to increase with increasing
calcium concentrations, the NMDAR-mediated calcium uptake provides the link
between conditions associated with excitotoxicity and NO-mediated cell damage.'”®

Although NO is a free radical, it is not as reactive as most ROS?®® and calculations
based on its reactivity had estimated a reaction range of about 100 wm.2%!-263

The well-accepted implication of NO in excitotoxicity has been suggested to
depend on increased NO formation and the concomitant production of O,". Under
this condition, O,  reacts with NO extremely fast to form peroxynitrite
(ONOO").26628 ONOO" can undergo a multitude of different chemical reactions
with various substrates, e.g., hydroxylation or nitration of tyrosine residues, lipid
peroxidation or apparent decomposition into NO, and *OH and subsequently, this
toxic molecule has been implicated in NO-induced cell damage.** 18184269

So far, several pathways of ONOO™ toxicity have been suggested but with
respect to its high reactivity, it appears unlikely that these are the only
mechanisms involved in NO-mediated cell death.

Intense exposure to NO/O;” with resultant ONOO™ formation has been
demonstrated convincingly to result in neuronal necrosis because of energy failure,
while mild insults lead to apoptosis.*® This bioenergetic failure may be due to (1)
increased ATP consumption under the condition of poly-(ADP ribose) polymerase
(PARP) activation,?’® which occurs following ONOO™ -mediated DNA damage and
(2) decreased ATP synthesis through NO-mediated inhibition of the respiratory chain
machinery.?’127?
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Very recently, p38 mitogen-activated protein (MAP) kinase has been suggested
as another pathway implicated in NO-induced cell death. Application of a p38 MAP
kinase inhibitor significantly attenuated NO-induced caspase activation, Bax
translocation, and neuronal cell death.?”*

EXCITOTOXICITY, CALCIUM LOADING
AND APOPTOSIS

A great advance in excitotoxicity came with the understanding that neurons
can die by apoptosis. In response to excitotoxicity the neuron activates apoptosis
i.e., dismantling of itself including DNA, cytoskeleton, and production of ATP. While
in acute neurological situations such as stroke the cells in the ischemic core die
rapidly by necrosis, at least in animal models, the cells in the penumbra also go on
to die but show markers of apoptosis, such as oligonucleosomal DNA damage.’>276
Further evidence of apoptosis in excitotoxicity came with the examination of the
activation of caspases in animal models of stroke.?’” Inhibition of caspases in
general by intracerebroventricular injections of N-benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (z-VAD.FMK), or selective inhibition of caspase-3
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with N-benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethylketone (z-DEVD.FMK)
reduced the ischemic infarct volume by as much as 60%.2”” These caspase inhibitors
remain effective even when applied hours after the insult, making them effective
later than NMDA receptor blockade with MK-801.7* While the morphology of dying
ischemic cells does not precisely match that of “classical’ apoptosis,?’® and in vivo
excitotoxic injury results in neurodegeneration along an apoptosis-necrosis
continuum, studies with caspase inhibitors clearly indicate a role for apoptosis in
ischemia.

Apoptosis is also a feature of neurons dying in neurodegenerative disorders.
DNA fragmentation has been detected in human post mortem samples of Parkinson’s
Disease,?’??%0 Alzheimer’s Disease,?8!?8? Huntington’s Disease,?®?% and
amyotrophic lateral sclerosis.”** However, the presence of DNA fragmentation is
not a guarantee that the cells are dying by apoptosis,?®* and DNA fragmentation can
be influenced by ante mortem hypoxia.?3¢ More recently other recognized apoptotic
molecules such as czispalses,287’288 and BclX ?¥ have been shown in Alzheimer’s
Disease. It is now largely accepted that neuron loss in chronic neurodegeneration is
mediated by apoptosis.

KEY SIGNALING PLAYERS IN NEURONAL APOPTOSIS

Caspases are central to the induction of neuronal cell death.”*?772% Their actions
on key intracellular substrates, including other protease zymogens, make caspases
the primary executioners of the cell death program. The 13 known caspases can be
separated into two functional groups; those that initiate apoptosis by receiving the
initiating signals, and those that effect the dismantling of the cell. The caspases that
receive or integrate apoptotic signals (caspases-8, -10, -2, -9) cleave and activate
the downstream effector caspases (caspases-3, -7, -6). Perhaps the last reversible
step in the death of neurons is the activation of the caspase-3,2°! although
caspase-independent mechanisms almost certainly exist.!”*?*? As discussed above,
peptide inhibitors of caspase-3 block the death of neurons in many different situations
(for review see ref. 293). The central importance of caspase-3 in neurons was
clearly shown in caspase-3—deficient mice which have a doubling of brain size,
correlated with decreased apoptosis and premature death.?%*

Mitochondria appear to provide a link between the initiator caspases and the
downstream effector caspases (Fig. 8). In nonneuronal cells, mitochondria have been
shown to accelerate activation of effector caspases by releasing proapoptotic
molecules, such as cytochrome ¢,?%>2% the apoptosis-inducing factor,”®” and SMAC/
diabolo.?’® Currently in neuronal systems, only the pathway utilized by cytochrome ¢
has been fully elucidated. Cytochrome c triggers activation of caspase-9 which in turn
cleaves caspases-3, -6, -7.2%° Release of cytochrome ¢ from mitochondria has received
much attention as a commitment to apoptosis.2?>>7¢-3003%1 Nevertheless, the release
of cytochrome ¢ from mitochondria has been shown to be not sufficient for neuronal
apoptosis,?®*3%2 and microinjection of cytochrome ¢ into sympathetic neurons does
not lead to death in the absence of additional stimuli.>*® Therefore, cytochrome ¢
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requires other factors to initiate the caspase cascade. These factors, Apaf-1, dATP
and procaspase-9 along with cytochrome c are known collectively as the
apoptosome.>* The processed caspase-9 is then able to cleave and activate caspase-3.

Considerable uncertainty surrounds the mechanism of release of proapoptotic
factors from the mitochondria. Possibilities include (i) transport by pore-forming
Bcl-2 family proteins such as Bax,’® (ii) opening of the permeability transition pore
(PTP) in the inner mitochondrial membrane leading to rupture of the outer
mitochondrial membrane,>* or (iii) transport coupled to the voltage-dependent anion
channel in the outer mitochondrial membrane.°!* This remains an important
question to answer, since cytochrome c release from the mitochondria will eventu-
ally bring about mitochondrial dysfunction and an energetic deficit. Studies with
nonneuronal cells have shown that mitochondrial membrane potential is maintained
by ATP hydrolysis following the exit of cytochrome c.>*® The release of cytochrome
¢ from mitochondria can be stimulated by some caspases and by the proapoptotic
members of the Bcl-2 family Bid and Bax.3°%-3053% On the contrary, survival factors
can act to prevent release of cytochrome c, e.g., channel activity of Bax is inhibited
by anti-apoptotic Bel-2 family members such as Bcl-2 or Bcel-xL, and ordinarily
Apaf-1 is sequestered at the membrane by Bel-xL, and in the absence of cytochrome
¢ cannot interact with pro—caspase-9.>*> While the role of signaling molecules in
neuronal apoptosis has been studied extensively in cell culture models, the in vivo
data is sparse for many of the apoptotic pathways. However, several of the key
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Table 3. Characteristics of reactive oxygen species

Reactive oxygen species Symbol Characteristics

Superoxide anion (673 Good reductant, poor oxidant
Hydroxyl radical *OH Highly reactive, small diffusion range
Hydrogen peroxide H,0, Oxidant, high diffusion range

signaling molecules in apoptosis have been detected following ischemia, e.g., the
release of cytochrome ¢,} 10311 Fag/TNFR,3!? Bax,’!3 phospho—JNK,314 and
caspase-9.31

The initiators of apoptosis in neurons are diverse including the withdrawal of
trophic factors, and signaling through the transmembrane ‘death’ receptors such as
Fas/TNFR family as well as intrinsic signaling pathways that sense overload of
ROS, Ca’’, and H" (for review see ref. 290). In vitro, neuronal cell death can be
induced by a variety of treatments: axotomy, excitotoxins, trophic deprivation, etc.
These diverse stimuli have demonstrated that neurons indeed contain numerous
apoptotic signaling pathways. Excitotoxicity has been achieved in cultures of primary
neurons using either a direct insult such as activation of glutamate receptors, or with
a secondary insult such as with A} (amyloid peptide), hypoxia, etc. These various
paradigms which ultimately over-stimulate glutamate receptors all result in the
activation of caspases. Upstream of the caspases however, excitotoxic insults can
simultaneously activate more than one pathway.

As discussed in earlier sections, over-stimulation of NMDA receptors results in
an influx of calcium. Calcium at high (> 500 nM) concentrations inappropriately
activates many enzymes, is accumulated within the nucleus, endoplasmic reticulum
and mitochondria, and as a general disturbance to the cell’s ionic homeostasis causes
a large energy drain as the cell tries to extrude the excess calcium (reviewed in ref.
316). All of these occurrences can and do trigger the neuron to apoptosis. From an
extensive and rapidly unfolding literature, the following points demonstrate some
of the pathways that are concurrently activated by excitotoxic entry of calcium.

Isolated brain mitochondria when exposed to high calcium release cytochrome
¢.317 Accordingly, prolonged activation of NMDA receptors in cultured neurons and
subsequent calcium loading results in release of cytochrome ¢ from mitochondria
followed by the activation of caspase-3.2°!® Thus in excitotoxicity, cytochrome ¢
release from mitochondria, in the presence of the other members of the apoptosome,
is a direct signal to apoptosis. Apart from the mitochondrion as a key player in the
apoptosis of neurons, the endoplasmic reticulum (ER) seems to participate in
apoptotic signaling. The ER regulates cellular responses to stress and intracellular
calcium levels. Treatment of cultured neurons with glutamate or thapsigargin in-
duces the expression of caspase-12 on the ER outer membrane.>'**?° This results in
cleavage and activation of cytosolic caspase-3.>!°
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As discussed in an earlier section, glutamate receptor activation also activates
the Ca**-dependent cysteine protease calpain.!’*!’” Calpain inhibitors appear to be
at least as effective as caspase inhibitors in preventing neuronal death and DNA
fragmentation,””* and have been demonstrated to reduce neuronal cell death caused
by hypoxia.®?!

Other concomitantly activated pathways include the p38 MAP kinase and c-jun
N-terminal kinase or stress-activated kinase (JNK/SAPK) which promote cell
death.?> SAPK/JNK is activated by tyrosine kinase and elevated intracellular
calcium, and in primary striatal cultures, treatment with glutamate causes both
increased phosphorylation of its substrate c-jun and increased activity of JNK.3*3
Glutamate has been shown to activate p38 MAP kinase in rat cerebellar granule
neurons,*** and inhibition of p38 MAP kinase has been demonstrated to protect in
vitro retinal ganglion neurons from NMDA-induced apoptosis.*?>

DNA damage is a common trigger for apoptosis in many different tissues, and
in the mature nervous system, p53 is essential for neuronal death in response to
DNA damage, ischemia and excitotoxicity.’?® Lately, signaling pathways that are
responsible for triggering p53-dependent neuronal apoptosis are starting to be eluci-
dated, and involve cell cycle deregulation and also activation of the JNK pathway.

CONCLUSIONS

A large body of evidence has accumulated showing that excessive activation of
EAA receptors by the primary excitatory amino acid L-glutamate under
pathophysiological conditions or intoxication with exogenous agonists results in
excitotoxic cell death. Studies on the ion currents occurring under conditions of
excitotoxicity have revealed that imbalanced Na™ and CI" gradients as well as Ca*"
overloading are implicated in cell death. Calcium ions (and in some cases zinc ions)
seem to play a pivotal role in EAA neurotoxicity, since this ubiquitous intracellular
messenger can activate a multitude of enzymatic and nonenzymatic signaling and
execution pathways implicated in neuronal cell death. There is compelling evidence
that the mode of cell death that neurons undergo in excitotoxicity varies considerably
along an apoptosis-necrosis continuum, depending on the severity of the insult. To
date, numerous mechanisms involved in necrosis as well as various signaling and
execution pathways that are implicated in apoptosis have been shown convincingly.
However, while the role of signaling molecules in neuronal apoptosis has been studied
extensively in in vitro models, the in vivo data is sparse for many of the pathways.
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NEURONAL SURVIVAL AND CELL DEATH
SIGNALING PATHWAYS

Richard S. Morrison!, Yoshito Kinoshita!, Mark D. Johnson', Saadi
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ABSTRACT

Neuronal viability is maintained through a complex interacting network of signaling
pathways that can be perturbed in response to a multitude of cellular stresses. A shift
in the balance of signaling pathways after stress or in response to pathology can
have drastic consequences for the function or the fate of a neuron. There is signifi-
cant evidence that acutely injured and degenerating neurons may die by an active
mechanism of cell death. This process involves the activation of discrete signaling
pathways that ultimately compromise mitochondrial structure, energy metabolism
and nuclear integrity. In this review we examine recent evidence pertaining to the
presence and activation of anti- and pro-cell death regulatory pathways in nervous
system injury and degeneration.

INTRODUCTION

Neuronal viability is maintained through a complex interacting network of
signaling pathways that can be perturbed in response to a multitude of cellular stresses.
A shift in one or more of these signaling pathways can alter the fate of a neuron
resulting in cell death or continued survival. The nature of the stresses affecting
neurons, the duration of the stresses, the developmental stage of the neuron and a
variety of other factors influence the signaling pathways that are ultimately affected.

'Department of Neurological Surgery, University of Washington School of Medicine, Box 356470, Seattle,
Washington 98195-6470 and “Department of Neurology, University of Washington School of Medicine,
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These diverse parameters may also regulate the temporal response as well as the
final disposition of the affected neurons.

Apoptosis is a mechanism of cell death that plays a fundamental role during the
development of many tissues including the central nervous system. Apoptosis has
traditionally been distinguished in developing tissues on the basis of specific
morphological and biochemical criteria, including perinuclear chromatin
condensation, cell shrinkage and endonuclease-mediated internucleosomal DNA
fragmentation into a “ladder” pattern. More recently, the term “apoptosis” has been
used to describe the programmed biochemical pathways of cell death that accompany
development, tissue injury and degeneration. In the context of this review, apoptosis
will refer to the biochemical pathways of cell death. There is accumulating evidence
that acutely injured and degenerating neurons may die by a process of apoptosis,
contributing to the loss of neurons observed under these conditions. The possibility
that neurons may succumb under some circumstances by an active mechanism of
cell death has raised interest in the regulatory pathways governing these processes.

In this review we examine recent evidence pertaining to the presence, activation
and contribution of these regulatory pathways to nervous system development, injury
and degeneration. The review begins with a description of cell death signals initiating
through plasma membrane receptors followed by a description of relevant pro- and
anti-apoptotic signal transduction pathways activated by various cellular stresses
and trophic factor receptors. The review then considers signal transduction cascades
activated in the nucleus and finally the critical mediators of viability that are related to
mitochondrial function and disassembly of essential cellular components.

DEATH RECEPTOR-MEDIATED NEURONAL APOPTOSIS

Members of the tumor necrosis factor receptor (TNFR) family are involved in
a number of physiological processes, including neuronal cell death during
development and after injury. This family of receptors includes Fas/CD95/Apol,
TNFR1, TNFR2, DR3/TRAMP/Wsl-1, TRAIL-R1/DR4, TRAIL-R2/DR5/Killer/
TRICK2, TRAIL-R3/DcR1/TRID, TRAIL-R4/DcR2/TRUNDD, DcR3,
osteoprotegerin, DR6, p75N™ and others.! The prototypic members of the TNF
receptor family are transmembrane proteins containing an extracellular cysteine-
rich domain and an intracellular cytoplasmic protein-binding sequence called the
death domain (DD). Activation of Fas/CD95, TNFR1, TRAIL-R1, TRAIL-R2 and
DR6 receptors by their respective ligands leads to the recruitment of an intracellular
protein complex known as the DISC (death-inducing signaling complex), followed
by downstream caspase activation.

Fas/CD95 /Apol

Fas receptors and Fas ligand (FasL) are expressed on both astrocytes and neurons
in normal rat and human brain.> Exogenous application of FasL can cause neuronal
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apoptosis in vivo and in vitro, and this death can be blocked by a selective caspase
8 inhibitor.> Embryonic motoneurons co-express Fas and FasL at the time of
programmed cell death, and their death may be reduced by blocking antibodies to
the Fas receptor or by the use of a specific caspase 8 inhibitor.* Other studies have
revealed a role for Fas in neuronal death after injury. In spinal cord ischemia, studies
suggest the rapid formation of a complex containing the Fas receptor and procaspase
8, followed by activation of caspases 8 and 3 and neuronal apoptosis.’ FasL is also
upregulated in cortical neurons after cerebral ischemia.®’ In lpr mice expressing a
dysfunctional Fas receptor, infarct volume after ischemia was reduced when
compared to wild type control mice.” Nervous system infections may also be a
stimulus for activation of the Fas/FasL pathway. Both Fas and FasL are upregulated
in the brains of patients with HIV.® In vitro studies indicate that neuronal death in
HIV dementia is not due to direct viral infection of neurons, but may be due to the
release from activated microglia of other cytokines such as TNF and/or FasL.’

Most of the studies elucidating the mechanisms underlying Fas /FasL receptor
signaling have been performed in non-neuronal cells (for review, see refs. 10,11).
The binding of FasL to its receptor leads to trimerization of the receptor and results
in the recruitment of an intracellular adapter protein, FADD (Fas-associated death
domain). FADD binds to the DD of the Fas/CD95/Apol receptor via homophilic
DD-DD interactions. FADD also contains a separate death effector domain (DED)
at its N-terminal, which interacts directly with a homologous region in the prodomain
of pro-caspase 8. The association of the trimerized Fas/CD95/Apo1 receptor, FADD
and pro-caspase 8 forms the DISC. Pro-caspase 8 subsequently undergoes
autocatalytic cleavage to yield its active form. Caspase 8 may then cleave and activate
caspases 3, 6 and 7 directly, thereby leading to cell death.'? Alternatively, caspase 8
may cleave Bid to form truncated Bid (t-Bid; see ref. 13). Some investigators have
argued that there are at least two Fas/CD95/ApolL signaling pathways that occur
after DISC formation.'* One pathway involves mitochondrial amplification of caspase
activation, while the other results in mitochondrial dysfunction that occurs only
after activation of caspases 8 and 3. Whereas the former apoptotic pathway is
inhibitable by bcl-2 overexpression, the latter is not. The reasons for these cell-type
specific differences in the order of caspase activation and mitochondrial dysfunction
after Fas activation are not completely known. Nevertheless, it is apparent that caspase
8 is the primary apical caspase involved in signaling by Fas/CD95/ApolL and other
members of the TNFR superfamily. Caspase 10 also contains several DEDs, and
can be recruited to the DISC after activation of TNF and TRAIL (TNF-related
apoptosis-inducing ligand) receptors.'® Thus, caspase 10 may also serve as an apical
caspase in some cells, as has been demonstrated in lymphocytes.'® However, the fact
that caspase 8 gene deletion completely abrogates TNFR1 and Fas receptor-induced
apoptosis indicates that caspase 8 is primarily responsible for death receptor signaling
by the TNFR superfamily.'
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TNF/TNFRs

Recent studies suggest that TNF may play an important role in the control of
neuronal survival. For example, TNFa induced apoptosis in cultured primary rat
cortical neurons and in differentiated PC12 cells.!” Function-blocking antibodies to
TNFa or TNFRI1 partially protected embryonic mouse sympathetic and sensory
neurons from apoptosis induced by NGF withdrawal.!® Moreover, fewer sensory
and sympathetic neurons died during the phase of naturally occurring cell death in
TNFadeficient mice than in wild type mice, and sympathetic neurons derived from
such mice survived better than their wild type counterparts. Other investigators have
found that TNFR1”- and TNFR2” mice have an increased number of apoptotic cells
in the injured mouse spinal cord.!” The proposed explanation for this result was that
activation of TNFRs in the wild type animals resulted in NF-kB activation and in-
creased expression of c-IAP2, thereby inhibiting caspase-mediated apoptosis.

Like the Fas/CD95/ApolL receptor, TNF receptors (TNFRs) also signal cell
death via the formation of an intracellular protein complex.'® After binding its ligand,
TNFRI1 trimerizes and recruits the intracellular DD-containing protein, TRADD
(TNFR-associated death domain). TRADD, in turn, recruits FADD, pro-caspase 8
and the serine-threonine kinase RIP (receptor-interacting protein). TNFR1 also
couples to a number of other intracellular signaling pathways. The serine-threonine
kinase interacting protein (RIP) also interacts with the NF-xB pathway.?® Activation
of NF-kB is thought to oppose TNF-induced apoptosis in many cell types. TNFR1
can also associate with another factor, TRAF2 (TNF receptor-associated factor 2),
which appears to couple TNFR1 to both NF-kB and c-Jun N-terminal kinase (JNK)
activation.”! Like TNFR1, DR6 has also been shown to activate NF-kB and JNK
(Pan et al, 1998). Additional studies indicate that TNFRs may even couple to the
nuclear transcription factor AP-1.%2

TNFR2 lacks a cytoplasmic death domain. Thus, it was initially unclear how
activation of the receptor leads to cell death. However, a recent study by Grell et al**
has indicated that activation of TNFR2 leads to increased synthesis of TNF, which
then acts in an autocrine fashion on TNFR1 receptors to initiate cell death.

TRAIL/TRAIL-Rs

TRAIL/Apo-2L is a type II transmembrane protein which, based on homology
to TNF, was predicted (and subsequently shown) to be most effective in activating
TRAIL receptors as a multimer.2* The tissue distribution of TRAIL receptors and
their ligand varies widely, with both being commonly expressed in the same tissues>*
25, There are currently five known TRAIL receptors, including TRAIL-R1/DR4,
TRAIL-R2/DR5/Killer, TRAIL-R3/DcR1/LIT, TRAIL-R4/DcR2/TRUNDD, DcR3
and osteoprotegerin, a soluble receptor that also binds osteoclast differentiation
factor.'>?426 TRAIL-R1 and TRAIL-R2 are 58% identical, and are type I trans-
membrane proteins that contain extracellular cysteine-rich domains and intracellular
cytoplasmic domains containing a DD similar to that of the TNFRs.?* TRAIL-R3/
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DcR1 and TRAIL-R4/DcR2 have a somewhat different structure than that seen in
TRAIL-R1 or TRAIL-R2. TRAIL-R3/DcR1 contains only a partial cytoplasmic DD,
while TRAIL-R4/DcR2 lacks any transmembrane component, and is instead attached
to the cell surface by a glycosylphosphatidylinositol linker."?%27

Interestingly, TRAIL preferentially induces apoptosis in tumorigenic cells and
not in most normal tissues, including the brain.?®?’ However, this finding has recently
been challenged by reports of TRAIL-induced apoptosis in normal human hepatocytes
and in epileptic human brain.*® Messenger RNA for TRAIL and its receptors have
been localized in many tissues, including normal human brain tissue.?! Exposure of
epileptic human brain slices to TRAIL induces apoptosis,*? and TRAIL induces cell
death in primary mouse cortical neurons and neuroblastoma cells in vitro.®

The mechanisms underlying TRAIL/Apo-2L receptor signaling are not as well
understood as those for CD95/Fas/Apol and TNFRs. As mentioned previously,
TRAIL receptor activation leads to activation of caspase 8,** and caspase inhibition
blocks TRAIL-induced apoptosis.*> Studies have demonstrated inhibition of TRAIL
signaling in FADD deficienT cells, as well as direct binding of FADD and TRADD
to TRAIL-R1 and TRAIL-R2.3*%¢ Thus, it seems likely that TRAIL receptor
activation results in DISC formation, caspase 8 activation and cell death in a manner
similar to that observed with TNFRs and the Fas receptor. There may be other
signaling pathways coupled to TRAIL receptors as well, although their functional
role remains to be determined. For example, TRAIL-R4 has been shown to activate
NF«B, despite having an incomplete DD.?’

The factors determining sensitivity to TRAIL are only now being elucidated.
TRAIL itself is upregulated after cerebral ischemia,® and both Trail-R2/DR5 and
TRAIL-R3/DcR1 can be induced in a variety of tissues in a p53-dependent or p53-
independent manner.*’*° These findings suggest that sensitivity to TRAIL-mediated
apoptosis may be regulated in the nervous system, at least in part by injury-induced
regulation of the expression of TRAIL and its receptors.

Both TRAIL-R3 and TRAIL-R4 have been called decoy receptors because their
ligation fails to induce apoptosis. One hypothesis is that these non-functional “decoy”
receptors bind the available TRAIL, thereby protecting TRAIL-sensitive cells from
the ligand.***! However, studies examining expression of mRNA and protein for
TRAIL-R3/DcR1 and TRAIL-R4/DcR2 in a variety of cell types have not found a
significant correlation with TRAIL sensitivity.?**** Thus, the function of TRAIL-R3
and TRAIL-R4 has not been conclusively demonstrated.

p75NTR

Recent studies have provided evidence that the low affinity neurotrophin
receptor, p75NTR has significant homology to other members of the TNFR
superfamily, and that it may play a role as a death receptor under some circumstances.
In addition to its well established role as a component of neurotrophin receptors,
p75N™ may induce the death of selected neuronal populations when expressed in
the absence of 7rk receptors. For example, embryonic or neonatal motor neurons
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Figure 1. Cell death signaling pathways in neurons. Schematic representation of proposed cell death path-
ways initiated by excitotoxic and genotoxic damage in the nervous system. In this model, excitotoxicity and
DNA damage are commonactivators of neuronal damage, although DNA damage may ensue from excitotoxicity
and other stresses possibly as a result of increased production of reactive oxygen species. These cellular
stresses are linked to the activation of numerous downstream signaling pathways such as the cyclin-dependent
and stress activated kinases, DNA-dependent protein kinase (not pictured), ATM (not pictured) and p53. Cell
death signals can also be activated through cell membrane receptors such as the Fas and TNF receptors. Both
sets of pathways seem to have at least one common convergence point which revolves around members of
the Bcl-2 family. The Bcl-2 family of apoptotic regulators influences mitochondrial integrity. If the anti-
apoptotic members (Bcl-2/Bcl-X; ) are dominant, mitochondrial function and integrity are maintained. However,
ifthe pro-apoptotic members (Bax, Bak, Bad, Bim Bok, Noxa, PUMA) are dominant, mitochondrial membrane
permeability is compromised and numerous apoptotic mediators are released from the intermitochondrial
space including cytochrome ¢ (cytc), endonuclease G (endo G) and apoptosis inducing factor (AIF). Cytochrome
cisone of the factors required for the processing of pro-caspase 9, which in turn activates caspase-3. Caspase-
3 cleaves a variety of cellular substrates, which culminates in the disassembly of the cell. Smac/DIABLO is
another mitochondrial factor that promotes cell death by suppressing the action of the inhibitor of apoptosis
proteins (IAP) which inhibit the action of caspases.

derived from wild type, but not p75™"R-deficient mice undergo apoptosis after NGF
exposure.***° These cells also show increased survival after axotomy when compared
to wild type motor neurons, suggesting that p75™ 'R may promote neuronal cell death
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Figure 2. Survival signaling pathways in neurons. Schematic representation of pathways that promote
neuronal survival. In this model, a major factor contributing to the survival of CNS neurons is the
stimulation of the PI3K-Akt kinase pathway following trophic factor receptor activation. Akt is a central
player as it phosphorylates anumber of critical substrates. For example, phosphorylation of the forkhead
transcription factor inhibits its ability to transcribe death-promoting genes, while the phosphorylation
of Bad promotes its separation from Bcl-2/Bcl-Xy, and its sequestration by the 14-3-3 protein. The
sequestration of Bad allows Bcl-2/Bcl-X| to suppress the death promoting action of Bax and Bak at the
mitochondria. Akt has also been shown to antagonize the apoptotic action of p53 in hippocampal
neurons, as well as caspase-9 activity, although the latter action has only been demonstrated for human
caspase-9. Akt phosphorylates hexokinase, which in turn maintains the voltage dependent anion channel
in an active state preventing the opening of the permeability transition pore. Akt has also been shown
to enhance the degradation of IyB thus helping to promote NF B-mediated transcriptional activation.
NFB induces the caspase inhibitors IAP1 and IAP2 and pro-survival Bel-2 family members Bel-X; and
Bfl-1/A1 (not shown). The extracellular signal-regulated kinase, ERK is also activated in response to
trophic factor signaling. ERK phosphorylates multiple substrates and its phosphorylation of Bad, acting
in concert with Akt, promotes the sequestration of Bad by 14-3-3. Heat shock proteins (HSP) are induced
by a wide array of insults and act at multiple levels to mitigate stress signals by inhibiting caspase
activation or through interactions with JNK-1.
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after injury.*® p75N™ knockout mice also show decreased cell death of a subset of
spinal cord interneurons, retinal neurons, and sympathetic neurons.*’#®

The mechanism by which p75N™® signals cell death is poorly understood. It has
a different death domain structure than that of other TNFRs, and there is conflicting
evidence as to whether it signals apoptosis when occupied or unoccupied.!! Studies
have implicated NFkB activation, ceramide production and caspase activation in
the p75N™R signaling pathway (for review, see ref. 49). In immortalized striatal
neurons containing an inducible p75™™®, expression of the receptor was found to
activate caspase 9, 6 and 3 in an NGF-independent manner.*® Cell death was inhibited
by Bcl-Xi, by a dominant negative form of caspase 9 and by a viral FLIP, E8. The
protection by viral FLIP suggests that DEDs are involved in the signaling cascade.
However, FADD, TRADD and caspase 8 were not involved. Other proteins identified
that interact with p75N"™® and promote apoptosis include NRIF (neurotrophin receptor
interacting factor, ref. 51), NADE (p75NTR-associated cell death executor, ref. 52),
and NRAGE (neurotrophin receptor-interacting MAGE homolog, ref. 53), while
RIP2%* was shown to suppress apoptosis.

SIGNAL TRANSDUCTION PATHWAYS

Signaling Kinases- Pro- and Anti-Apoptotic Effectors
in the Nervous System

The mitogen-activated protein (MAP) kinases and phosphatidylinositol-3 kinase
(PI3K) are serine/threonine protein kinases that play critical roles in neuronal growth,
differentiation and survival (Figs. 1 and 2). In general, activation of the extracellular
signal-regulated kinase members of the MAP kinase family (ERK or p42/p44 MAP
kinase) and the PI3K-Akt signaling pathway promote cell survival, while members
of the MAP kinase family known as the stress activated protein kinases (SAPK’s),
c-Jun N-terminal kinases (JNK’s) and the p38 MAP kinase (p38 MAPK), promote
cell death. In this section, we will review the molecular pathways and contributions
of these kinases based upon evidence from animal studies, as well as neuronal cell
lines and various cultured neuronal populations.

PI3K-Akt Signaling

Observations over the past decade have identified the PI3K-Akt pathway’s
importance in mediating survival in PC12 cells® and cultured neurons from the
peripheral®® and central nervous systems.’’” A recent study by Kuruvilla et al®®
demonstrated the importance of PI3K activity under conditions that may more
accurately simulate in vivo function. By applying NGF exclusively onto the distal
axon compartment, the authors were able to demonstrate that PI3K activation in the
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axons and its retrograde signaling play a critical role in survival of both the axons
and cell body.>®

Neurotrophic factors such as NGF, brain-derived neurotrophic factor (BDNF),
glial cell line-derived neurotrophic factor (GDNF), and insulin-like growth factor I
(IGF-I), activate the PI3-Akt signaling cascade through corresponding receptor
tyrosine kinases such as the high affinity neurotrophin receptors (Trk’s) (reviewed
in ref. 59). After receptor dimerization, PI3K is recruited to the plasma membrane
where its catalytic subunit generates lipid second messengers, phosphoinositide
phosphates (PIP,, PIP3) at the inner surface of the plasma membrane.
Phosphoinositide-dependent protein kinase-1 (PDK1) then acts in concert with PIP,
and PIP; to phosphorylate and activate Akt (a.k.a. protein kinase B, PKB), a protein
kinase first identified in the AKT virus (reviewed in ref. 60). Alternately, Trk receptors
may stimulate PI3K via the Ras G-protein, insulin receptor substrate (IRS) signaling,
and Gab-1, an adaptor protein, which binds to Trk and directly stimulates PI3K.°!:¢?

Dominant negative and constitutively active forms of Ras,% PI3K,%*%* and Akt®
have been used to study signaling through the PI3K-Akt pathway. These and other
studies have demonstrated downstream signaling effects that regulate cellular
survival, proliferation, and metabolism. For example, Akt phosphorylates and
inactivates FKHRL1, a member of the family of Forkhead transcriptional regula-
tors. Inactivated FKHRL1 is unable to induce the expression of death genes in
cerebellar granule neurons.®® In primary hippocampal neurons subjected to hypoxia
or nitric oxide, p53 activation and p53-mediated Bax upregulation are also blocked
by Akt signaling.®” Akt activates the cAMP-responsive element binding protein
(CREB) and nuclear factor-kB (NF-kB), additional transcriptional regulators that
may promote neuronal survival.®**In addition, Akt can directly inhibit the apoptotic
machinery by phosphorylation at sites both upstream (BAD’®) and downstream
(Caspase 97") of mitochondrial cytochrome ¢ release. Finally, there is evidence to
support the role of Akt in promoting neuronal survival through metabolic effects, by
regulating glucose metabolism in neurons.”

ERK/MAP Kinase Pathways

The ERK cascade represents one of the evolutionarily conserved MAP kinase
pathways, first found to be important in the regulation of neuronal survival in response
to neurotrophin withdrawal.”* A wide body of evidence has also been collected to
demonstrate the role of ERK in neuronal plasticity and memory formation.’*”* For
the purposes of this discussion, we will focus on the data supporting ERK’s role in
promoting survival although ERK’s can be activated by toxic stimuli as well and
have been implicated in cell death.”7®

At least six ERK isoforms have been identified.”” In general, the common
pathway leading to ERK activation by trophic factor signaling involves engagement
of the membrane receptor at the cell surface, activation of small (p21™5™P) GTPases,
which in turn activate the protein kinase Raf. Raf, in turn, phosphorylates and activates
MAP kinase kinase 1/2 (MKK 1/2), which phosphorylates and activates ERK
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(reviewed in ref. 80). The ERK pathway can also be stimulated and modulated by
intracellular Ca"" levels, protein kinase A, diacylglycerol, and cAMP (reviewed in
refs. 74,75,81).

Constitutively activated or dominant negative mutants directed at Ras, Raf, and
MEK 1/2 (a.k.a. MKK1/2) have been used to determine the effects of the ERK
pathway in the setting of neurotrophin withdrawal. Current evidence indicates a
direct role for the ERK pathway in protecting neurons after injury. Activation of the
ERK pathway is essential for BDNF-mediated protection of cortical neurons from
DNA damage,® glutamate-induced excitotoxicity and ischemic preconditioning.®®
The role of ERK in suppressing neuronal apoptosis, however, has been controversial.
The importance of this pathway as a neuroprotective mechanism appears related to
the nature of the cell type and exposure. For example, a MKK 1 protein kinase inhibitor
protects against damage resulting from focal cerebral ischemia.®? These conflicting
findings may stem from the use of different experimental systems and the possibility
that the regulation of ERK is complex and might also be controlled by MKK1-
independent mechanisms.®* While PI3K-Akt is thought to be more important in
protecting cells from trophic factor withdrawal, ERK is thought to protect against
injury-induced apoptosis.®*

The mechanisms by which ERK mediates its protective effect are poorly
understood. Downstream signaling may be directed through the serine/threonine
kinase p90/rsk2 and CREB phosphorylation,®® but a direct link between CREB and
ERK has not yet been established in neurons. Alternately, ERK can phosphorylate
Bad resulting in its sequestration by 14-3-3, and prevents Bad-mediated induction
of apoptosis.®®

JNKSs

As their name implies, stress activated protein kinases, such as the c-Jun N-
terminal kinase (JNK) are activated by numerous noxious stimuli including trophic
factor withdrawal’?, excitotoxicity,3®% seizures,® irradiation,® hypoxia,®’ exposure
to beta-Amyloid (Abeta),”>! arsenite toxicity’> and axotomy” (reviewed in ref.
94). At least ten isoforms of JNK are expressed in the human adult brain, encoded
by three separate genes through alternative splicing mechanisms.*®

The relevance of JNK signaling to neuronal cell death has been demonstrated
using JNK-deficient mice, JNK inhibitors and dominant negative forms of upstream
activating kinases. Transfecting cortical neurons with various dominant negative
forms of components comprising the JNK signaling pathway significantly decreased
the number of neurons undergoing apoptosis in response to the f-amyloid peptide.”
Similarly, treatment with an inhibitor of JNK activation, CEP-1347, effectively
blocked increases in cellular JNK activity and protected PC12 cells, sympathetic
neurons’! and cortical neurons®® from B-amyloid-induced-death. These results are
consistent with the demonstration that JNK is activated and re-distributed in the
brains of patients with Alzheimer’s disease.”” Moreover, CEP-1347 also inhibited
MPTP-mediated MKK4 and JNK signaling and attenuated MPTP-induced
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dopaminergic cell loss”® suggesting that the JNK pathway may be activated in the
degenerative process in Parkinson’s disease. Cultured rat sympathetic neurons and
neuronally differentiated PC12 cells were protected from nerve growth factor
withdrawal, exposure to ultraviolet irradiation, and oxidative stress following
treatment with the JNK inhibitor CEP-1347%. Interestingly, CEP-1347 failed to
protect undifferentiated PC12 cells induced to die by serum withdrawal or Jurkat T
cells from Fas activation, even though each injury stimulus activated JNK and was
inhibited by CEP-1347. Blocking JNK activation also protects neurons from cell
death induced by the withdrawal of survival signals.”>>!% These results are
consistent with the data obtained applying NGF withdrawal to JNK3-deficient
sympathetic neurons.'’! Moreover, the deficiency in JNK3 activity®’ and the
expression of a mutant form of jun that is resistant to phosphorylation by JNK!'%?
confers resistance to kainic acid-induced seizures and subsequent neuronal damage.
Collectively, these results illustrate the importance of JNK signaling to the regulation
of neuronal injury responses.

Upstream regulation of JNK activation is poorly understood. As in the ERK
system, the immediate upstream activators of JNK are MKK’s. While the ERK
pathway is stimulated by MKK’s 1/2, JNK appears to be activated by MKK4!'% or
MKK7,'% depending upon the cell type, developmental stage'® and stressful
stimulus.'? Other kinases such as MLK3'"7, MEKK 1'% and ASK 1'% li¢ further
upstream of the MKKSs, and probably activate both MKK’s and JNK in a similar cell
type and stimulus dependent manner.!% ASK1 also activates p38 MAPK and is
upregulated in PC12 cells following NGF withdrawal.!'! Overexpression of a
constitutively active mutant of ASK1 activates JNK and induces apoptosis in differ-
entiated PC12 cells and sympathetic neurons.'!! INK activity is further modified by
JNK interacting proteins (JIP’s), which are scaffolding proteins thought to sequester
all of the necessary kinases for JNK activation.'!?

The downstream effectors of the INK pathway are numerous and include both
cytoplasmic and nuclear targets. In the nucleus, JNK’s phosphorylate and activate
the transcription factor c-jun,''* a component of the AP-1 transcription factor, which
regulates genes involved in apoptosis. For example, in PC12 cells, JNK activation
is followed by induction of Fas ligand (FasL) expression'? (see Fas/CD95/Apo1 in
the previous section). Cytoplasmic targets include p53''* (see Nuclear Signaling
Pathways in the following section), which is stabilized and activated by INK,''> and
a cell death domain protein MADD, which co-translocates with JNK to the nucleus
after hypoxic stress.''®

p38 MAP Kinases

p38 MAPK’s, like INK’s, are stress activated kinases that are highly conserved
in evolution, exist in multiple isoforms, and are activated in response to numerous
cellular stresses (reviewed in refs. 94,106). Like other members of the MAP kinase
family, upstream regulation involves phosphorylation by MKK’s, specifically MKK3,
MKK4, and MKK6."'71' The downstream targets of the p38 MAPK pathway are
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similar to the targets of JNKSs, and involve transcription factors, kinases, and pathways
influencing pro-inflammatory cytokines (reviewed in ref. 106). However, little is
known about the downstream targets of p38 MAPK signaling in the brain.

Inhibition of p38 MAPK has been shown to attenuate neuronal cell death in
response to a variety of different cellular stresses. The p38 MAPK inhibitor SB203580
significantly reduced apoptosis in potassium-deprived cerebellar granule cells!*!2!
and prevented the activation of downstream effectors such as caspase 3. p38 MAPK
inhibition also conferred protection against neuronal cell death induced by C2-
ceramide,'?? oxidative damage'?* and trophic factor deprivation.”*!?* Focal ischemia
induces p38 MAPK activity and treatment with a second-generation p38 MAPK
inhibitor, SB 239063, significantly reduced infarct size and behavioral deficits.!?
Inhibiting p38 MAPK activity in the focal ischemia model was also associated with
decreased expression of IL-1beta and TNFo, cytokines known to contribute to stroke-
induced brain injury. Glutamate-mediated cell death, an important contributor to
stroke-induced changes in viability, is also attenuated in cerebellar granule cells by
p38 MAPK inhibition.'?

Mechanistic aspects of the contribution of p38 MAPK activation to cell death
were further revealed in a study from our laboratory.'?” We showed that nitric oxide
(NO)-induced cell death of human neuroblastoma cells and murine cortical neurons
in culture was dependent upon p38 MAPK activity and Bax. We further demonstrated
that inhibition of p38 MAPK activity blocked Bax translocation from the cytosol to
the mitochondria and thereby conferred protection from cell death. Cheng et al
recently reported a similar result.'?® Thus, p38 MAPK represents a potential target
for interrupting Bax translocation and preserving neuronal viability following
neuronal injury involving NO toxicity. Collectively, the stress activated kinases,
p38 MAPK and JNK, play important roles in the neuronal response to injury and
newly developed inhibitors for these enzymes hold promise for therapeutic
intervention.

Glycogen Synthase Kinase-3f3

Another emerging kinase that has been implicated in neuronal cell death is
glycogen synthase kinase-3f3 (GSK-3f). GSK-3f regulates a diverse array of proteins
including many transcription factors (for review, see ref. 129) and is inhibited by the
PI3K pathway.!*®!3! Its function in the nervous system has been linked to
neuropathology, such as Alzheimer’s disease, based on its ability to promote tau
hyperphosphorylation'3>!*3 although the significance of this finding is still
controversial.!** Several cellular stresses including serum deprivation stimulate
GSK3p activity in cortical neurons prior to the induction of apoptosis.’> Expression
of an inhibitory GSK3p binding protein or a dominant interfering form of GSK3f
reduced neuronal apoptosis, suggesting that GSK3beta contributes to trophic factor
deprivation-induced apoptosis. Moreover, overexpressing GSK3f in neurons was
sufficient to trigger neuronal cell death. Elucidating the intriguing role played by
this kinase in neuronal cell survival/death is certainly warranted and will require the
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identification of specific substrates and their functions in the context of a specific
survival or death promoting stimulus.

NUCLEAR SIGNALING PATHWAYS

Cyclins, Cyclin-Dependent Kinases, Rb and E2F1

What is seemingly a contradiction in our understanding of cell death in post-
mitotic neurons, is the demonstration that neuronal damage results in the elaboration
of events that are normally associated with proliferating cells. Neurons express a
range of proteins after injury that normally function to control cell cycle progression
(for review see ref. 135). Alterations in the levels of cyclin-dependent kinases (CDK’s)
and their respective cyclin partners have been observed in neurons in response to
trophic factor deprivation,'*® ischemia and seizures,'?” stroke,'*® exposure to the p-
amyloid peptide'>*!*” and DNA damage.'*! In addition, abnormal expression of
these cell cycle regulators has also been implicated in neurodegenerative diseases
such as Alzheimer’s disease!**!'*8 and amyotrophic lateral sclerosis (ALS).!*
Pharmacological and molecular manipulation of CDK activity has been used to
evaluate the relationship between cell cycle regulatory proteins and neuronal cell death.

The use of CDK inhibitors or dominant negative forms of CDK 4/6 protects
cultured postmitotic sympathetic neurons from death evoked by NGF withdrawal.'*°
Pharmacological inhibitors of cyclin-dependent kinases, such as flavopiridol,
olomoucine, and roscovitine, prevent cerebellar granule neuron apoptosis induced
by non-depolarizing KCL.!3! Moreover, camptothecin-induced cell death of PC12
cells, sympathetic neurons, and cerebral cortical neurons is also suppressed by the
CDK-inhibitors flavopiridol and olomoucine.'**!33 However, these cell cycle
inhibitors did not prevent cell death induced by a strong oxidative stress (SOD1
depletion)'>* suggesting that cell cycle proteins are not involved in all forms of
neuronal cell death.

The mechanism by which the CDK’s facilitate neuronal cell death is under
active investigation. Increased activity of cyclin-dependent kinase 5 (Cdk5) may
contribute to neuronal death and cytoskeletal abnormalities in Alzheimer’s disease!*®
and ALS' through its ability to hyperphosphorylate tau, although the finding that
cdk5 is a major protein tau kinase has been disputed.'>® However, Cdk5 may alter
neuronal viability through its effects on other signaling cascades, consistent with
the finding that it directly phosphorylates beta-catenin and regulates the latter’s
binding to presenilin-1.1%

Cdk4/6 activation results in the phosphorylation of the Rb tumor suppressor
protein in neurons following DNA damage.!*! One consequence of Rb
phosphorylation is the activation of E2F family members. Overexpression of E2F1
is sufficient to induce neuronal cell death,'>”!3° while E2F1 deficiency protects
neurons from multiple cellular stresses including DNA damage,'®® ischemia,'¢!-162
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staurosporine, '’ reduced potassium'>® and p-amyloid toxicity.'®® In addition,

overexpression of dominant negative versions of DP-1, a binding partner for E2F
family members, also protects neurons from cell death induced by DNA
damage.'3%!% Interestingly, overexpression of E2F activity in dissociated sensory
neurons from adult rats stimulated their entry into S-phase, although the authors
found no evidence for subsequent mitotic events in the E2F-overexpressing cells.!>
These results suggest that other molecular signals are responsible for sister chromatid
separation and continued cycling in neurons. The absence of these additional mitotic
factors in damaged or degenerating neurons might provide an explanation for why
the inappropriate activation of cell cycle regulatory genes promotes neuronal cell death.

The CDK-dependent inactivation of Rb is likely to have many other effects
beyond the activation E2F family members. Rb has been shown to repress NF«xB
transcriptional activity'®* as well as JNK activity,'®® both important neuronal cell
death mediators. The relevance of Rb phosphorylation to the process of neuronal
cell death is illustrated by the finding that overexpressing a mutant form of Rb
lacking critical phosphorylation sites protects neurons from cell death induced by
DNA damage.'"!®® Moreover, deregulation of the Rb cell cycle pathway during
development promotes ectopic cell cycle entry and elevated apoptosis which is, in
part, p53-dependent.'¢”1®® The latter finding is consistent with a role for the Rb-
regulated E2F 1 protein as a specific inducer of apoptosis and p53 accumulation.'®

p53 Tumor Suppressor Gene

The p53 Gene

The p53 tumor suppressor gene encodes a nuclear phosphoprotein that functions
as a key regulator of DNA repair, cell cycle progression and apoptosis. The p53
protein is upregulated in response to a diverse array of cellular stresses, including
DNA damage, hypoxia, oxidative stress, ribonucleotide depletion and oncogene
activation.!’%!”! p53 protein levels are primarily regulated by changes in protein
degradation in response to injury. In response to cellular stress, p53 induces its
biological response largely through the transactivation of specific target genes. These
downstream effectors have been characterized with respect to pS3-mediated growth
arrest'’? but the pathways associated with p53-mediated apoptosis have not been
completely elucidated.!”® In addition to its transactivating activity, p53 may also
promote apoptosis by repressing the expression of select genes.!”*!”> Moreover,
pS53-mediated apoptosis may also occur through transcription-independent pathways
requiring direct protein-protein interactions.! "7’

P33 Expression and Neuronal Injury

Alterations in p53 mRNA and protein expression have been associated with
neuronal damage in a variety of model systems (for review see ref. 178). Neuronal
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damage resulting from stimulation by excitatory amino acids (excitotoxicity) has
been strongly associated with p53 accumulation. The systemic injection of kainic
acid, an excitotoxin that produces seizures, induced p53 expression in neurons
exhibiting morphological evidence of damage.!”!%% Activation of glutamate
receptors by intrastriatal infusion of either N-methyl-D-aspartate (NMDA), the
NMDA receptor agonist quinolinic acid (QA) or kainic acid produced a significant
elevation in p53 levels in striatal neurons.'3!"183 Elevated expression of the p53
gene has also been observed in models of experimental traumatic brain injury.'34-186
As early as 6 h post-injury, p5S3 mRNA is induced predominantly in neurons that are
vulnerable to traumatic brain injury. Transient or permanent occlusion of the middle
cerebral artery causes ischemia-induced cell death in striatal and cerebral cortical
neurons, which is associated with a significant increase in the expression of p53
mRNA'® and protein.'*®

Elevated p53 immunoreactivity has also been detected in brain tissue derived
from animal models of human neurodegenerative disease or from patients that have
been diagnosed with a neurodegenerative disorder. Patients with Alzheimer’s
disease'®!”* show increased p53 immunoreactivity in morphologically damaged
neurons, consistent with the presence of increased p53 immunoreactivity in neurons
from mice overexpressing the beta-amyloid peptide (AP 1-42).!°! Mutation of the
E6-AP ubiquitin ligase in a mouse model of Angelman syndrome results in increased
cytoplasmic abundance of the p53 protein in hippocampal pyramidal neurons and
cerebellar Purkinje neurons'®?. Animals expressing the Angelman mutation display
motor dysfunction, inducible seizures and a deficiency in contextual learning. Thus,
increased levels of the p53 protein in Angelman syndrome resulting from
abnormalities in the ubiquitination process may contribute to neuronal dysfunction.

The brains of patients with Down’s syndrome, a genetic disorder manifesting a
similar pathology to Alzheimer’s disease, have also been shown to express elevated
levels of apoptosis effectors, including the p53 protein.'®!**1%* Motor neuron
degeneration observed in amyotrophic lateral sclerosis has been associated with
increased levels of p53 in motor neurons of the spinal cord and motor cortex.!*
Recent evidence also suggests that p53 could be involved in the pathogenesis of
Huntington’s disease. The Huntington’s disease protein, huntingtin, was found to
interact with p53 and the CREB-binding protein,'*® and to repress transcription of
several pS3-regulated promoters. These results raise the possibility that the mutant
huntingtin protein may cause neuronal dysfunction and cell death by interacting
with transcription factors and altering gene transcription.

The results obtained with in vitro models of neuronal injury are consistent with
the data described above for the in vivo models. Excitotoxicity, which figured so
prominently in the whole animal studies, is a potent inducer of p53 protein in cultured
cerebellar granule neurons.'””!%® Another potent stimulus for elevating p53 expres-
sion in cultured neurons is DNA damage induced by cytosine arabinoside,!-**
ionizing radiation,'®® camptothecin'>® and the absence of essential DNA repair
proteins.?’! Hypoxia in culture, which models the ischemia produced by middle
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cerebral artery occlusion, increases p53 protein expression in rat embryonic cortical

neurons .202

pS53 Expression and Neuronal Cell Death

The physiological relevance of p53 expression to neuronal cell death has been
evaluated in numerous models of injury and disease. p53-deficient mice or neurons
derived from these mice have been used most often, but inhibitors of p53 expression
or p53 function have also been used to evaluate the role of p53 in the context of
neuronal injury. The absence of p53 has been shown to protect neurons from a wide
variety of toxic insults including focal ischemia,?** ionizing radiation?***%® kainate-
induced seizures,”?” MPTP-induced neurotoxicity,”'° methamphetamine-induced
neurotoxicity,?!! adrenalectomy,?'? traumatic brain injury,'®® DNA damaging
agents,19%-200206213-215 o]y tamate, 1719 hypoxia?*>2'® and NGF withdrawal 218
A role for p53 has also been demonstrated for apoptosis associated with
developmental neuronal death in certain subpopulations of neurons®!’ as well as
cell death occurring during abnormal development'®”-2!°_ In addition to the use of
p53-deficient mice, the application of antisense oligonucleotides!®”-200-202:220221 5y
a synthetic inhibitor of p53%?2 have been successfully used to protect neurons against
cell death induced by a variety of cellular stresses.

However, the absence of p53 does not protect neurons against all forms of cellular
stress. Cerebellar neurons lacking p53 die when transferred to a low potassium
medium,?!* and postnatal cortical and hippocampal neurons also die after
staurosporine exposure in a p53-independent manner.?** Cerebellar granule neuron
death induced by methylazoxymethanol is not alleviated in p53-null mice. Moreover,
two separate reports failed to demonstrate that p53 is involved in the death of neurons
in a mutant SOD1 transgenic mouse model of familial ALS.?***** Despite evidence
that p53 plays an important role in mediating cell death after acute neuronal injury,
additional studies will be required to fully evaluate the role of p53 in late onset
neurodegenerative diseases.

P53-MEDIATED CELL DEATH SIGNALING PATHWAYS

The mechanism by which p53 specifies the neuronal response to injury is poorly
understood. However, currently available data suggest that the Bcl-2 family member,
Bax, is involved in p53-mediated neuronal death. Bax-deficient neurons are protected
from cell death induced by DNA damaging agents®***!3-22 and adenovirus-mediated
p53 over-expression.2!>?26 Moreover, various forms of neuronal injury are associated
with Bax translocation from the cytosol to the mitochondria,!?7:153-227:228 The
redistribution of Bax to the mitochondria has been associated with a reduction in
mitochondrial membrane potential, mitochondrial release of cytochrome ¢ and
activation of caspases,??*2*3 suggesting that caspases may also be a component of a
p53-induced cell death pathway. Recent studies indeed demonstrated that p53 is
required for caspase activation in response to genotoxic stress.?!>?23226.234 Thege
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findings suggest that some forms of neuronal injury invoke a common pathway
involving signal transduction through p53, Bax, mitochondrial dysfunction,
cytochrome c release and caspase activation.

Clearly, additional studies are required to elucidate the downstream effectors
mediating neuronal cell death in response to p53 activation. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene has been identified as a p53-inducible
gene in cultured cerebellar granule neurons subjected to DNA damage.?*’ Apafl, a
key element of the apoptosome, which regulates initiation of the caspase-9 cascade,
is induced in neurons in response to p53 activation or DNA damage.?* Other genes,
such as DRS5, Fas, Fas ligand,173 PERP,*® Noxa and PUMA?}” have been shown to
be induced by apoptotic stimuli as a result of p53 activation in a variety of non-
neuronal cell types, but the involvement of these genes in p53-dependent neuronal
apoptosis is not known.

It is also critical that the pathways responsible for activating and suppressing
p53 activity be identified. In this regard it is interesting to note that the important
survival promoting protein, Akt, can protect neurons from cell death by inhibiting
p53-dependent transcriptional activity.®” These results demonstrate the
interconnection that exists between pathways that govern cell death and viability,
and serve to remind us that the response and the outcome of neurons to stress are
exceedingly complex.

DNA Damage-Activated Enzymes

Excessive DNA damage may result from exposure to free radicals generated by
oxidative stress and thereby may be a common initiating stimulus for neuronal
apoptosis. Oxidative stress is associated with a variety of neuropathological conditions
including acute excitotoxicity (stroke, traumatic brain injury) and progressive
neurodegeneration (Alzheimer’s, Parkinson’s, Huntington’s, ALS).?*®23% Several
enzymes are activated in response to DNA damage (strand breaks), and are associated
with the control of cell cycle checkpoints, DNA repair programs and the regulation
of apoptosis. These include the gene product for ataxia telangiectasia (ataxia
telangiectasia mutated, ATM), DNA-dependent protein kinase (DNA-PK) and
poly(ADP-ribose) polymerase-1 (PARP-1). Interestingly, all three of these enzymes
are substrates for caspase-3240-2*4 implicating them in the regulation of apoptosis.

ATM

ATM (ataxia telangiectasia mutated), a protein kinase belonging to the PI3 Kinase
family, is activated by DNA double-strand breaks secondary to ionizing radiation
(IR) and radiomimetics. Multiple phosphorylation substrates have been identified
including p53, MDM2, and BRCAL, proteins involved in DNA repair and cell cycle
checkpoint control (for a review, see ref. 245). The generation of an ATM-deficient
mouse verified the relationship of ATM function to DNA damage-induced responses.
For example, ATM”" mice display extreme sensitivity to IR due to its toxic effects
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on the gastrointestinal tract, and fibroblasts derived from the mice show compro-
mised G1/S checkpoint function.?*® In contrast to these results from non-neuronal
and proliferative cell types, developing CNS neurons in ATM™" mice turn out to be
radioresistant compared to those in wild-type mice which show massive cell death,
indicating that IR-induced neuronal apoptosis is ATM-dependent.’”® IR-induced,
ATM-mediated neuronal cell death also depends on p53, Bax and caspase-3.22° ATM
is known to phosphorylate p53 at Ser15 directly®*”->*3 and Ser20 through the activa-
tion of CHK2.2*° ATM also phosphorylates MDM2 at Ser395.25° These
phosphorylation events are thought to collectively contribute to p53 stabilization
and transcriptional activation.?>!"*>2 However, it is still not known precisely how
these ATM-dependent modifications of p53 result in the induction of apoptotic mediators.

Interestingly, IR-induced death of neural progenitor cells is not dependent on
ATM, while p53 is required for apoptosis in both neural progenitor and post-mitotic
neuronal populations.??>?33 Thus, the linkage between ATM and p53 dependent cell
death is not observed in undifferentiated, multipotent precursors, but appears to
develop in newly formed post-mitotic neurons; it still remains to be established if
ATM is also required for IR-induced apoptosis in fully differentiated neurons in
adults. Indeed, adult neurons, irrespective of the ATM genotype, don’t seem to be
sensitive to IR.%* This implies that a critical function of ATM in neuronal apoptotic
signaling may be the elimination of neurons born with a substantial amount of DNA
damage accumulated during development.?>® Consistent with this idea is the obser-
vation that ATM deficiency in Ataxia Telangiectasia (A-T) patients causes early-
onset progressive neurodegeneration, which is apparently due to compromised
genomic integrity based on the phenotypic similarities of A-T to pathological
conditions caused by genetic defects in DNA repair and cell cycle checkpoints.>>*
ATR, an ATM-related protein primarily involved in the response to UV-induced
DNA damage,> has not been evaluated in the process of neuronal apoptosis and
remains to be examined.

DNA-Dependent Protein Kinase

DNA-dependent protein kinase (DNA-PK) is a member of the PI3 kinase family
and is activated in response to DNA strand breaks,”*° and is essential for DNA
repair.”” DNA-PK phosphorylates p53,2® MDM2,%%° and other factors implicated
in the regulation of cell death including c-abl?®® and IkB.2®! However, several recent
reports suggest that DNA-PK is not required for neuronal apoptosis, but may instead
be important for neuronal survival after genotoxic insult. Neurons derived from scid
mice, which express a truncated form of DNA-PK with impaired kinase activity,
show higher rates of spontaneous cell death and increased vulnerability to apoptotic
insults in culture as well as in vivo.262-2%4 Although an inhibitor of DNA-PK reportedly
reduces the manifestation of apoptotic nuclear changes in staurosporine-treated
neuroblastoma cells,?® this finding may be due to the tumorigenic and proliferative
properties of neuroblastoma cells. These results suggest that the compromise in
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DNA repair activity associated with the scz4 mutation facilitates the accumulation of
unrepaired DNA strand breaks, which eventually culminates in neuronal apoptosis.

Poly(ADP-Ribose) Polymerase

Poly(ADP-ribose) polymerase-1 (PARP-1) is the principal member of an
expanding family of PARP enzymes,?®® which are activated in response to single
strand DNA breaks. In response to DNA damage PARP-1 modifies a variety of
nuclear proteins, including itself, by attaching poly(ADP-ribose) chains. The activated
enzyme plays an important role in base excision repair and transcriptional regulation,
accounting for its contribution to genomic stability.267-2%” Apart from its involvement
in DNA repair, PARP-1 has been proposed to have a major impact on cell viability
as excessive activation of the enzyme depletes cellular NAD" and ATP, causing
necrotic cell death?”’ (for a review, see ref. 271). In agreement with this idea, PARP-
1 inhibitors attenuate neuronal cell death caused by excitotoxicity in culture.?’>273
More compelling results were obtained from studies involving PARP-1 knockout
mice, in which PARP-1 deficiency resulted in substantially reduced areas of infarct
in an animal model of stroke.?’*?”> In addition, the absence of PARP-1 also
dramatically reduces the size of lesions induced by intrastriatal NMDA injection?”®
and the extent of MPTP-induced loss of dopaminergic neurons.”’” The protection
conferred by genetic or pharmacological suppression of PARP-1 activity in models
of stroke,”’”® NMDA excitotoxicity?’® and traumatic brain injury?’® appears to be
long-lasting based on anatomical and behavioral analyses.

The cleavage of PARP-1 by caspase-3 during the process of apoptosis is thought
to serve as a switch between necrotic vs. apoptotic cell death, ensuring thaT cells
maintain sufficient ATP levels to die by apoptosis. Consistent with this idea, PARP-
1 inhibitors attenuate necrotic, but not apoptotic, neuronal death in an in vitro model
of cerebral ischemia.?®® What is not clear in the stroke model, however, is whether,
subsequent to PARP-1 inhibition, neurons in the core region of an infarct that would
otherwise die by necrosis are rescued completely or die by apoptosis. Even though
ATP depletion is prevented by PARP-1 inhibition, neurons in the core region still
suffer from extensive oxidative damage, which should eventually activate apoptotic
pathways. Apparently, however, even the apoptotic process is efficiently blocked
since the protection afforded by PARP-1 inhibition is sustained for at least 2-3
weeks, 270278279 beyond the typical time course of apoptosis. Thus, these results
suggest that PARP-1 inhibition may also work to suppress apoptotic neuronal cell
death. This would be consistent with the finding that PARP-1 inhibition can partially
suppress p53-dependent neuronal cell death?** as well as p53 induction.?®!

A number of important issues remain to be examined with respect to the role of
PARP in neuronal injury. For example, it is not clear whether NAD/ATP depletion
can account for the entire cascade of PARP-mediated changes in neuronal viability.
In addition, it is not clear if other members of the PARP family are involved in the
neuronal response toxic insults. Nevertheless, data obtained thus far, suggests that
PARP-1 plays an important role in several forms of neuronal apoptosis.
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BCL-2 FAMILY MEMBERS AND MITOCHONDRIAL
INTEGRITY

Properties of the Bel-2 Family

Proteins belonging to the Bcl-2 family are key regulators of neuronal cell death
and survival, and individual family members can serve to inhibit or promote
apoptosis.”®? The prototypical anti-apoptotic member, Bcl-2, was first discovered
because of its involvement in 95% of follicular B cell lymphomas as a result of a
chromosomal translocation t(14;18). High levels of bcl-2 did not act to increase
proliferation but rather increased cell survival, thus defining a new class of
oncogenes.?*>28 Proteins in this family share a number of Bcl-2 homology domains
(BH domains). In general, the anti-apoptotic members, Bcl-2 and Bcel-Xy, contain
BH1-4, whereas the pro-apoptotic members, Bax and Bak, contain BHI-3. A third
subset of family members including Bad, Bik, Blk, Hrk, Bim, Bid?®*® and Noxa®®’
contain only the BH3 domain. Many of the family members contain a hydrophobic
C-terminal tail, which may serve to anchor these proteins into intracellular
membranes.

Bcl-2 proteins regulate the apoptotic cascade mainly at the level of the
mitochondria. Upon activation by an apoptotic signal, pro-apoptotic Bcl-2 proteins
accumulate at the mitochondrial membrane.?®32°! This is associated with alterations
in mitochondrial membrane potential and the release of several pro-apoptotic factors
including, cytochrome ¢, which, in conjunction with Apaf-1, facilitates the activation
of the caspase cascade (Fig. 1).2922%

The impact of pro-apoptotic Bcl-2 proteins on mitochondria can be inhibited
by Bcl-2 and/or Bel-X;. 2% Although the mechanism underlying the regulation
of mitochondrial membrane permeability is not completely understood, current
hypotheses suggest that Bcl-2 family members regulate the outer mitochondrial
membrane by interaction with the voltage-dependent anion channel (VDAC),>¢
and other components of the mitochondrial permeability transition pore (PTP)
complex.?”’ Furthermore, there is evidence indicating that some Bcl-2 family members
can form hetero- and homodimers with inherent ion channel-forming abilities. 2%

The ability of Bel-2 family members to form dimers is essential to their function
and regulation. Enforced homodimerization of Bax stimulates Bax translocation,
caspase activation and cell death.>°! On the other hand, heterodimerization of anti-
apoptotic members such as Bcl-2 or Bel-X; with pro-apoptotic members such as
Bax can inhibit or activate apoptosis depending on the relative levels of each protein
(Rheostat model**?). Mutational analyses have shown that the BH domains are
important for the dimerization of Bcl-2 family members. The BH1 and BH2 domains
in Bcl-2 and Bel-X| are essential for their dimerization to Bax.3®* NMR and X-ray
crystallographic analyses of Bcl-Xi show that the cthelical BH1-3 domains are
closely juxtaposed to form a hydrophobic binding pocket.>****> Mutation of the
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BH3 domain in Bax, Bad and Bid have shown that this domain is essential for both
the binding ability of these proteins and their pro-apoptotic function.**3% These
findings support the rheostat model for Bcl-2 proteins in apoptotic regulation. This
hypothesis proposes that anti-apoptotic and pro-apoptotic Bcl-2 proteins exist in a
delicate balance at the mitochondrial membrane. A shift in one direction or the other
may determine the fate of the cell.

However, the rheostat model is perhaps too simple, as more recent evidence
has shown the regulation of these proteins to be much more complex. Pro-apoptotic
proteins such as Bad and Bid contain the critical amphipathic BH3 domain, but lack
a C-terminal hydrophobic tail present in many of the other membrane-anchored
family members. These proteins can move between the cytosol and membranes in a
regulated fashion. For example, the pro-apoptotic activity of Bad is regulated by
phosphorylation. When Bad is phosphorylated on two specific serine residues it is
sequestered by binding to 14-3-3 and can no longer bind Bcl-2 or Bel-X 3%
Phosphorylation also appears to play an important role in regulating other Bcl-2
family proteins. For example, Bcl-2 can be phosphorylated at serine 70 to activate
Bcl-2’s anti-apoptotic activity or it can be hyperphosphorylated on multiple sites to
inhibit Bel-2 activity.>-*1° Furthermore, we have shown that p38 MAP kinase activity
is involved in regulating Bax function.'?” These changes in phosphorylation state
may very well affect the protein-protein interactions of these Bcl-2 family members.

The BH3 domain-only proteins function by modulating the activity of other
Bcl-2 family members. Bcl-2 proteins such as Bad, Bim, Bid, Bik, Blk and Hrk can
bind to the hydrophobic groove of the anti-apoptotic family members as well as
pro-apoptotic family members such as Bax and Bak.3!'3!2 For example, Bid is a
pro-apoptotic Bcl-2 homolog that, once cleaved by caspase-8, is targeted to
mitochondria by cardiolipin.*'? Truncated Bid binds and activates pro-apoptotic
members, Bax and Bak.?'#3!® Other members, such as Bim, Bad and Noxa bind and
inhibit the anti-apoptotic members, Bcl-2 and Bel-X.287317318 These interactions
suggest that the BH3 domain-only proteins play an important role regulating the
function of other Bcl-2 family members.

Bcl-2 Family Members in the Nervous System

Members of the Bcl-2 family are expressed in the nervous system during
development and in the adult. Bcl-2 is widely expressed during development, whereas
in the adult, its expression is low in the CNS but remains high in the PNS. Conversely,
Bcl-X1 remains highly expressed in the nervous system throughout both development
and adult life.>'” Bax is down regulated in the adult CNS but highly expressed in the
nervous system during the period of natural cell death when the number of neurons
is reduced by 20-80%, presumably to match the number of innervating neurons
with the size of the target tissue.3?°

Studies with transgenic mice have demonstrated the importance of Bel-2 family
members in regulating neuronal cell death. Animals overexpressing Bcl-2 contained
30-40% more neurons than wild-type animals following the period of developmental
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neuronal death. Furthermore, neurons overexpressing Bcl-2 are protected from
apoptosis after facial and sciatic nerve axotomy as well as optic nerve transection.
Although the exact mechanism is not known, it may be related to the effects of Bcl-
2 on intracellular Ca*" homeostasis.*?! High levels of Bcl-2 expression have also
proven protective in other models of neuronal cell death, for example, following
ischemia and excitotoxic injury.**?

Conversely, the absence of pro-apoptotic family members such as Bax tends to
be protective. For example, Bax deficiency protects neurons from ionizing radiation,
changes in extracellular ionic conditions, excitotoxicity and ischemia.?**?!3323 One
of the important initiators of cell death following stroke is thought to be DNA damage.
DNA damage can independently activate cyclin-dependent kinases and p53 pathways,
and both mediate Bax activation in neurons.'**2!% Recently, a novel splice variant
of Bax, Bax k, has been shown to promote death following ischemia, and its mRNA
was distributed in selectively vulnerable hippocampal CA1 neurons that are destined
to die following global ischemia.***

Recent evidence has shown Bim to be important in regulating neuronal cell
death. Upon withdrawal of nerve growth factor (NGF), neurons activate c-Jun and
induce BIME expression, and subsequently die in a Bax-dependent manner.>?
Furthermore, overexpression of BIMg; induces cytochrome c release and apoptosis
even in the presence of NGF. Finally, neurons treated with Bim antisense
oligonucleotides and neurons from Bim” mice die more slowly following NGF
withdrawal.>?%3?7 These studies suggest that Bim and perhaps other BH3 domain-
only proteins play redundant roles upstream of Bax in the apoptotic pathway fol-
lowing growth factor withdrawal, and that these proteins may be regulated by kinases
such as JNK 3%

On the other hand, there are some Bcl-2 family members that act quite different
in neuronal versus non-neuronal cells. Bid is an example of a Bcl-2 family member
that seems to have cell type specific functions. One report suggests that, unlike in
other cell types, Bid does not play an essential role in either naturally occurring or
AraC-induced cell death in neurons.*?* Conversely, another report suggests that
cleavage of Bid may amplify caspase-8-induced neuronal death in a seizure model.>*
Interestingly, another BH3 domain-only protein, N-Bak, plays opposite roles in
neuronal versus non-neuronal cells. N-Bak is a neuron specific, BH3 only isoform
of Bak that is anti-apoptotic in neurons, but pro-apoptotic in non-neuronal cells.**!
This was the first example of a neuron-specific Bcl-2 family member.

Bcl-2 family members have also been implicated in various neurodegenerative
diseases such as Parkinson’s Disease (PD), Alzheimer’s Disease (AD) and motor
neuron diseases such as amyotrophic lateral sclerosis (ALS) and spinal muscular
atrophy (SMA). Overexpression of Bcl-2 and ablating Bax expression protected
dopaminergic neurons from MPTP toxicity, a model of PD.**233* Presenilin-1 and
2, genes involved in AD, have also been shown to interact with Bcl-X;.3** Mutations
in the superoxide dismutase-1 (SOD-1) gene are linked to familial ALS, and spinal
cord motor neuron death in mutant SOD-1 mice is associated with a decrease in
Bcl-2 expression and an increase in Bax expression.**>* Furthermore, in the spinal
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cords of these mice, Bax translocates from the cytosol to the mitochondria during
the progression of the disease.>*® Overexpression of Bcl-2 delays caspase expression,
increases motor neuron survival, and improves muscle function in mutant SOD-1
mice.>3333% However, the disease eventually progresses and duration of the disease
is not altered.>** Survival of motor neuron protein (SMN), which has been implicated
in SMA, has also been shown to interact with Bcl-2.3*! In fact, Bcl-2 acts
synergistically with SMN to inhibit Bax induced or Fas mediated toxicity.**? These
studies suggest a possible role for Bcl-2 family members in a variety of neuropatho-
logical processes. Moreover, manipulating the expression and/or activity of Bel-2
family members may prove instrumental in maintaining neuronal survival after injury
and in response to disease.

Mitochondrial Pro-Apoptotic Factors

Mitochondria play a pivotal role in the amplification of an apoptotic signal
since cytochrome c is normally sequestered in the mitochondrial intra-membrane
space. In many cell types, apoptosis is associated with a loss in the normal
electrochemical gradient employed by mitochondria to generate ATP (the proton
motive force).>** Loss of mitochondrial membrane potential leads to opening of a
protein complex known as the permeability transition pore.*** When this channel is
opened, cytochrome c is released into the cytoplasm, leading to the formation of the
apoptosome and activation of caspase-9.**® In neurons mitochondrial cytochrome c
release can be independent of permeability transition.**> Cytochrome c release in
this situation may be mediated by the action of pro-apoptotic bcl-2 family members®®
(discussed elsewhere).

In addition to cytochrome c, several other factors are released from mitochondria
in response to apoptotic stimuli. One pro-apoptotic protein released by mitochondria
is the apoptosis-inducing factor (AIF). AIF is released from mitochondria after
permeability transition and translocates to the nucleus where it promotes chromatin
condensation and DNA fragmentation in a caspase independent manner.**¢ A second
factor normally sequestered in mitochondria is known by the dual name of Smac/
DIABLO. When released into the cytoplasm, this small protein upregulates the
proteolytic activity of caspases by interacting with members of the IAP family. A
third pro-apoptotic factor normally resident in mitochondria, endonuclease G, was
recently identified as an important apoptosis initiator.>*’ At this point, little is known
about the role of the mitochondrial proteins Smac/DIABLO, AIF or endonuclease G
in excitotoxicity or death receptor mediated neuronal apoptosis. Caspase-2 deficient
neurons demonstrate increased levels of smac, which is thought to allow
developmental neuronal death to proceed in the absence of caspase-2 by releasing
caspase-9 from IAP inhibition.**® A mutation in the C. elegans homologue for
endonuclease G also prevents normal progression to neuronal apoptosis during
development.¥
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PROTEOLYTIC ENZYMES

Caspases

Pioneering studies aimed at identifying genes required for programmed neuronal
death during the course of C. elegans development led to the discovery that one of
these genes shared strong molecular homology with interlukin-1 converting enzyme
(ICE).>** ICE turned out to be a member of a family of proteases later designated
caspase enzymes.>*! Caspase stands for cysteine-dependent aspartate specific
protease. To date, fourteen family members have been identified. Some family
members (caspase-4 and 5) are thus far unique to humans and others, caspase-12
and 13, have not yet been identified in the human genome. All caspases are synthe-
sized as inactive proenzymes and activated by proteolytic cleavage. The pro-enzyme
is cleaved into an N-terminal peptide, a large subunit containing the catalytic portion
of the enzyme and a small subunit at the C-terminal end of the peptide. The active
enzyme consists of a tetrameric complex of two large subunits and two small
subunits®>2. Caspase enzymes have been divided into several distinct groups based
on protein structure and putative function. Caspases 1, 4, 5, 11 and 13 are classified
as cytokine activators, caspases 2, 8, 9, 10 and 12 are believed to act as initiators of
the apoptotic cascade, and caspases 3, 6 and 7 are designated executioners of
apoptosis. Caspase 14 appears to have a unique role in supporting the terminal dif-
ferentiation of keratinocytes in the epidermis and cornea without promoting the
typical features of apoptosis.®**>* Not all studies have supported these designations,
and the biologic function associated with some of the less well studied members of
this enzyme family have not been evaluated in neurons or neural tissues. In addition,
some debate remains about the possibility that caspases known as cytokine activators,
primarily caspase-1, may also participate as apoptotic initiators in neurons®>® or
oligodendrocytes.>3¢-357

The initiator caspases can be further subdivided into two distinct groups. One
group is activated following ligand binding to members of the tumor necrosis factor
alpha (TNF-0) receptor (TNF-R) family including FAS, TNF-R and TRAIL receptors.
These caspases (8 and 10) contain death effector domains (DED) in the N-terminal
region of the pro-enzyme. The DED confers homomeric binding ability to adaptor
proteins in the death inducing signaling complex (DISC) at the cytoplasmic region
of TNF-R family members know as death receptors. Ligand binding of death receptor
family members promotes receptor clustering. The predominant theory of caspase
activation is that death receptor clustering brings molecules of pro-caspase-8 or
pro-caspase-10 in such close proximity that they can be activated by autocleavage.>>

A second group of caspases (2 and 9) contain a domain know as the caspase
recruitment domain (CARD). The CARD domain appears to confer homomeric
binding capabilities between caspases and their specific regulatory complexes.
Caspase-2 is recruited to the DISC through interactions between its CARD and the
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CARD on an adapter protein called RAIDD. RAIDD contains both a CARD domain
and a DED domain allowing it to interact with caspase-2 on one end and a DED
containing serine/threonine kinase, RIP that is associated with TNF-R1.3%® Thus
despite lacking a DED domain, caspase-2 may still be activated by proximity induced
auto-processing. Procaspase-9 binds apoptotic protease activating factor-1 (Apaf-1)
by CARD domain interaction and Apaf-1 oligomerization promotes proximity
induced caspase-9 activation.™*¢° Apaf-1 is a required peptide co-factor for caspase-
9 activation, but caspase-9 activation also requires two additional factors; cytochrome
c and dATP.*"362 The complex of these factors, designated the apoptosome, is under
intense investigation and additional regulatory proteins continue to be identified.>®>
In addition, there is some evidence that human caspase-9 activity is regulated by
phosphorylation’! although the putative phosphorylation sites are not conserved in
several other species.>®*

Once initiator caspases are activated, they can proteolytically process executioner
caspases (caspases 3, 6 and 7) into their active form. This group of caspases contain
truncated N-terminal sequences without known regulatory function. Once activated,
their substrates include nuclear and cytoskeletal components that must be proteolyzed
for a cell to develop the phenotypic characteristics of apoptosis. The activation of
executioner caspases has been demonstrated in variety of neuronal death paradigms.
A large number of studies have demonstrated that caspase-3 is activated in the CNS
in response to a variety of injurious stimuli including ischemia, excitotoxic insult,
trauma and neurodegenerative diseases.>®>=7! Caspase-3 is also required for normal
developmental cell death in the CNS.3"? Caspase-6 may play a role in the pathogenesis
of Alzheimer’s and Huntington’s disease.’’**’* Caspase-7 is activated during
motoneuron degeneration in a mouse model of amyotrophic lateral sclerosis.**®
However, the inhibition or ablation of executioner caspases may not improve neuronal
survival, even though the morphologic changes associated with apoptosis do not
develop.’73376

Endogenous Caspase Inhibitors

Apoptosis appears to be a tightly regulated cellular process. In addition to specific
patterns of caspase activation, several endogenous inhibitors of caspase enzyme
activity have also been described. One class of caspase inhibitor acts by forming
proteolytically inactive heterodimeric complexes with active caspases. Examples of
this strategy include splice variants of caspase-22"7 and caspase-14.%34 Very little is
known about the presence of caspase inhibitory splice variants in the central or
peripheral nervous system. The FLICE (caspase-8) inhibitory protein (FLIP) shares
a high degree of sequence homology with caspase-8 and inhibits caspase-8 activity
by promoting the formation of a caspase-8/FLIP heterodimers devoid of proteolytic
activity.>’® Motoneurons expressing high levels of FLIP are resistant to FasL induced
apoptosis* and FLIP is expressed in neuroblasts in rat cortex during the early postnatal
period.>”? The localization of FLIP in developing neural tissue suggests that FLIP
may play a regulatory role in cell survival during nervous system development.
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However, FLIP knockout mice have an embryonic lethal phenotype similar to that
observed in caspase-8 deficient mice,*®" suggesting that endogenous caspase
inhibition is also required for normal caspase function, perhaps by preventing
proteolytic inactivation of other important apoptosis regulators.

The peptide family of inhibitor of apoptosis (IAP) genes*®! employs a second
strategy for endogenous caspase inhibition. This family of proteins consists of at
least seven mammalian members including X-chromosome-linked inhibitor of
apoptosis (XIAP). All members of this family contain at least one BIR (baculovirus
inhibitor of apoptosis repeat) domain that binds and inhibits the proteolytic activity
of caspase-3 and 7. Some of the IAP proteins also inhibit caspase-9 activity (for
review see ref. 382). Inhibition by IAP family members can be overcome by several
different mechanisms. The c-terminal region of some IAPs contains a domain re-
ferred to as the RING (Really Interesting New Gene) domain, which contains
ubiquitin E3 ligase activity that targets them for rapid proteasomal degradation.’*?
Two other proteins that bind IAPs and prevent caspase inhibition have also been
identified. The XIAP-associated factor 1 (XAF1) binds XIAP in the nucleus,
potentially promoting release of caspase inhibition once the enzymes have been
able to translocate into the nuclear compartment.>** The second mitochondria-derived
activator of caspase (Smac) or DIABLO protein is normally sequestered in
mitochondria but will bind and inhibit the anti-apoptotic activities of IAPs when it
is released into the cytoplasm 38538

CALPAINS

In addition to caspases, there are additional classes of proteases associated with
neuronal cell death. The calpains are calcium-activated cysteine proteases implicated
in neuronal cell death following acute neurological insults. Administration of calpain
inhibitors during the initial 24-h period following injury can attenuate injury-induced
derangements of neuronal structure and function following traumatic brain injury
and excitotoxicity.**”-3% At least one substrate, fodrin (spectrin), appears to be shared
between the calpains and caspases, but it is not presently known if the caspases and
calpains activate one another. In addition, a novel serine protease has been identified
which is expressed at ten-fold higher concentrations in the CNS than in peripheral
tissues of the rat and human.*** The mRNA for this protease was found to be signifi-
cantly elevated by excitotoxic injury. It seems clear that proteases can have profound
effects on neuronal viability following injury although additional studies will be
required to determine if they represent a rate-limiting step in the apoptotic process.

ABBREVIATIONS

AIF, apoptosis-inducing factor; ALS, amyotrophic lateral sclerosis; Apaf-1,
apoptotic protease activating factor-1; ATM, ataxia telangiectasia mutated; BH
domain, Bcl-2 homology domain; CARD, caspase recruitment domain; CDK,
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cyclin-dependent kinase; DD, death domain; DISC, death-inducing signaling
complex; DNA-PK, DNA-dependent protein kinase; ERK, extracellular signal-
regulated kinase; FADD, Fas-associated death domain; FasL, Fas ligand; FLIP, FLICE
(caspase-8) inhibitory protein; IAP, inhibitor of apoptosis; IR, ionizing radiation;
INK, c-Jun N-terminal kinase; MKK, MAP kinase kinase; NMDA, N-methyl-D-
aspartate; PARP, poly(ADP-ribose) polymerase; PI3K, phosphatidylinositol-3 kinase;
RIP, receptor-interacting protein; TNFR, tumor necrosis factor receptor; TRADD,
TNFR-associated death domain; TRAF2, TNF receptor-associated factor 2
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DETRIMENTAL AND BENEFICIAL EFFECTS
OF INJURY-INDUCED INFLAMMATION
AND CYTOKINE EXPRESSION

IN THE NERVOUS SYSTEM

Guido Stoll'?, Sebastian Jander! and Michael Schroeter'

ABSTRACT

Lesions in the nervous system induce rapid activation of glial cells and under certain
conditions additional recruitment of granulocytes, T-cells and monocytes/
macrophages from the blood stream triggered by upregulation of cell adhesion
molecules, chemokines and cytokines. Hematogenous cell infiltration is not restricted
to infectious or autoimmune disorders of the nervous system, but also occurs in
response to cerebral ischemia and traumatic lesions. Neuroinflammation can cause
neuronal damage, but also confers neuroprotection.

Granulocytes occlude vessels during reperfusion after transient focal ischemia,
while the functional role of T-cells and macrophages in stroke development awaits
further clarification. After focal cerebral ischemia neurotoxic mediators released by
microglia such as the inducible nitric oxide synthase (leading to NO synthesis) and
the cytokines interleukin-1p (IL-1f) and tumor necrosis factor-o. (TNF-q) are
upregulated prior to cellular inflammation in the evolving lesion and functionally
contribute to secondary infarct growth as revealed by numerous pharmacological
experiments and by use of transgenic animals. On the other hand, cytokine induction
remote from ischemic lesions involves NMDA-mediated signalling pathways and
confers neuroprotection. After nerve injury T cells can rescue CNS neurons. In the
peripheral nervous system neuroinflammation is a prerequisite for successful
regeneration that is impeded in the CNS. In conclusion, there is increasing evidence
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that neuroinflammation represents a double edged sword. The opposing neurotoxic
and neuroprotective properties of neuroinflammation during CNS injury provide a rich
and currently unexplored set of research problems.

INTRODUCTION

Lesions in the nervous system induce a broad range of molecular and cellular
responses involving activation of glial cells and under certain conditions additional
recruitment of granulocytes, T-cells and monocytes/macrophages from the blood
stream. Glial responses and leukocyte infiltration are triggered by local upregulation
of cell adhesion molecules, chemokines and cytokines. In this Chapter the term
neuroinflammation is used to describe the activation of microglia and astrocytes as
well as hematogenous cell infiltration and induction of immune mediators.
Neuroinflammation has variable net effects in disorders of the nervous system. In
traumatic and ischemic brain injury secondary lesion expansion is accompanied by
cytokine induction and leukocyte infiltration. Neurotoxic effects of inflammation,
however, are counteracted by inflammation-associated neuroprotection. Likewise,
in the peripheral nervous system (PNS), T-cell and macrophage infiltration is an
essential part of the molecular programme facilitating successful regeneration after
nerve injury. We here review the potential role of neuroinflammation in lesion
development during traumatic and ischemic injury in the nervous system and its
beneficial effects during repair processes and neuroprotection.

GLIAL CELL POPULATIONS IN THE CENTRAL NERVOUS
SYSTEM

The central nervous system (CNS) contains a heterogenous population of non-
neuronal cells, designated glia (astrocytes, oligodendrocytes and microglia). While
oligodendrocytes enwrap axons with myelin sheaths facilitating fast nerve conduction,
astrocytes are essential for the maintenance of the ion homeostasis and of the tightness
of the blood-brain barrier (BBB). After injury and during other forms of activation
astrocytes upregulate a large number of cell surface and structural molecules the
most prominent of which represents glial fibrillary acidic protein (GFAP).! Astrocytes
are an important cellular source of immune mediators such as the antiinflammatory
cytokines interleukin-10 and transforming growth factors.>* Thereby, astrocytes can
profoundly downregulate microglial activity.** Astrocytes are critically involved in
scar formation and repair processes after CNS injury.

Microglia, the resident macrophage population of the CNS, are strategically
located in close vicinity to neurons in the grey matter and between fiber tracts in the
white matter. Microglia quickly respond to virtually any functional disturbance or
lesion in the CNS.%7 In the resting state microglia exhibit radially branched processes
(ramified microglia) and constitutively express complement type-3 receptors (CR-
3) and Fc receptors for binding of immunoglobulins. Microglial activation leads to
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retraction of processes followed by rounding of the cell body, in particular in
conditions in which microglia finally act as phagocytes. This is associated with
increased levels of CR-3 and major histocompatibility complex (MHC) class I and
II antigen expression on the cellular surface which enable microglia to interact with
T cells. Upon further transition into phagocytes microglia develop intracellular
phagolysosomes that can be visualized by immunocytochemistry. All these molecules
indicative of microglial activation are also present on hematogenous monocytes/
macrophages, which invade the CNS during pathological processes.® At the stage of
phagocytic transformation microglia and macrophages become indistinguishable
by morphological grounds and by immunocytochemistry. Thus a distinction between
the relative contribution of activated local microglia and invading macrophages to
the pathophysiology of CNS lesions is often difficult. Activated microglia and
macrophages have the capacity to synthesize and secrete a large number of molecules,
which potentially cause brain damage, induce repair processes or orchestrate immune
responses. Molecules produced by microglia/macrophages include neurotoxins,
cytokines, coagulation and complement factors, prostanoids, free radicals,
extracellular matrix components, and enzymes,”'® but also neurotrophins.'”!® In
general, the knowledge about the circumstances under which each of these molecules
is produced and the regulatory elements involved, is limited. This is mainly due to
the complexity of possible interactions and the unknown contribution of other glial
cells and infiltrating leukocytes in the in vivo situation.

ENTRY OF INFLAMMATORY CELLS INTO THE CNS: THE
BLOOD-BRAIN-BARRIER AND IMMUNOLOGICAL CELL
ADHESION MOLECULES

Infiltration of the CNS by hematogenous leukocytes requires a disturbance or
molecular modification of the BBB. The BBB becomes passively permeable to
hematogenous cells by necrotic tissue injury involving the vessel wall. Alternatively,
activated leukocytes can pass the intact BBB by complex leukocyte/endothelium
interactions via cell adhesion molecules.!® On the other hand, in CNS lesion
paradigms with preservation of the BBB such as brief episodes of focal or global
ischemia which lead to selective neuronal death but not to tissue necrosis, leukocytes
are virtually excluded from the evolving lesions. Similarly, white matter tract or
nerve lesions (e.g., optic nerve) lack leukocyte infiltration in the CNS in contrast to
the peripheral nervous system, where a robust inflammatory response occurs due to
breakdown of the blood-nerve barrier.

CNS infiltration involves multiple cell adhesion steps that provide the traffic
signal for leukocytes into the brain through the endothelial wall. Upregulation of P-
selectin and E-selectin on endothelial cells reduces the velocity of leukocytes in the
blood stream by binding to the ligand L-selectin constitutively expressed on the
surface of leukocytes. The light binding of leukocytes to the vessel wall is
strengthened under the influence of chemokines that are released from the site of



90 G.STOLL ET AL.

injury. The ensuing adhesion process is mediated by the integrin family of adhesion
molecules. Different molecules direct the adhesion of leukocyte subsets: lymphocytes
constitutively bear the CD11a/CD18 (leukocyte function associated antigen-1 = LFA-
1) and the very-late-antigen-4 complex (VLA-4) on their surface, monocytes LFA-
1, VLA-4 and the CD11b/CD18 complex (corresponding to CR3) and granulocytes
LFA-1 and the CD11b/CD18 complex. The corresponding endothelial
counterreceptors that require active stimulation for expression are intercellular
adhesion molecule-1 (ICAM-1) for LFA-1 and CD11b/CD18, and vascular cellular
adhesion molecule-1 (VCAM-1) for VLA-4. Cell adhesion molecules on CNS
endothelial cells are rapidly induced during autoimmune disorders, but also after
focal cerebral ischemia.

INFLAMMATION AND CNS INJURY

Necrotic Brain Injury: Stab Wounds and Focal Ischemia

Stab Wounds

The most simple traumatic CNS lesion with destruction of the BBB is a stab
wound. A device is penetrated into the cortex and causes a circumscribed lesion.
The ensuing cellular response is limited to site of penetrating injury and the
immediately surrounding tissue. Activation of microglia at the lesion edges and
infiltration of the wound site by hematogenous macrophages occurs within hours
after injury.'? Microglia proliferate locally with a maximum at day 2-3 and
macrophages rapidly clear trauma-induced debris. Microglia and macrophages
express interleukin (IL)-1f, a cytokine probably involved in astrogliosis and
neovascularisation in this setting.

Models of Focal Cerebral ischemia

Cellular responses to cerebral ischemia are more complex. Focal ischemia can
be induced in rodents by permanent or transient occlusion of the middle cerebral
artery (MCAOQ) leading to cortical and subcortical infarcts of various size depending
on the time of blood flow cessation.?®?! In transient MCAO, lesions are smaller and
inflammation is briefer than after permanent occlusion because tissue is salvaged
by reperfusion.’>?* Photochemically-induced cortical ischemia (photothrombosis,
PT) is an alternative model.>*?> After systemic injection of the dye rose bengal focal
illumination of a brain area through the intact skull leads to endothelial alterations.
These are followed by an early disruption of the blood-brain barrier, vasogenic edema,
photochemically stimulated platelet aggregation with formation of clots, and
thrombotic occlusion of small intracerebral vessels leading to infarctions that are
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highly reproducible in size and location. Regions of specific interest such as the
necrotic infarct core, the immediate border zone exhibiting delayed neuronal death,
and the non-ischemic ipsilateral cortex undergoing more discrete functional changes
are difficult to differentiate in the MCAO models, but easily discernible in the
photothrombosis model.

Immune Mediators and Secondary Infarct Growth: The Role of Interferon
Regulatory Factor and Inducible NO Synthase

Focal impairment or cessation of blood flow to the brain restricts the delivery
of substrates, most importantly oxygen and glucose, and thereby impairs maintenance
of ionic gradients. This is followed by depolarization of neurons and glia which
release excitatory amino acids into the extracellular space and accumulate Ca2+.%
Ca2+ is a universal second messenger leading to production of proteolytic enzymes,
free-radical species and further activates glutamate receptors. In the center of the
ischemic territory, where the flow reduction is most severe, these processes induce
rapid necrotic cell death. A significant proportion of neurons, however, die by an
internal program of self-destruction, designated apoptosis or programmed cell death.?’
Apoptotic neurons are intermingled with necrotic neurons in the core of infarctions.
In the boundary zone apoptotic cell death is ongoing during the first week after
focal ischemia.?® In experimental animals mediators of the immune system appear
to play an essential role in this secondary infarct growth.

In two seminal papers Iadecola and colleagues formally proved that inflammatory
mechanisms contribute to a significant infarct growth beyond 24 hr after focal cerebral
ischemia.?!3? Interferon regulatory factor 1 (IRF) is a transcription factor that can
be activated by the proinflammatory cytokines tumor necrosis factor-o. (TNF-0)
and IL-1 B. IRF induces gene transcription of interferon-y, inducible nitric oxide
synthase (iNOS), and interleukin-1 converting enzyme (ICE; caspase 1) involved in
the induction of apoptosis and in the cleavage of IL-1/IL-18 precursors into the
mature active cytokine proteins.’> After focal ischemia IRF-1 gene expression was
markedly upregulated at 12hr and reached a peak at day 4. Knock-out mice lacking
the IRF-1 gene were protected from ischemic brain damage and developed smaller
infarctions accompanied by attenuation of neurological deficits. Although the
molecular mechanisms underlying the beneficial effects in IRF-1 knock-out mice
have not yet been identified, lack of nitric oxide (NO) induction is a likely candidate.
NO is a small molecule that exerts pleiotropic actions. NO is synthesized by oxidation
of L-arginine by the enzyme NO synthase (NOS) which exists in three isoforms,
neuronal NOS (nNOS), endothelial NOS (eNOS) and “inducible” or
“immunological” NOS (iNOS). NO production is enhanced at all stages of cerebral
ischemia.** After MCAO in mice, iNOS mRNA expression in the post-ischemic
brain began between 6- 12 hr, peaked at 96 hr and subsided after 7 days. Disruption
of the iNOS gene in mice led to smaller infarcts and less motor deficit after focal
ischemia. Most importantly, such reduction in ischemic damage and neurological
deficit was observed 96 hr after ischemia, but not at 24 hr providing strong evidence
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Figure 1. Microglial activation and macrophage infiltration at day 5 (A-C), 7 (D), 14 (E) and 28 (F,G) in
the border zone after focal ischemia in humans (A-C) and after MCAO in the rat (D-G). Activated microglia
strongly express MHC class Il molecules (A-C). In (A) transition of microglia from a ramified phenotype
to an ameboid phagocytic appearance can be followed from the periphery of the ischemic lesion (top,
details shown in B and C) to the center (bottom). At the stage of full phagocytic transformation (C) the
relative contribution of microglia and hematogenous macrophages to the pool of phagocytes is elusive
because both cell types share identical immunocytochemical markers. (D-G) show the accumulation of
phagocytes stained with the antibody ED1 in the border zone of focal ischemia in the rat. Note colliquation
of the infarct and pseudocyste formation bordered by a dense wall of phagocytes (E, arrows). At day 28
most of the debris has been removed by phagocytes and the remaining cortex appears atrophic (F). (G)
shows ED1+ phagocytes at higher magnification. Bar in (A) represents 250um, 30um in (G) which also
applies to (B,C), and 500um in (F) which also applies to (D, E)

that iNOS expression is one of the critical factors that contribute to the delayed
expansion of brain damage. iNOS induces longlasting synthesis of large amounts of
NO, which then reacts with superoxide to form peroxynitrite, a cytotoxic agent. On
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the cellular level iNOS could be localized in microglia, astrocytes and infiltrating
leukocytes.*

Cell Infiltration: Granulocytes

In transient and permanent cerebral ischemia granulocytes are the first
hematogenous cells that appear in the ischemic brain. After permanent occlusion of
the MCA they accumulate in cerebral vessels within hours before they invade the
infarct and its boundary zone.*®® This process peaks at 24 hrs after infarction,
thereafter the number of granulocytes rapidly declines. At day 7 granulocytes are
only occassionally seen. Granulocyte infiltration is preceded by an increased
expression of cell adhesion molecules and chemokines.?* Several groups
demonstrated upregulation of ICAM-1 mRNA and protein as early as 3 hr on
endothelial cells of intraparenchymal blood vessels in the ischemic cortex.***3 ICAM-
1 expression peaked at 6 to 12 hr and persisted for several days. Similarly, mRNA
for ELAM-1 and VCAM-1 was upregulated.***> The functional relevance of cell
adhesion processes in stroke development has been established in transient focal
ischemia. Treatment with antibodies directed against the CD11b/CD18 complex on
granulocytes and monocytes/macrophages of rats subjected to 2 hours of transient
MCADO led to a significant reduction in infarct volume and to a decrease of apoptotic
cells.* In parallel, infiltration by granulocytes was reduced. Similar results were
obtained when a recombinant neutrophil inhibiting factor directed against the CD11b/
CD18 complex was used.*’ Blocking of the corresponding ligand on endothelial
cells, ICAM-1, had a stronger mitigating effect and reduced stroke volumes at day 2
by 80%. ICAM-1 knock out mice showed a fivefold decrease in infarct size.*** In
contrast, treatment with anti-leukocyte antibodies was ineffective in models of
permanent MCAO.%%3! The most likely explanation for this discrepancy is that
granulocytes adhere to the microvascular endothelium via the ICAM-1/CD11b
adhesion pathway thereby mechanically disconnecting dependent parenchyma from
reperfusion (“no reflow phenomenon”) and inducing prolonged hypoxia which leads
to extension of the infarct area into the penumbra zone. The pathophysiological
consequences of the parenchymal granulocyte invasion has not been elucidated yet.

Cell Infiltration: T-Cells

In addition to granulocytes, a significant number of T cells identified by
immunocyto-chemical surface markers invade the infarct region.*? After both
MCAO and photochemically-induced ischemia, CD5+ T cells started to infiltrate
the infarct region from day 1 onwards. At day 3 their number had increased and
reached a peak around day 7 followed by a substantial decrease within the next 7
days. T cells were preferentially located in the boundary zone of the infarctions
often in close vicinity to blood vessels. The presence of T cells is surprising. T cell
recruitment into the CNS is usually observed in autoimmune and inflammatory
diseases such as experimental autoimmune encephalomyelitis (EAE) or multiple
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Figure 2. Differential microglial/macrophage responses at day 7 after transient MCAO in the rat. (A ,B)
cresylviolet stain, (C, D) immunostaining for CR-3 (Ox 42), (E, F) for CD4, and (G, H) for CD8. (A) shows
an area of ischemic pannecrosis with massive leukocyte infiltration (C, E , F). Note the appeareance of both
CD4+(E), and CD8+(G) phagocytes. Contrastingly, in areas of selective neuronal death with preservation
of glial structures (B) microglia still exhibit typical Ox 42+ processes (D) (arrow denotes degenerating
,.ghost*“neuron). In contrast to pannecrosis, microglia only partly transform into phagocytes, and upregulate
CD4 (F), while CD8 expression is virtually absent (H). 50um in A-H

sclerosis.” In EAE, systemic immunization with myelin proteins such as myelin
basic protein (MBP) creates CD4+ helper/inducer T cells that are antigen-specific
and enter the CNS after 10 to 12 days. As a second step, large numbers of nonspecific
T cells and macrophages are recruited from the circulation and cause myelin
destruction and clinical disease. In cerebral ischemia, the period between lesion
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induction and T cell infiltration is too short for generation of a systemic, antigen-
specific immune response. Therefore, the T cell response is likely to be antigen-
nonspecific. The functional consequences of T cell inflammation after focal cerebral
ischemia is unclear at present (see also 3.2).

The Phagocyte Response: The Differential Contribution of Microglia
and Macrophages

The most abundant leukocytes that enter the brain after focal cerebral ischemia
are monocytes/macrophages (Fig. 1). They appear together with T cells but persist
for a longer time period.>”*13%%* A fter permanent MCAO, monocytes/macrophages
started to infiltrate the parenchyma at 12 hr and further increased in numbers up to
day 14.5%%% The entire infarct area was covered by macrophages at 3 days after
MCAO.%? Within the next four weeks the debris was completely cleared by these
phagocytes. In the photothrombosis model macrophages behave differently. They
were located in a ring-like fashion around the ischemic core in the first week and
with a delay infiltrated the center of the lesion to remove debris.*!

There is an intrinsic problem with the cellular identification of phagocytes after
cerebral ischemia. Microglia, the resident “macrophages” of the brain, are activated
after ischemia (Fig. 1A,B) and then become indistinguishable from hematogenous
macrophages on morphological grounds and based on the expression of
immunocytochemical markers.® Therefore, in the studies mentioned above, the pool
of macrophages always contained activated microglia to an uncertain extent. To
more specifically address the contribution of resident microglia to the pool of
phagocytes hematogenous macrophages were temporarily depleted from the
circulation by use of toxic liposomes.’® When the phagocytic response between
sham-treated and macrophage-depleted animals was assessed by
immunocytochemistry, there was no difference in the number and distribution of
ED1+ phagocytes at day 3 after photothrombosis.’’ Contrastingly, a dramatic
difference was seen at day 6. In sham-treated rats ED1+ phagocytes largely
outnumbered those in macrophage-depleted rats. These findings indicate that
microglia are rapidly activated in the border zone of focal ischemic brain lesions
and subsequently transform into phagocytes. With a certain delay which depends on
the lesions paradigm additional monocytes/macrophages are recruited from the
circulation probably due to local induction of chemokines such as the monocyte
chemoattractant protein-1.5%¢0

Besides granulocytes, T cells and macrophages an unusual population of cells
expressing the CD8 molecule appears in ischemic lesions of the rat cortex (Fig.
2).41:52.61.62 Thege cells are abundant between days 3 and 6 and have almost
disappeared at day 14. Usually, the CD8 molecule is restricted to T cells and natural
killer (NK) cells.%* However, most of the CD8+ cells in ischemic brain lesions are
negative for T cell markers, but express microglia/macrophage markers.®'> Analysis
of different ischemia paradigms revealed that the appearance of CD8+ microglia/
macrophages in the CNS is indicative for a necrotic lesion (Fig. 2).%! Ischemic brain
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lesions, however, are additionally infiltrated by an independent population of CD4+
macrophages representing the usual macrophage population in CNS injury and
inflammation.®*® In contrast to the CD8+ population, the number of CD4+
macrophages gradually increased from day 2 on and peaked at day 14 when they
covered the entire infarct region indicating a major role in debris removal. Hirji and
coworkers independently reported on the expression of CD8 on peritoneal and
pulmonary macrophages in vitro.®®%” Upon stimulation of the CD8 molecule these
macrophages produced NO in culture. NO derived from neurons and inflammatory
cells has been implicated as a major pathogenic factor in ischemic brain damage
(see above). The functional implications of the phenotypical diversity of microglia/
macrophage responses in CNS injury in vivo, however, await further clarification.

Functional Aspects of the Microglia/Macrophage Response: The Neurotoxic
Effects of the Cytokines IL-1B and TNF-a

Early microglial activation is involved in lesion development after cerebral
ischemia. In support of this notion, nonspecific attenuation of microglial responses
by minocycline was neuroprotective in both focal and global cerebral ischemia %%
As stated in the introduction microglia are an important source of neurotoxic
molecules which include proinflammatory cytokines.”®’® Within one hour after focal
ischemia increased IL-1mRNA levels can be measured in the ischemic cortex with
peak expression during the first 24hr (Fig. 3).”””? Concomitantly, IL-1 receptors are
upregulated.®® In ischemic brain lesions IL-1p protein is mainly expressed by
microglia/macrophages and endothelial cells,”>3""*? while the contribution of neurons,
astrocytes and oligodendrocytes is still controversial.”” The most compelling evidence
that IL-1fis involved in ischemic brain damage derives from pharmacological studies
and from stroke induction in genetically manipulated laboratory animals.®’
Intracerebroventricular injection of IL-1f exacerbates brain damage after focal
ischemia.®*®> The effects of IL-1p can be antagonized by its natural counterplayer,
IL 1-receptor antagonist (IL-1ra). In ischemic lesions IL-1ra-mRNA levels are greatly
increased at 12 hr after permanent MCAO and remain elevated for several days.%
Currently, it appears that in vivo the agonistic IL-1{ effects predominate over the
antagonistic IL-1ra effects. Exogenous administration of IL-1ra either
intracerebroventricularly or systemically, reduced focal ischemic brain damage.®*:
86-88 Interleukin-1 converting enzyme cleaves prolL-1 to generate biologically active
IL-18. In further support of a potentially noxious role of IL1{ in ischemia, inhibition
of ICE decreased infarct volumes.®°! Inhibition of ICE was accompanied by a
decrease of IL-1f and TNF-a protein levels in ischemic lesions.”! Although
suggesting a pathological role for IL-1f, these neuroprotective effects might not
solely be due to reduction of IL-1f production, since ICE additionally plays a critical
role in activating apoptotic pathways and the activation of another proinflammatory
cytokine, IL-18.

Similar to IL-1f, TNF-ais rapidly induced within the first three hours after
MCAO and persists during the next few days (Fig. 3).7%717%9293 At the initial stage
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Figure 3. Expression of cytokine transcripts after focal ischemia induced by photothrombosis of the rat cortex
(reverse transcriptase polymerase chain reaction). Black columns represent values after sham-treatment with
i.v. NaCl, hatched columns expression levels after systemic application of the NMDA antagonist MK-801.
Expression levels were normalized against the house keeping gene GAPDH. As shown in the schematic
drawing (a) (A) denotes the ischemic lesion, (B, D) ipsilateral cortex areas remote from the lesion and (C)
the homotypic cortex area of the contralateral hemisphere. Note rapid induction of TNF-a- (A in b) and IL-
13-mRNA (A in ¢) within the ischemic lesion, but also remote (B,D in b/c), while INOS-mRNA expression
(A ind)is restricted to the lesion. Remote cytokine induction is significantly suppressed after treatment MK-
801 (hatched columns), while cytokine levels in the ischemic lesions are only marginally depressed.
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of infarct development neurons appear to be the major source of TNF-a
immunoreactivity.” In addition TNF-athas been localized in astrocytes, microglia,
macrophages and granulocytes in ischemic brain lesions.’”®’* Concomitant with the
expression of TNF-q, the TNF receptors p55 and p75 were upregulated within 6
and 24 hrs.”> TNF receptor p55 has been implicated in transducing the cytotoxic
signaling of TNF-ca. The presence of TNF-aprotein and TNF p55 receptors therefore
suggested an injurious role. Intracerebroventricular injection of TNF-a.24 hr prior
to MCAO significantly exacerbated the size of infarction probably by activating
capillary endothelium to a proadhesive state.”®’! TNF-a.can induce apoptosis in a
variety of targeT cells and thereby could contribute to delayed neuronal death.”
Systemic treatment of rats within 1 to 2 hrs after onset of focal ischemia with the
selective TNF synthesis inhibitor CNI-1493 led to a 70% redcution of the ensuing
infarcts.”> Similar neuroprotective effects due to TNF inhibiton were obtained with
dexanabinol (HU-211), a nonpsychotropic cannabinoid analogue.”® Neutralization
of TNF by antibodies or application of a dimeric form of the type-1 TNF receptor
had a similar mitigating effect on infarct development.®”-*® TNF-q, however, also
protects neurons. As discussed below in detail the context of mediators at a given
time after brain ischemia appears to determine whether the net effects of cytokines
are neurotoxic or neuropro'tective.74’83

Selective Neuronal Death

A different inflammatory response is seen in lesions in which frank necrosis is
lacking and neurons mainly degenerate due to apoptosis. Such conditions can be
induced by short global or focal ischemia.”” Global cerebral ischemia refers to
transient interruption of the blood flow to the brain by four vessel occlusion or
bilateral occlusion of the carotid arteries. After brief periods of global cerebral
ischemia selective loss of pyramidal cells occurs with a delay to 2-4 days in the CA1
region of the hippocampus with involvement of additional areas (CA3) after
prolonged hypoxemia.'% Transient forebrain ischemia leads to an early, but transient
microglial reaction with upregulation of CR-3, MHC class I molecules, increased
Clq biosynthesis, the recognition subcomponent of the classical complement
activation pathway, and retraction of cellular processes in all hippocampal subfields
including areas devoid of subsequent neuronal degeneration. !°!"1° Increased staining
of microglial cells was detected in the dentate hilus and CA1 area as early as 20
minutes after reperfusion and more intensely at 24 hrs. The strongest microglial
reaction was observed 4-6 days after reperfusion. From days 4 to 7 the morphology
and staining characteristics of microglial cells returned to normal in areas without
neuronal death. In the CA1 region apoptotic bodies were observed between days 3
and 4 after ischemia, a period during which neuronal death is maximal.3*!0
Accordingly, the number of pyramidal neurons was significantly reduced at one
week after ischemia.!%” Neuronal death was associated with the appearance of large
numbers of transformed microglial cells which now showed an ameboid
morphology.'* Ameboid microglia expressed increased levels of NO synthase and
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of ICE.'%1% In the dentate hilus, another hippocampal area undergoing neuronal
cell loss, microglia clustered around degenerating neurons.'>!%* At day 21, CAl
was the only hippocampal region where these microglial activation markers were
still upregulated. In contrast to focal cerebral ischemia, global ischemia does not
appear to elicit a substantial recruitment of hematogenous inflammatory cells. T
cells were scarce,'’? and macrophage and granulocyte infiltration was modest,
although the endothelial adhesion molecule ICAM-1 was upregulated early in CA1.38
Treatment with anti-ICAM-1 antibodies accordingly did not significantly affect
appearance of macrophage-like cells at day 4.%%

Areas of selective neuronal death which are characterized by loss of pyramidal
neurons but preservation of endothelial cells and glia are also found after transient
focal ischemia.®’"!' These regions show a similar restricted microglial response as
CALl in global ischemia.®' Microglia are less ramified, upregulate CR3 and CD4
molecules and exhibit weak ED1 immunoreactivity as an indication of partial
phagocytic transformation. Selective neuronal death in these regions can be attenuated
by treatment with caspase inhibitors !'!. In contrast to pannecrotic ischemic lesions,
CDS8+ cells are virtually absent from areas of selective neuronal death (Fig. 2H).%!

BENEFICIAL EFFECTS OF NEUROINFLAMMATION

Cytokines, Spreading Depression and Neuroprotection

Brief episodes of cerebral ischemia convey neuroprotection by making neurons
less susceptible to a second ischemic event! % (see also Chapter by Dirnagl and Endres
in this book). There is evidence that neuroinflammation is involved in this process.
Microglial and astrocytic responses are not restricted to the ischemic focus (Fig. 4).
After focal ischemia microglia transiently upregulate CR3 and astrocytes express
higher levels of GFAP in the entire ipsilateral cortex remote from the evolving
lesion!!3"!% in regions that lack histologically detectable tissue damage, leukocyte
infiltration, and delayed apoptotic cell death.2%%!1# Glial activation peaked between
days 3 and 7. Remote astroglial activation could be completely blocked by treatment
with the non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist MK-
801 while microglia only partly responded.!'*!"* Morphological signs of glial
activation were preceded by a rapid increase of IL-1 and TNF-a mRNA levels
with peak levels within the first 24 hours (Fig. 3).”” IL-1p protein was expressed by
cortical microglia within 4 hours in the entire ipsilateral cortex and declined to
baseline levels at 16 hours (Fig. 4H).%? The cellular origin of TNF-ais not yet clear
although some evidence suggests expression by neurons. Importantly, TNF-c.and
IL-1p expression in remote brain regions was not accompanied by iNOS induction
in contrast to the coinduction in the ischemic focus (Fig. 3D). Since iNOS plays an
essential role in NMDA-mediated neuronal injury,'' this might explain why TNF-
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aand IL-1f expression in remote brain areas is probably neuroprotective rather
than neurotoxic.

What are the molecular mechanisms underlying this widespread cytokine
response? Remote cytokine induction after focal ischemia could be completely
abolished by MK-801 treatment suggesting involvement of glutaminergic signalling
through NMDA -receptors.” It has long been recognized that focal ischemic lesions
in rodents provoke cortical spreading depression (CSD).!!*!'7 CSD is characterized
by a transient suppression of all neuronal activity that repetitively extends from
sites of increased extracellular potassium concentrations to the entire ipsilateral, but
not contralateral hemisphere.!'® In the normal brain, CSD facilitates neuronal
tolerance against a subsequent lethal ischemic challenge.!'*!?° CSD can also be
blocked by pretreatment with MK-801.'2! Taken together these observations
suggested that CSD were responsible for the widespread ipsilateral TNF-aand IL-
1P expression after focal cerebral ischemia. To formally prove this intriguing
hypothesis we induced CSD by application of KCl to the cortical surface and found
a similar glial activation and transient TNF-oand IL-1f expression restricted to the
ipsilateral hemisphere as after focal ischemia (Fig. 4).%?

Functionally, remote cytokine induction and widespread glial activation after
focal ischemia and SD are probably part of a stress response leading to the
development of ischemic tolerance and perilesional plasticity. TNF-oand IL-1f are
involved in preconditioning leading to ischemic tolerance.'?>'?° Intravenous
pretreatment of rats with lipopolysaccharide, a potent TNF-a inducer, led to
development of ischemic tolerance, an effect that could be prevented by
coadministration of a TNF-c-binding protein.'?” Furthermore, intracisternal
pretreatment of mice with TNF-a protected animals from ischemic injury after
permanent MCAO.”® In further support of a neuroprotective role of TNF-ain cerebral
ischemia, mice lacking TNF receptors developed larger infarcts after focal
ischemia.'?®!2% In a model of brain percussion injury mice lacking TNF-adeveloped
smaller memory deficits in the acute posttraumatic period at 48 hr postinjury, but
showed persistent motor deficits after 4 weeks, when wild type animals had
completely recovered suggesting a neuroprotective net effect on the long term.!
The molecular mechanisms of TNF-cemediated neuroprotection are not yet fully
elucidated. Induction of a Ca*"-scavenger proteins and mangane-superoxide
dismutase are probably involved.'?? In vitro, hypoxic preconditioning protects
neurons against hypoxic stress.!?*12% The neuroprotective effect was dependent on
TNF-ainduction. Ischemic tolerance that developed with a delay of 24-72 hrs was
accompanied by TNF-ctmediated ceramide expression. Ceramide under certain
conditons is a cytoprotectant.'*! Intraventricular administration of ceramide reduced
brain damage after hypoxia-ischemia in one week old rats.!*? The therapeutic effects
were associated with an upregulation of antiapoptotic bcl-2 molecules, and reduced
numbers of apoptotic cells in the lesions. Taking into account the neurotoxicity of
TNF-aas outlined above, present evidence suggests that TNF-ais deleterious in
the acute phase of cerebral ischemia, but these negative effects are counterbalanced
by an essential role of TNF-a in neuroprotection, recovery and repair. Similar to
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Figure 4. Glial activation and cytokine induction induced by cortical spreading depression (CSD). The
findings depicted here are identical to the structural and molecular changes also seen in the remote
ipsilateral cortex after focal ischemia. The left side of (A, D, G) represents an overview of the cerebral
cortex ipsilateral to the CSD, while on the right side the contralateral hemisphere is shown. (B, E, H) and
(C, F,I)exhibitmorphological details at higher magnification from the corresponding area above. At 3 days
after CSD astrocytes show marked upregulation of glial fibrillary acidic protein in the ipsilateral (B)
compared to the contralateral hemisphere (C). Similarly microglia show stronger ipsilateral CR-3 expression
(E) in comparison to the contralateral side (F). On the molecular level CSD induce strong microglial IL-
1P expression as early as 8 hr (H) which again represents a strict ipsilateral response (H, I). Bar in (G)
represents Imm for (A, D, G), bar in (I) represents 30um for (B, C, E, F, H, I).

TNF-o, IL-1f plays a dual role after cerebral ischemia. Despite its neurotoxic actions,
IL-1p mediated induction of tolerance to global ischemia in gerbil hippocampal
CA1 neurons.'?? Remote IL-1p induction after focal ischemia appears to be involved
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in postischemic brain plasticity. Schneider and colleagues'*® showed that IL-1p
critically contributes to the maintenance of long-term potentiation (LTP) without
affecting its induction. LTP is an important mechanism of brain plasticity and is
facilitated in the vicinity of ischemic brain lesions.'>*

Neuroprotective Effects of T-Cell Inflammation

In autoimmune disorders of the CNS such as experimental autoimmune
encephalomyelitis (EAE) a certain subset of T-cells, designated Th3-cells, can confer
immunological tolerance. Animals previously tolerized to myelin basic protein (MBP)
are resistant to induction of EAE by subsequent immunization with MBP or other
myelin antigens.!*® This effect is due to the generation of immunosuppressive T cell
subsets that express high levels of transforming growth factor-beta (TGF-f1).!3¢
Becker and colleagues'?” used a similar approach in focal cerebral ischemia. After
immunization with MBP, tolerized animals developed significantly reduced infarct
volumes when subjected to MCAO. Similar to EAE, T cells in the brain parenchyma
of orally tolerized stroke animals exhibited TGF-B-immunoreactivity whereas TGF-
B-positive T cells were absent in the control rats after MCAO. This study for the
first time shows that antigen-specific tolerance can decrease infarct size in the Lewis
rat MCAO model. The mechanisms of neuroprotection, however, have not yet been
elucidated. The therapeutic effect of oral tolerization could be due to its
immunosuppressive properties limiting inflammation. On the other hand, TGF-f1
directly promotes neuronal survival.'*® Focal cerebral ischemia leads to an increase
in TGF-p expression by microglia and infiltrating macrophages.'3*!4* Exogenous
administration of TGF-f further limited injury and improved outcome in several
models of cerebral ischemia.!#!"14> The findings of Becker and colleagues point to
immunomodulation as a new therapeutic strategy and, in particular, to a functional
role of T cells in stroke development. Therefore, it is essential to know what
population of lymphocytes are responsible for neuroprotection and whether this
effect can be cellularly transferred to naive animals as shown in autoimmune
inflammation.

Neuroprotective effects by T-cells have also been demonstrated in mechanical
lesions to the nervous system. After a partial crush injury of the optic nerve, rats
injected with activated anti-MBP T cells retained approximately three-fold more
retinal ganglion cells with functionally intact axons than did rats injected with
activated T cells specific for other antigens.!** Similarly, active immunization of
rats with MBP led to a robust survival-promoting effect on avulsed motoneurons
which was attributed to the infiltration of the spinal cord by T-cells and natural killer
lymphocytes expressing the neurotrophins brain-derived neurotrophic factor (BDNF)
and neurotrophin-3 (NT-3).!43 Neurotrophin-positive T cells and macrophages have
also been described in active EAE and MS lesions.'%® Taken together these findings
suggest an important role of T cell and macrophage inflammation in the rescue of
neurons during non-immune and autoimmune lesion paradigms of the nervous
system.
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Inflammation and Nerve Regeneration: Differences Between the
Peripheral and Central Nervous System

Neuroinflammation is important for nerve regeneration. Transection/crush of a
nerve or fiber tract leads to breakdown of the axoplasm within days, loss of axonal
connectivity and to complete degeneration of the distal nerve stump. The injury-
induced complex responses in the distal nerve or tract segment are referred to as
Wallerian degeneration (WD).'#” In the peripheral nervous system axons promptly
regenerate from the proximal stump into the degenerating distal nerve segment with
a velocity of 1-2 mm per day and finally reach their target leading to functional
recovery. In contrast, after CNS injury no such regrowth occurs. In the CNS
regeneration appears to be suppressed by an adverse molecular and cellular
environment. However, changing this environment facilitates a similar regenerative
response within the CNS as revealed by the seminal experiments initially performed
by Telo, a student of Ramon y Cajal,'*® and repeated with more success due to the
availability of modern suture techniques by Aguayo and coworkers.'*’ Both groups
could show that transplantation of peripheral nerve tissue into transected optic nerves
which belong to the CNS induced a similar regenerative response as in peripheral
nerves. Conversely, peripheral nerves did not grow into CNS transplants. These
findings indicated that the distal stump of a transected peripheral nerve provides a
molecular milieu which facilitates regeneration in general in the nervous system.
On the other hand, degenerating CNS fiber tracts contain growth-inhibitory factors
that have been identified as the myelin and oligodendrocyte component Nogo and
the myelin-associated glycoprotein (MAG)."*%!5! Nogo which has been cloned
recently'3>!33 is expressed exclusively on CNS myelin sheaths and oligodendrocytes,
while MAG is also present in myelin sheaths of peripheral nerves.

Neuroinflammation is an essential component of the growth promoting molecular
microenvironment of injured peripheral nerves. Distal stumps of axotomised/crushed
peripheral nerves are rapidly infiltrated by hematogenous T cells and macrophages.'**
156 Infiltration of nerves is accompanied by upregulation of proinflammatory
cytokines'>"!*® and leads to rapid removal of myelin debris containing growth-
inhibitory MAG. In contrast, after injury to the optic nerve or to white matter tracts
in the brain or spinal cord, hematogenous macrophages are largely excluded from
the slowly degenerating distal stump probably because the blood-brain barrier remains
intact.!3%15%160 Thereby myelin debris persists for months.!>® The functional
importance of myelin/oligodendrocyte-associated growth-inhibition has been
highlighted by neutralization experiments. "1 Application of anti-Nogo-antibodies
allowed regeneration of lesioned fiber tracts to some extent along the original
pathways, although most of the functional recovery is probably due to massive
collateral sprouting from the corresponding contralateral uninjured fiber tracts. Most
fibers of the orginal fiber tracts, however, were not able to pass the site of the lesion
where a growth-impeding scar is rapidly formed in the CNS!'*:163 (see below). In
the CNS microglia could substitute hematogenous macrophages by phagocytic
transformation and thereby compensate for the failure of macrophage entry into
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degenerating CNS fiber tracts. However, despite early signs of activation by
upregulation of MHC class Il and CD4 molecules, and the proinflammatory cytokine
IL-18 after fiber tract injury, the microglial response does not mount into an efficient
phagocytic transformation!>*!3:15%164 which is regularly seen in the surround of
focal cerebral infarcts.’”!!* It is tempting to speculate that further microglial
transformation during Wallerian degeneration is inhibited by local, so far unknown
factors. Accordingly, the phagocytic activity of both, macrophages and isolated brain-
derived microglia was inhibited by exposure to optic nerve segments, but enhanced
upon their exposure to sciatic nerve segments.'®> Moroever, peripheral-stimulated
macrophages or in vitro activated microglia stimulated a regenerative response upon
injection into transected optic nerve and spinal cord in support of a critical a role of
neuroinflammation in nerve regeneration.'¢>-1¢7

Interestingly, a similar robust macrophage and T cell infiltration as seen along
the entire degenerating nerve segments in the PNS occurs also in the CNS at the site
of nerve or fiber tract injury probably because the blood-brain barrier is disrupted at
this location.!>® Usually inflammation into lesioned tissue such as skin or heart is
accompanied by scar formation during wound healing.!®® Similarly, at the site of
injury and inflammation a scar is rapidly formed after optic nerve or fiber tract
lesions which is nonpermissive for newly outgrowing nerve fibers.'**!% The reason
why this scar formation does not occur in PNS injury despite robust inflammation is
unclear at present. These discrepancies between PNS and CNS injury make the
important point that it is not the lack of inflammation alone that precludes nerve
regeneration in the CNS, but the “right” or “wrong” molecular programming of the
inflammatory response at the lesion site appears to be as important. The molecular
mechanisms involved in scar formation are further described in detail in the Chapter
by Logan and Berry. In conclusion, the insufficient activation or, alternatively, the
active suppression of microglia, the lack of macrophage entry, and their
“inappropriate” programming at the lesion site may account for regeneration failure
in the CNS while, in contrast, neuroinflammation after PNS injury appears to be
well designed. The variety of neuroinflammatory responses to injury of the nervous
system provides a rich and currently unexplored set of research problems.
Differentiation between beneficial and detrimental effects of inflammation is crucial
for the development of treatment strategies selectively targeting harmful effects during
disorders of the nervous system.
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CELLULAR AND MOLECULAR DETERMINANTS
OF GLIAL SCAR FORMATION

Ann Logan' and Martin Berry?

INTRODUCTION

Many axotomised neurons die and none of their severed axons regenerate after
penetrant CNS injury in the adult. Debris and necrotic tissue is phagacytosed by
hematogenous macrophages and microglia. The scar is formed by astrocytes
interacting with fibrous tissue invading the wound from the meninges to re-establish
the glia limitans around the margins of a central connective tissue core. Reactive
astrocytes and synantocytes and invading meningeal fibroblasts all express axon
growth inhibitory ligands within and about the lesion. Severed axons do however
regenerate through the wound if stimulated by neurotrophic factors and prevent the
deposition of scar tissue. The positive correlation between regeneration and scar
failure suggests that neurotrophic factors act to (1) down-regulate receptors for growth
inhibitory ligands allowing growth cones to proceed into the wound, and (2) stimulate
secretion and release from growth cones of proteases, which actively disperse and
inhibit fibrosis. All injury reactive cells in the wound, and the immigrating
hematogenous elements, secrete a multitude of cytokines which trophically regulate
the sequential development of the scar through acute, subacute and consolidation
phases. TGF-f is probably the initiator of the cascade, and CTGF is its down stream
mediator. Administration of recombinant anti-inflammatory compounds, CTGF
antagonists, and competitive TGF-f3 receptor blockers, and also TGF-f neutralising
antibodies, effectively reduces mesodermal scarring but has little effect on either
the glial responses to injury, or axon regeneration. The use of the DNA of some of

"Molecular Neuroscience, Department of Medicine, Wolfson Research Laboratories, Queen Elizabeth
Hospital, Edgbaston, Birmingham, B15 2TH, UK and 2GKT School of Biomedical Research, Centre for
Neuroscience, Guy's Campus-London Bridge, London SE1 1UL, UK.
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these anti-scarring agents in gene therapies is also starting to be fruitful, and has
advantages over recombinant protein administration.

No scar tissue is formed in the wounds of the fetal/neonatal CNS. Scarring is
acquired in the neonatal period, in rats, for example, by about 12 days post natum
(dpn). The factors accounting for scar failure and acquisition are unknown. Two
possibilities seem plausible: (1) lower levels of endogenous fibrogenic cytokines in
fetal/neonatal wounds; (2) presence of axons growing de novo through the wounds
which inhibit scar formation -when axon growth ceases in the developing CNS,
towards the end of the 2nd week, scarring is acquired.

Scar tissue (or a cicatrix) develops after penetrant, infarct and hemorrhagic
lesions of the central nervous system (CNS). Scar acquisition in the injured CNS
occurs neonatally, for example, in the rat, over a period of 8-12 (dpn). Before this
time, no scar is formed in the injured developing rat brain.' A mature cicatrix is
formed by 12-14 days by reconstitution of the glia limitans externa. After vascular
accidents, a circumscribed island of fibrous tissue is deposited in the lesion, which
becomes surrounded by a basal lamina. The cells that actively contribute to
cicatrisation are derived from the blood, vasculature, CNS parenchyma, and the
meninges. Platelets, leucocytes and macrophages are active acutely, whilst fibroblasts
and astrocytes play a role sub-acutely.* Hematogenous cells initiate a cytokine/growth
factor cascade > that mobilises endogenous fibroblasts and astrocytes to align along
the lesion edge and to lay down a basal lamina at their interface. The clinical
significance of scarring relates to: (1) the positive direct correlation between the
failure of axon regeneration and cicatrisation, (2) the epileptogenic properties of the
scar, and (3) subarachnoid fibrosis, precipitated after bleeding into the subarachnoid
space, that leads to the development of post subarachnoid hemorrhage (SAH) chronic
communicating hydrocephalus.® The recent discovery of axon growth inhibitory
ligands both in the extracellular matrix and on the plasmalemma of fibroblasts in
the scar,”® has added poignancy to the former research. Anti-scarring therapeutic
strategies for blocking the cytokine/growth factor cascade, by the administration of
either neutralizing antibodies or competitive receptor blockers, are effective in
reducing the density of the scar, whilst matrix enzymatic treatments reduce the axon
growth inhibitory potency of the scar matrix. Anti-fibrotic treatment after SAH also
has the potential to reduce post-SAH communicating hydrocephalus. Interestingly,
recent work suggests that regenerating CNS fibers down-regulate receptors for axon
growth inhibitory ligands and secrete metalloproteinases and plasminogen activators
from growth cones, thereby controlling their immediate microenvironment.
Accordingly, regenerating CNS axons traversing a wound inhibit scarring. Moreover,
once a scar has become established, regenerating CNS axons can penetrate and
partially disperse the mature scar.”'? These findings suggest that stimulation of robust
axonal regeneration through a CNS lesion may either circumvent or enhance anti-
fibrotic therapies.
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Figure 1. The cellular changes that occur after a penetrating injury to the cerebral hemisphere. Hematogenous
macrophages delivered during the acute hemorrhagic phase (1-3 dpl), clear away the necrotic tissue and
clot, whilst a reactive gliosis is initiated in the surrounding neuropil. In the sub-acute phase (4-8 dpl),
scarring is initiated at the pial surface and progresses inwards: the clot is removed, the wound cavity
infiltrated from above by meningeal fibroblasts, that start to produce fibrous ECM components including
collagens, laminin and fibronectins in the core of the wound, and astrocyte processes accumulate at the
superficial wound margins to begin formation of a glia limitans. Finally, during the consolidation phase
(9-14 dpl), the scar contracts and matures. A declining reactive gliosis is seen at subsequent time points.
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DEVELOPMENT OF THE SCAR

There are multiple CNS scarring paradigms currently in experimental use, all
of which exhibit variants of a common pattern of cicatrisation exemplified by the
reaction to a cerebral stab wound. Unless otherwise stated, the rat cerebral stab
model has been adopted as the prototype of penetrant injury for documenting scarring
in the CNS throughout this review (Fig. 1). Such lesions penetrate the glia limitans
externa, brain parenchyma, and often the ependyma lining the intracerebral ventricles,
and the choroid plexus within, severing blood vessels and neuronal and glial processes
in the cortical and diencephalic neuropil.

Response to Injury of the Adult Brain

Scarring in the mature animal is characterised by three sequential overlapping
but nonetheless discrete periods called the (i) acute (or hemorrhagic); (ii) subacute;
and (iii) consolidation phases, occurring over the periods 0-3 days post lesion (dpl),
4-8 dpl, and 9-12 dpl, respectively. Commonly, the consolidation phase may be
prolonged for up to 20 dpl.*

Acute phase (Fig. 1a): Massive bleeding immediately ensues after penetrant
injury, pervading the lesion, subarachnoid space and ventricles, if the latter are
impaled. Platelets in the clot probably initiate the cytokine cascade, augmented by
leukocytes whose invasion is mediated by the expression of both endothelial
addressins from the vasculature surrounding the wound and chemokines released
from cells in the damaged parenchyma.'>!* Pericytes and hematogenous monocytes
and macrophages invade the infarcted rim of parenchyma that encloses the lesion
cavity.'> Neutrophils adhering to the peri-lesion vessels mediate a redistribution and
loss of tight junction proteins, precipitating blood-brain barrier (BBB) breakdown,
oedema and extended tissue damage.'®>? Neutrophils may also damage neurons by
secreting free radicals and proteases. Blockade of their recruitment into a wound
reduces lesion size,”* although BBB leakage occurs after brain damage in the absence
of neutrophils.?* Large numbers of macrophages accumulate in the clot, most of
which are transformed monocytes, but some are resident macrophages that have
migrated into the wound from the meninges and peri-vascular spaces.?> Macrophages
remove the clot and surrounding necrotic zone of parenchyma and also release
cytokines and growth factors which in turn induce the release of endogenous trophic
factors from glia and neurons in the viable peri-lesion neuropil >2%2® Macrophages/
reactive microglia also express the chondroitin sulphate proteoglycan (CSPQG),
recognised by the NG2 antibody.?’ There are regional differences in the acute
inflammatory response in the CNS, for example, significantly greater recruitment of
inflammatory cells occurs in the cord compared with the cerebrum.*

Microglia in the neuropil about the lesion become reactive over the first 24
hrs.3137 There is hyperplasia, particularly about the wound; the new microglia
probably derive from the resident population rather than from invading monocytes.*>"
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0 The reactive phenotype is seen within 30 minutes after injury, withdraws its
processes, becomes amoeboid, up-regulates CD4, ED1, complement type 3 receptor
(CR3—recognized by the OX-42 antibody), and nucleoside diphosphatase (NDPase),
cytokines (e.g., TGFfs, IL-1, and IL-6), and NG2.2% 4146 There is also expression
of the major histocompatibility antigens (MHC) I and 11*7 and leukocyte common
antigen (LCA).**! Expression of some ‘macrophage related proteins’ (MRP), e.g.,
MRPS8 and MRP14, is delayed beyond 72 hours.>> Microglia appear to detect changes
in the micro-environment of the damaged neuropil®® and become phagocytic
removing neuronal debris*® and stripping presynaptic boutons from axotomised
neuronal somata.’*%” In addition to this scavenger activity, microglia also have
immune surveillance’' and neuroprotective/regenerative functions after injury
through the release of neurotrophins®®*° and lipocortin-1, a putative neuroprotective
agent.%%%! Activated microglia persist in large numbers within the lesion and
degenerating tracts through the sub-acute and consolidation phases and continue to
scavenge axon debris.®!%? Thereafter, numbers decrease, buT cells never disappear
completely,® indelibly marking all sites of past CNS trauma. Since activated
microglia and brain macrophages express increased numbers of peripheral
benzodiazepine binding sites,** a radiolabelled ligand for the latter allows both recent
and long standing brain lesions to be detected by PET-scanning.®

By the end of the acute phase, most of the clot and necrotic tissue has been
removed from the lesion and replaced by masses of macrophages. The lesion cavity
is reduced in size and the surrounding viable neuropil contains astrocytes which
show the first signs of reactivity with an up-regulation of glial fibrillary protein
(GPAP), S100 protein, vimentin, and the intermediate filament protein plectin,®®%
most of which appear to be essential for normal scarring.”” Both alpha and beta
transcripts of GFAP are expressed.”' Initiation of astrocyte reactivity is poorly
understood’? but could be mediated by: (1) blood borne factors,” including growth
factors and hormone,’*7® albumin,”” thrombin, % angiotensin 118" and cAMP; 3284
(2) inflammatory cytokines released from activated macrophages and microglia;*>
% and (3) activation of a neutral, Ca’>*-dependent protease, calpain-1, through Ca®*
influx.”® The release of synaptic mediators from damaged neurons might also
stimulate GFAP expression,®>?! and such activated astrocytes may play a role in
synaptic elimination and collateral re-innervation.>® Blood in the ventricles is removed
without fibrosis, but that in the subarachnoid space is replaced by fibrous tissue
which obliterates the subarachnoid space and blocks the flow and drainage of
cerebrospinal fluid through the arachnoid granulations into the dural venous sinuses.®

The necrosis developing at the lesion margin is generally attributed to ischemia,
but inflammatory hematogenous cells and microglia probably contribute to this
secondary brain damage.”>** A variety of apoptotic molecules are also expressed
about the lesion, in the first 3 dpl, in neurons, microglia, astrocytes and
oligodendroglia, including the tumour suppressor protein p35, Bel-2, caspase 3,
Bax and TUNEL.’>®® There is a more sustained expression of these molecules in
degenerating and demyelinating white matter tracts.”®***"192 Blocking axolemmal
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Na' channels with tetrodotoxin reduces the loss of axons in tracts but does not affect
glial death.!®

Sub-acute phase (Fig. 1): The structure of the scar becomes defined during this
phase by the deposition of a sheet of basal lamina, undercoated with astrocytic end-
feet, and overlain with a connective tissue down-growth from the pia mater. All
three elements of the scar are contiguous with and similar, if not identical, to those
of the glia limitans of the pia mater.%® ¢’ Meningeal down-growth progressively
transforms the macrophage-filled core of the lesion into a connective tissue matrix
from the pial surface into the lesion depths.

GFAP reactivity in astrocytes reaches a peak in the sub-acute phase and masses
of intensely GFAP+ astrocyte processes become stacked at the lesion edge. A more
generalised GFAP
up-regulation spreads more slowly through the astrocytes in the entire lesioned
hemisphere and is complete by 20 dpl.**!* Some of the reactive astrocytes co-
express clusterin, % nestin, '’ VEGF and the VEGF flt-1 receptor,'’ plectin®’ and
the neurotensin receptor.!’® The processes of astrocytes are functionally coupled
through gap junctions!®!'% and propagate Ca’>" waves intercellularly,’”-!11-112
providing a mechanism for spread of GFAP reactivity, either by the release of ATP,'*-
17 or diffusion of a soluble messenger.!!>!18:11

A basal lamina, rich in collagen types IV and V,? and laminin,***® is laid down
at the interface between the palisades of astrocyte processes and the mesodermal
core of the lesion. Interactions between the meningeal fibroblasts and astrocyte
processes leads to basal lamina production, since fibroblast invasion and genesis of
the membrane occur pari passu, commencing sub-pially and progressing into the
depths. By the end of the subacute phase, the entire lesion edge is invested in a basal
lamina. Reactive astrocytes produce the extracellular matrix (ECM) molecules CSPG,
neurocan, versican, and phosphacan/DSD-1, keratin sulphated proteoglycans, and
tenascin-C,'2128 all of which have axon growth inhibitory properties.!?%!30
Astrocytes and neurons also produce the cell adhesion glycoprotein CD44 after injury,
which binds to the ECM."3! The protective roles of reactive astrocytes in the injured
CNS have been reviewed by Eddleston and Mucke,'*? and include repair of the
blood brain barrier and glia limitans externa, contributions to the scar, and the release
of cytokines, neurotrophins and transporter molecules/enzymes for the metabolism
of excitotoxic amino acids. Selective ablation of reactive astrocytes from the wound
causes a 25-fold increase in hemotogenous cell influx, failure of BBB repair, and a
substantial increase in the loss of neurons.'*?

A new injury reactive glial phenotype has been described and classified under
the general terminology of NG2+ glia,!**!33 since they share an antigenic phenotype
with oligodendrocyte progenitor cells.!*>1*" One type of NG2+ glia in the adult
CNS is a highly differentiated mature cell, morphologically distinct from the
oligodendrocyte precursor, which we have called a synantocyte (from the Greek
‘synant’, meaning contact).’! Synantocytes strongly express NG2 on their surface,
but possess no other conventional glial epitopes. Morphologically, they are distinct
differentiated stellate cells, with thin highly branched attenuated processes
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terminating, with astrocyte processes, on the axolemma of nodes of Ranvier!*!"142

and, like astrocyte processes,'* have pre-synaptic expansions,'** and can themselves
be post-synaptic.'*® Synantocytes express quisqualate sensitive receptors that promote
raised intracellular Ca**.'*® Thus, synantocyte function may be modulated by
glutamate released from both nodes of Ranvier, and synapses.’! Butt et al * and
Butt and Berry'#? also hypothesised that synantocytes might play a role during
development in the nodal aggregation of sodium channels at incipient nodes of
Ranvier. Synantocytes respond rapidly to CNS injury by an up-regulation of NG2
expression (an axon growth inhibitory ligand),'?*!*” and outgrowth and thickening
of processes.?” 143153 Synantocytes appear capable of dedifferentiating after injury
and of proliferating to augment the numbers of NG2+ oligodendrocyte precursor
cells about the lesion and within demyelinated tracts.'** They are, therefore,
potentially able to replace oligodendrocytes lost after CNS trauma,!36:133:155:156

Consolidation phase (Fig. 1): All the elements of the mature tripartite scar (a
basal lamina with an undercoat of astrocyte processes and a covering of connective
tissue) are in place at the end of the sub-acute phase of the injury response. During
the consolidation phase, the core of the lesion contracts and is comprised of a collagen/
fibronectin-rich extracellular matrix ECM as most but not all of the macrophages
and fibroblasts disappear.? The density of GFAP+ intermediate filaments is reduced
in the processes of perilesion astrocytes that become compacted below the basal
lamina and bind together by multiple tight junctions. ED 1+ reactive microglia persist
in the neuropil immediately surrounding the lesion. Continuing diffuse retrograde
and anterograde axon degeneration after tract severance is associated with sustained
astrocyte and microglia activation in the absence of leukocyte infiltration,*>!3” and
the expression of the S100A4 protein.!*® In cross section, the established scar is
seen as two opposed membranes, comprising a rim of GFAP+ astrocyte processes
abutting a laminin/collagen IV+ basal lamina, separated by a thin sheet of ECM
containing a few scattered fibroblasts and ED1+ positive macrophages. In three
dimensions, the mature scar is analogous to an invagination of the glia limitans
externa, the connective tissue coats of which are fused around the line of invagination
at the pial surface.

The fibrosis in the subarachnoid space after SAH continues through the sub-
acute and into the consolidation phases if the bleeding, associated with a penetrant
brain injury, is persistent and/or recurrent. The extent of the resulting arachnoid/pia
adhesions is correlated with the severity of the bleed.!’'%? In the worst cases,
adhesions extend widely within the subarachnoid space, basal cisterns, and arachnoid
villi. The chronic post-SAH hydrocephalus that ensues is usually of the
communicating type.'3167

Most deep penetrant wounds of the cerebral hemisphere impale the ventricles,
damaging the ependymal lining. The ependyma does not regenerate after injury,
probably because the epithelium is both non-mitotic and incapable of re-expressing
fetal cytoskeletal and secretary proteins.'®®!% Damage to the ependyma exposes
the underlying neuropil and subependymal cells, astrocyte processes herniate into
the ventricles,**1%%17%17! and ependymal rosettes form.!*® Ultimately, the aperture
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is sealed by a meshwork of subependymal astrocyte processes which never become
epithelialized. Ependymal rupture associated with subependymal heterotopia may
be an important post-traumatic aetiological epileptogenic factor.!”?

Para-lesion cystic cavities develop in the consolidation phase. They are more
numerous in lesions of the brain stem and cord lesions than in those of the cerebral
hemispheres.!” The cysts are most frequently located in the subcortical white matter,
lined by macrophages and a meshwork of CD81-positive astrocyte processes,'”*
and may communicate with, or be isolated from the ventricle. The cavities are not
epithelialised, but have a wall of reactive astrocyte processes. The aetiology of para-
lesion cysts is unknown but may be caused by focal infarcts,!”> hemorrhage,!”*!”’
lysosome activity,'’® leakage of CSF from expanded hydrocephalic ventricles,!”!8!
and/or microglial/macrophage activity, '35 particularly those expressing CD81.!74

Response to Injury of the Fetal/Neonatal Brain

Before 8 dpn in the rat, no scar tissue is formed after a penetrant injury.'= In the
acute phase, the lesion is marked by hemorrhage, influx of inflammatory cells'¢
and a transitory weak expression of GFAF by astrocytes in the peri-lesion
neuropil.'¥”138 Reactive astrocyte processes are short and exhibit no preferential
orientation toward the lesion, as in the mature scar. As the clot is removed, the
processes of neurons and glia in the walls of the lesion grow across the wound
lumen to obliterate the original injury site. The only evidence of the lesion remaining
at 20 dpl, for example, is a subpial and subventricular accumulation of astrocytes
and an increased density of blood vessels. A relatively acellular strip of neuropil
marks the line of the original lesion. Interestingly, although no scarring occurs, the
glia limitans externa is repaired, demonstrating that astrocytes in these young animals
are capable of forming a basal lamina when in contact with pial fibroblasts. This
observation lead Maxwell et al® to suggest that a failure of migration of meningeal
fibroblasts into the lesion may account for the absence of scarring. At the point
where the ventricular surface is interrupted by the lesion, subventricular astrocytes
plug the wound and attenuated ependymal cells only partially cover this surface.

From 8 dpn, mature scarring is gradually acquired as meningeal fibroblasts
progressively invade the wound from the pial surface. By 12 dpn, invading fibroblasts
reach the depths of the lesion, and thereafter a complete mature scar forms, associated
with the development of para-lesion cysts® and the failure of axons to traverse the scar.

AXON REGENERATION AND SCARRING

Both scarring and the abortive regenerative response of axons to injury are
correlated temporally and spatially, but a causal relationship in which, for example,
scarring is envisaged to actively impede regeneration, although suggested,'®*!°!
has not been substantiated. Thus, after the administration of anti-inflammatory agents,
like for example, pyromen, 819219 glycocorticoids,!*>!? and ACTH,'*”'® which
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all reduce scarring, the claim that enhanced regeneration ensues has not been borne
out,'”-2%! although more recently, Stichel et al**>?* have demonstrated impressive
CNS axon regeneration after inhibition of collagen IV in the wound. However, the
successful use of transforming growth factor § (TGF-f) antagonists to depress
cicatrisation in the CNS has not resulted in concomitant regrowth of severed axons
in the cerebrum.?**2% Axons stop growing in the walls of the developing scar and
rarely form neuromatous entanglements,?’’ analogous to those found in peripheral
nerve lesions. This observation ostensibly suggests that: (1) the scar does not act as
a simple physical barrier to the growth of axons, and (2) that regeneration appears to
be actively inhibited by the scar.

Several axon growth inhibitory ligands are recognised, e.g., ‘injured membrane
protein’—IMP;2% astrocyte/synantocyte derived CSPGs,?2!? including versican,
brevican, neurocan, phosphacan, and NG2'2%2112!: myelin/oligodendrocyte derived
inhibitors?!*2!7 including NOGO-A (NOGO-B and -C have yet to be
characterised);?'*??* and meningeal fibroblast derived semaphorin-3A.7221224 The
growth cone collapse they all promote is mediated through receptors for the respective
ligands e.g., NOGOR,?* and the neuropilin-1/plexin-A1R complex.??¢??® [n CNS
lesions, NG2 is up-regulated in reactive astrocytes/synantocytes,'?’ and the axon
growth inhibitory potency of this CSPG is neutralised by removing the GAG side
chains from the core protein.!*’ Fibroblasts migrating into a developing scar express
semaphorin-3A and arrest the growth of axons invading the wound, where neuropili-
1 is also expressed.’” Neutralising the growth arresting properties of both NOGO-A
and CNS myelin,??*?*° and CSPG by chondroitinase ABC treatment®*! allows axons
to regenerate in transected CNS white matter tracts. Cerebellar Purkinje cell axons
begin to sprout into long-term white matter glial scars because either the inhibitory
nature of the scar changes or permissive molecules become expressed.?*

Retinal ganglion cell (RGC) axons regenerate through the inhibitory environment
of the transected optic nerve of the adult rat, when RGC are stimulated both by
Schwann cell derived neurotrophins applied intravitreally,”'? and also after injury
to the lens 2** 234, without pre-neutralisation of putative axon growth inhibitory
molecules. One correlate of this successful regeneration is the absence of scar tissue,”
12235 thought to be attributable to the secretion of metalloproteinases (MMPs) and
plasminogen activators (PAs) from the growth cones of regenerating axons.'12233
Thus, regenerating optic nerve fibers grow through inhibitory: reactive astrocytes,>**"
243 NG2+ glia, and myelin debris and reactive oligodendrocytes.?!”-*!® In the chiasm,
where the option to run in undamaged neuropil is available, axons preferentially
regenerate in the degenerating decussating trajectories, ' where abundant putative
growth inhibitory molecules are most exposed.

Why are optic axons, under neurotrophin stimulation, able to regenerate
unerringly through the growth inhibitory environments of an optic nerve lesion,
distal optic nerve segment, and chiasm after optic nerve transection? One possibility
is that neurotrophins not only promote the survival of axotomised RGC and stimulate
the regrowth of their axons, but also: (1) down-regulate both NOGOR and the
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neuropilin-1/plexin-A1R complex, (2) secrete MMPs/PAs, and (3) regulate the
expression of tissue inhibitors of MMPs (TIMPs) in the optic nerve.

Paradoxically, axons also fail to regenerate in CNS regions in which NOGO A
is absent, e.g., (a) through grey matter; (b) either through the transected unmyelinated
optic nerve of the BW mutant,”**>4¢ or over cryosections of unmyelinated neonatal
optic nerve;?*? 2% and (c) through areas of the developing scar, where myelin and
oligodendrocytes are entirely absent.!!12125347 Conversely, CNS axons
spontaneously regenerate through the myelinated adult: (a) anterior medullary velum
(AMV);248250 (b) ventral funiculi of the cord, from the ventral horns to the ventral
roots;>>12%3 (¢) adult CNSS neuropil from implanted fetal CNS grafts;?>*3 (d) corpus
callosum, ﬁmbria,25 7 and dorsal columns of the spinal cord'® from adult DRG micro-
implants; and (e) transected postcommissural fornix through reactive astrocytes/
microglia and chondroitin and keratin sulphate proteoglycans in the perilesion
area.”%2% These observations indicate that a regenerative outcome may not be
correlated with either the presence or absence of growth inhibitory ligands, but with
the availability of an exogenous neurotrophin stimulus. Axons will grow over growth
inhibitory substrates if neurons are pre-treated with neurotrophins, providing evidence
that priming with neurotrophins promotes the down-regulation of receptors for axon
growth inhibitory ligands.>*®

The failure of a scar to form in the fetal/neonatal mammalian CNS is correlated
with axon growth de novo through these early lesions (see above, and refs. 1, 3).
Similarly, regenerating axons crossing the interface between fetal brain grafts and
adult host mid-brain,?>%2% traversing the site of anastomosis between a peripheral
nerve graft and the adult optic nerve,?!**? and regenerating through optic nerve
lesions” 2 all inhibit scar formation. Growing axons express and secrete MMPs
during development,?*3-2% and a recapitulation of this activity during regeneration
in the adult may explain why a scar is not formed in the presence of growing axons.

Thus, contrary to an old idea that scar tissue may inhibit regeneration,?*® evidence
documented above suggests that regrowing axons regulate scarring in the lesion
through which they pass. Thus, a scar is formed by default only if axon growth fails.
Moreover, Berry et al'> have shown that when the application of a trophic stimulus
to RGC, which promotes optic nerve regeneration, is delayed until after the scar is
formed, the subsequent surge of regrowing axons through the lesion disperses the
established scar tissue. It is perhaps self evident that successful functional regeneration
in the CNS is impossible unless neurotrophic stimulation not only supports growth
cone advance, but also suppresses all impending interactions with putative growth
inhibitory substrates within both the neuropil and the scar.

CYTOKINES AND SCARRING

After a penetrant CNS injury, there is release into the damaged neuropil of
multiple hematogenous and endogenous cytokines, which interact to control the
cellular changes described above. The up-regulation and orchestration of this complex
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Table 1. Chemokines acutely released into CNS wounds

Chemokine Reference

Growth-regulated oncogene (Gro)-o McTigue et al**!

Monocyte chemoattract proteins Andjelkovic et al?*%; Flugel et al’*?; McTigue et al*®;
(MCP-1 and MCP-5) Muessel et al*®®; Galasso et al>*

Macrophage inflammatory proteins Bona et al*’!; Ghirnikar et al**>3%; Le et al?”

(MIP)-1 o and 3

Regulated on Activation, Normal Bona et al?’!; Ghirnikar et al*%®
T cell Expressed and Secreted (RANTES)

Platelet activating factor (PAF) McClennan et al?”
Macrophage migration inhibitory Yoshimoto et al**; Lindsberg et al’"’
factor (MIF)

cascade of trophic factors (see Fig. 2) must be exact to initiate the temporal sequence
of tissue-specific effects observed (see Fig. 1).

Cytokines and the Response to Injury in the Mature Brain

Cytokines in the Acute Phase

The acute phase response is dominated by the actions of pro-inflammatory
cytokines and chemokines (a contraction of chemoattractant and cytokine) delivered
into the wound from the blood and also rapidly produced in the damaged tissues.
Chemokines are small, inducible, secreted members of the cytokine family primarily
responsible for the chemoattraction of cells involved in the inflammatory process.
They are classified into two main subfamilies: the CXC, or (a) chemokines that
primarily recruit neutrophils, and the CC, or (b) chemokines which recruit
mononuclear inflammatory cells.?%® Multiple members of both families are active
in wounds after CNS injury.

Hemorrhage heralds the first trophic event of the injury response, with the
delivery into the wound of platelet-derived growth factor (PDGF)**’ and TGF-f by
platelet lysis.>?%?7 In addition, insulin-like growth factors (IGFs) that circulate in
the blood and cerebrospinal fluid (CSF) also appear rapidly in the hemorrhagic wound
fluid.?%%2% In vivo, thrombin enters the wound from the blood and activates microglia
in the surrounding neuropil.>”° These circulating factors are supplemented almost
immediately by cytokines, particularly interleukin (IL)-1o.and 8, IL-2, IL-6, IL-8
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Table 2. Microglia-derived cytokines active acutely after CNS lesion

Cytokine

Reference

Epidermal growth factor (EGF)
Insulin-like growth factors (IGFs)

Interleukins (IL-1p, IL-2 and IL-6)

3.1317;

al’’®; Hashizume

Interferons

Tumor necrosis factors (TNF-a

Nieto-Sampedro et al*!

Walter et al?0826%

Rothwell & Relton®'!; Lotan & Shwartz®'? ; Schiefer

et al’'?; Gabellec et al’'*; Ali et al’'?; Hayashi et al?’*;
Knoblach & Faden®'%; Streit et al*?; Streit et

Bartholdi & Schwab’!®; Fassbender et
et al*®; Acarin et al*?!

Rothwell et al*??

Gehrmann et al’?; Bartholdi & Schwab®'®; Streit et al*?;

and TNF-p) Kamei et al***

Fibroblast growth factors (FGF-1
and FGF-2)

Logan et al?’; Clarke et al®?*; Le et al?’%; Smith et al*%°

Transforming growth factor-f3s Logan et al; 220327,  ogan & Berry®

(TGF-B1 and TGF-32)
Erlich et al®?

Neuregulin

Fas ligand (FasL) Beer et al’?

and tumour necrosis factors,”’'2° released/transported from cerebral endothelial
p

cells (CEC), from neutrophils entering the wound in the blood, and from mono-
cyte-lineage cells already resident in the CNS parenchyma (reviewed by Fuerstein
et al?’” and Brown & Khoshkbijar?’®). The results of impact injury on brain slices
indicate that intrinsic rather than extrinsic factors are important, since microglial
activation occurs in the absence of circulating factors.*’

The adhesion molecules, cytokines and chemokines released/presented at the
site of the BBB play an important role in mobilising peripheral inflammatory cells
into the brain. Immediate post-hemorrhagic events are thus followed by a pro-
inflammatory cascade over the next 48 hours, when the wound is rapidly invaded by
polymorphs, monocytes and macrophages. Microglia in turn release a second wave
of multiple cytokines and chemokines. Invasion is regulated by CEC actively engaged
in microvascular stasis and leukocyte infiltration by producing a plethora of pro-
inflammatory mediators.?”> When challenged by the hemorrhagic trophic stimuli
and hypoxia, CEC release and/or express products of the arachidonic acid cascade
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Table 3. Macrophage and leukocyte-derived cytokines active acutely after CNS
lesion

Cytokine Reference

Tumor necrosis factors (TNF-o Acarin et al**!; Leskovar et al**?; Le et al’’®; Nomoto
and TNF-p) et al’®?

Interleukins (IL-1p, IL-2 and IL-6) Rothwell & Luheshi®3*; Leskovar et al®**
Transforming growth factor-3s Logan et al?7-2053%7

(TGF-B1 and TGF-B2)

Fibroblast growth factors (FGF-1 Logan et al’’; Clarke et al***; Smith et al32¢
and FGF-2)

with both vasoactive and pro-inflammatory properties, including prostaglandins,
leukotrienes, and platelet-activating factor (PAF),27%2%? a reaction catalysed by cyclo-
oxygenase-1 (COX-1) from macrophages and microglia.?®3 These metabolites induce
platelet and neutrophil activation and adhesion, change local cerebral blood flow
and blood rheology, and increase BBB permeability. Vascular hyperpermeability,
leading to tissue oedema and trophin influx, is probably reinforced by the local
activity of MMP-3%% and the rapid local up-regulation of vascular endothelial growth/
permeability factor (VEGF), an event triggered by hypoxia.?33-2%

Ischemic CEC and glia up-regulate the expression and release of bioactive
inflammatory cytokines and chemokines (see Table 1). Within hours these act together
as potent neutrophil and monocyte chemoattractants, influencing the expression of
integrins and cell adhesion molecules such as intracellular adhesion molecule (ICAM-
1), neural (N)CAM, vascular (V)CAM and E- and P-selectins to amplify the immune
response.zgo'm0

Microglia are rapidly activated by released stimulatory factors, to up-
regulate the expression of cytokines (see Table 2), some of which may, in turn,
act on endothelial cells to increase their adhesion to circulating macrophages
and leukocytes, supplementing the early chemokine response.?%-2%%:308.309

Activated macrophages and leukocytes are the most persistent cell types in the
wound. They reinforce the trophic effects of microglia, releasing multiple cytokines
as detailed in Table 3. All of these may themselves be trophic or may stimulate the
production of trophic substances from targeT cells, thereby establishing an
endogenous supply of cytokines.>*30-33!

It seems that acutely released PAF, TGF-f, TNF-a, ILs and other chemokines, as
well as having beneficial effects on damaged neural tissue, are also directly detrimental,
initiating edema,*!! and damaging glia*>> and neurons,?*33433¢3% impending apoptosis
that in compromised glia and neurons is signalled by their early expression of Fas and
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Figure 2. The up- and down-regulation of the cytokine cascade initiated by a penetrating CNS lesion. In
the immediate acute phase (1-3 dpl), numerous hematogenously and locally derived cytokines are delivered
into the wound to initiate the cellular and trophic injury responses which are maximal in the sub-acute
period (4-8 dpl). In the consolidation phase (9-14 dpl), the hematogenously derived cytokines are denied
access to the wound as the blood-brain-barrier repairs, and therefore become excluded from the wound
fluid. Soluble cytokines that are matrix binding become sequestered within the deposited scar proteoglycans
thereby losing bioactivity. The expression of locally derived cytokines becomes down-regulated.

CK, chemokine; CSF, cerebrospinal fluid; CTGF, connective tissue growth factor; EGF, epidermal growth
factor; FGF, fibroblast growth factor; IGF/BP. Insulin-like growth factor/binding protein; IL, interleukin;
LK, leukotrine; NIF, neurite growth inhibitory factors PAF, platelet activating factor; PDGF, platelet-
derived growth factor; PG, prostaglandin; NTF, neurotrophic factors; TGF-f3 transforming growth factor-
B; TNF, tumour necrosis factor.
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Table 4. Cytokines active sub-acutely after CNS lesion

Cytokine

Reference

Tumor necrosis factors-o

Interleukins (IL-1p, IL-6)

Fibroblast growth factors (FGF-1,
FGF-2)

Transforming growth factor-3s
(TGF-B1 and TGF-B2)

Connective tissue growth factor (CTGF)

Activin

Neuregulin

Insulin growth factors (IGF-1 and IGF-2)

Platelet derived growth factor (PDGF)

Leukemia inhibitory factor (LIF)

Ciliary neurotrophic factor (CNTF)

Glial derived neurotrophic factor
(GDNF)

Neurotrohins (NGF, BDNF and NT3)

Nomoto et al***; Acarin et al*?!
Acarin et al’?!

Logan et al?; Gomez-Pinella et al**!; Gomide &
Chadi**?; Clarke et al’>’; Buytaert et al’**; Smith et al’**

Logan et al?’2%; Hughes et al>>*; Jiang et al>>3;
Martinez et al**%; Acarin et al*?!

Hertel et al’*°; Schwab et al*®?
Tretter et al’>%3; Hughes et al***
Tokita et al>®

Walter et al?*%2%%; Hughes et al*>*
Takayama et al>¢!

Sugiura et al*®?

Park et al*®

Widenfalk et al’**; Bresjanac & Antaver>®®

Hughes et al*>*; Michael et al**®; Dougherty et al*®’;
Dreyfus et al’®8; Hayashi et al’™*; Krenz & Weaver’®;

Moalem et al*’%; Otten et al’’!; Widenfalk et al’®*;
Liebl et al*”

Fas ligand (FasL).>?° The first wave of cytokines, and in particular IL- 1, also mediates
a systemic injury response, which is characterised by a rapid induction of changes in
endocrine, metabolic and immune functions.>!!334340

Cytokines in the Sub-Acute Phase
The cytokine-mediated cytotoxic events of acute phase oedema and secondary

tissue damage are reinforced in the sub-acute phase by the generation of nitric oxide
(NO) by inducible NO synthase (iNOS) expressed by endothelial cells, microglia
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and astrocytes in the damaged tissues in response to cytokine stimulation,!-341:342:343

NO contributes to the continuing breakdown of the BBB***3#* and is also thought
to elicit cell membrane damage, mitochondrial dysfunction,*** glial and axonal
degeneration. 26 34!

By 3-5 dpl, much of the hemorrhagic debris, including platelets, has been
removed and most of the extravasated erythrocytes have disappeared along with
their trophic contribution (Fig. 1). Chemokine activity has filled the core of the
wound and its margins with cytokine-producing macrophages, monocytes,
polymorphs and numerous activated microglia. They have also attracted matrix-
depositing, connective tissue growth factor (CTGF)-expressing fibroblasts into the
wound from the meninges.

Both microglia and macrophage-derived IL-18, IL-2, IL-6, FGFs and TGF-fs
are active through the acute and sub-acute phases and ensure that reactive astrocytes,
neurons and activated T cells become primary sources of multiple neurotrophic
growth factors and other cytokines®*-**’ and, between 3-7 dpl in the rat, this
expression reaches a peak to include those factors detailed in Table 4, together with
their receptors. In turn, activated astrocytes may release various microglia stimulatory
factors.>?%27-206 In this way, a positive trophic feedback is established which enables
secreted glial growth factors to regulate neuronal survival well beyond the period of
initial tissue insult. The ability of the released and bioactivated trophins to up-regulate
the local expression of more endogenous cytokines and receptors is well docu-
mented and ensures propagation and expansion of the trophic cascade in the
sub-acute wound environment.>*°

The many neurotrophic factors released during the acute and sub-acute phases,
including NGF, BDNF, NT3, CNTF, GDNF, IGF, LIF, FGF and TGFp, (see Table 4)
may affect their own availability to damaged neurons by altering expression of their
receptors. These include truncated extracellular domain forms of Trks that will, as
they accumulate during the sub-acute phase, block neurotrophin activity by binding
neurotrophins without activating the receptor signalling cascade. *’>*”* Transiently
increased supplies of neurotrophic factors and receptors are available sub-acutely
after injury to enhance neuron survival by stimulating anti-apoptotic factors like the
Bels.>”* Axon regeneration is also promoted but later aborted, perhaps as the
expression of these factors, and their receptors, becomes down-regulated.

During the sub-acute phase, neovascularisation occurs in the surrounding
parenchymal tissue, probably in response to the local autocrine expression of
endothelial cytokines and receptors such as VEGF®’> and angiopoietin,?’® and
reinforced by FGF-2,2° CTGF?"” and TGF-B,%” which are all potent angiogenic
factors.

The TGF-p isoforms released into the wound sub-acutely, acting with PDGF
and FGF-2, probably initiate the trophic and cellular cascade that leads to scar
formation, a response which is associated with abortive axonal growth, 326204206 Of
these, the TGF-fs, probably acting via up-regulation of CTGE,*’®! are primarily
responsible for initiating the organisation of astrocytes into a glia limitans and for
promoting ECM deposition by invading fibroblasts during the sub-acute phase.>>%-
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206 The expression of TGF-Bl1 and TGF-p2 is rapidly up-regulated in the choroid
plexus as well as in neurons and glia of damaged CNS tissue which supplements,
through the CSF and neuropil, the acute delivery of the cytokine from blood.*>**
206.301.382-384 Thys, between 1-7 dpl significant levels of TGF-B are sustained within
wounds to orchestrate glial/collagen scar formation. Over this period, CTGF
expression in damaged tissue is induced in glia, CEC, neurons, and invading
meningeal fibroblasts in damaged tissue.?***>"3"° These fibrogenic molecules initiate
the synthesis of collagens, fibronectins, proteoglycans, and elastin in the wound,
and also modulate the activity of the MMPs and TIMPs, which remodel the injured
tissues.>27294206 Hence, the raised levels of these cytokines induce the formation of
a dense fibrous scar within the wound between 5-8 dpl.

Ofrelevance to the development of the trophic cascade is the sub-acute release,
into the wound fluid, of extracellular matrix-degrading proteases, including the
gelatinases MMP-2 and MMP-9 from macrophages, microglia and axonal growth
cones, 338" membrane type (MT-) MMP1,*¥ ADAM proteases,*®’ and PAs, 3439031
synthesised in response to the released cytokines and neurotrophic factors. The
proteases accelerate the tissue remodelling required during the axonal sprouting and
cell migration phase and effect the rapid release and activation of depots of latent
trophic factors that are normally sequestered within the tissue and in the tissue fluid.
For example, significant amounts of inactive IGFs, bound to IGF binding proteins
(IGFBPs), are associated with the myelin sheaths of most nerve tracts throughout
the brain and spinal cord. The release of IGFs sub-acutely by protease activity, raises
IGF levels in the CSF and interstitial fluid.?*>*% Similarly, released MMPs activate
stores of TGF-B locally.*** The solubilised and circulating IGFs in the wound fluid
are supplemented by TGF-fs and FGFs that are synthesised by the choroid plexus
and released into the CSF.2627268:269 A] these factors access the damaged neural
tissues via circulating tissue fluids and have gliotrophic and neurotrophic effects.
Production of TIMPs*®>388393 and PA inhibitors®***°! is increased late in the sub-
acute phase, and this may add to the fibrotic build-up of ECM components which
will be critical, during the subsequent consolidation phase, in dampening the cytokine
cascade.

Thus, a cascade of trophic events is initiated acutely and is expanded and
maintained through the sub-acute period, which ensures a rapid and sustained supply
of functionally active cytokines locally within CNS wounds which act co-operatively
to promote the range of post-injury cellular events described previously.

Cytokines in the Consolidation Phase

The endogenous expression of fibrogenic cytokines and neurotrophins is
transient and not maintained through the consolidation phase of the injury response,
hence limiting the scope for axon regeneration and dampening the inflammatory
and fibrogenic cascade. The maturing glial scar presents a physical and probably
also a biochemical barrier to regrowing axons. Reconstruction of the BBB blocks
the supply of hematogenously-derived cytokines and chemokines, thereby removing
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the primary driving force of the trophic cascade. TGF-fs sub-acutely increase ECM
synthesis and, in the later phases, inhibit protease release in the wound by down-
regulating MMP expression and up-regulating the expression of TIMPs. The wound
microenvironment is thus changed to one which now both sequesters and deactivates
matrix-binding growth factors, such as the FGFs and TGF-fs, which are primary
activators of the trophic cascade. As cellular trafficking within the wound ceases,
the physical/chemical balance of the wound environment is tipped against
regeneration, and ensures that the axonal growth response is not sustained. Hence,
the whole trophic cascade becomes down-regulated, halting the associated dynamic
cellular responses.

Cytokines and the Injury Response of the Immature Brain

We have described earlier that embryonic and perinatal neuronal tissues do not
scar after injury and this failure has been attributed to differences of the trophic
wound environment between immature and mature animals. Developmental changes
in the trophic environment of wounds are ill-defined in immature animals, but it is
clear that there are differences in the inflammatory cytokine/chemokine
responses. 86394

For example, an IL-6 dependent decreased expression of growth inhibitory factor
(GIF—a member of the metallothionein family) in neurons, with concomitant
increased GIF expression in astrocytes, after damage to the immature brain,**> has
been linked to muted gliosis, efficient wound repair and neuronal survival in
neonates.*”® Some studies have also suggested that fetal wound healing involves far
lower endogenous levels of the fibrogenic cytokines FGF-2 and TGF-f than the
adult.32%3%7 It is reported that absence of scarring in lesioned fetal murine dermal
tissue reflects a relative deficiency of TGF-B1 and FGF-2, but not PDGF within
such wounds,>®”??® and the same seems to be true of CNS lesions.>?¢ There is a
sparse inflammatory response in fetal/neonatal lesions, although there is some up-
regulation of pro-inflammatory cytokines, like IL-1b, IL-6, and TNFo.3%-*° Titres
of endogenous levels of TGF-B and FGF-2 proteins are high in the developing murine
CNS, 00401 and TGF-B levels increase rapidly, but only locally, in damaged tissue
after injury, and are very quickly cleared from the wound.**? Of significance is the
observation that this suppressed TGF-f up-regulation is accompanied by a very
muted increase in FGF-2 expression.

Notwithstanding the muted cytokine/chemokine response, it may be that the
key difference between fetal and adult injury responses is not the absolute levels of
cytokines present acutely in the wound site, but the persistence of expression of
fibrotic cytokines after wound closure. However, more recent experiments by
ourselves and others seem to suggest that fetal/perinatal scarless healing involves
different cellular and connective tissue events than adult repair, and that the repair
process here may be dependent on more than the trophic environment of the
wound. 3398403404 Eor example, we suggest that axons growing de novo through
neonatal CNS wounds inhibit scarring by the secretion of MMPs (see earlier).
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TROPHIC REGULATION OF THE SCAR

The TGF-Bs are potent fibrogenic proteins that have been shown to have a
broad diversity of actions that relate to wound healing in many tissues, including the
CNS. The well documented activities include stimulation of ECM synthesis,
modulation of cell proliferation, and cell infiltration, immunosuppression, and
neuroprotection (see reviews by Cui & Ackhurst*®3; McPherron & Lee*’; Pratt &
McPherson*"’ for extensive references). The ECM is not only a physical supporting
scaffold for tissue restructuring but, more importantly, a complex and dynamic
molecular substratum which can modify a wide range of cellular activities. Since
the ECM regulates cell interactions, proliferation, differentiation, morphology,
adhesion, and migration, TGF-fs probably control cell activity in CNS wounds both
directly and indirectly via the ECM. In general, TGF-fs promote ECM formation
and can enhance the response of cells to ECM through alterations in integrin
expression.*?340° TGF-fs stimulate the deposition of several ECM components,
including fibronectins, interstitial collagens (I, III, IV and V), thrombospondin,
tenascin, laminin, and chondroitin/dermatan sulphate proteoglycans.*!%#!! The
enhancement of ECM protein synthesis increases transcription of ECM genes and,
in some cases, stabilises their mRNAs. In addition, TGF-fs potentiate ECM
production by inhibiting matrix protein degradation, by modulating the expression
of genes encoding proteases and protease inhibitors. Thus, TGF-fs decrease synthesis
and secretion of several proteases, including tissue-PA, urokinase-type PA, thiol
protease, collagenase and transin, but increase the expression of protease inhibitors,
PA inhibitor type 1(PAI-1), urokinase, and the TIMPs from macrophages, microglia
and axonal growth cones.*!®#!! The net effect of these activities is to promote ECM
deposition. TGF-fs also regulate cell-substratum interactions by selectively altering
integrin expression, a major class of cell-adhesion receptor, that bind fibronectin,
collagen and other ECM proteins.*®®4% This modulation of the adhesion cascade
regulates cell migration, thereby influencing fibroblast migration into the wound
from the meninges.*'?

A role for TGF-Bs has been implicated in numerous CNS pathologies in which
fibrosis and neural dysfunction are causally associated. For example, in post-traumatic
brain and spinal cord scarring,?7-204-206.382.384.413 1,55t surgical adhesions,*!*
hemorrhagic stroke,*'>4!® and SAH.®#!%42° TGF-Bs may also promote plaque
development in Alzheimer’s disease and Down’s syndrome.**!**> In all of these
conditions, the levels of TGF-f are raised in both the CSF and also locally in damaged
neural tissue. For example, whilst TGF-p1 and TGF-f2 are present in the intact
brain and spinal cord at discrete locations and at relatively low levels, after CNS
traumatic injury there is a steep elevation of titres of both isoforms. As described
previously, initially titres are derived from hematogenous cells, but these are later
supplemented by endogenous local synthesis by neurons and glia in the damaged
neuropil, and by choroid plexus cells, leading to raised cytokine levels in the
CSF.27:204.206.38% The most direct evidence for a fibrogenic role for TGF-s in the
pathophysiology of CNS fibrosis comes from experiments in the lesioned brain. On
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the one hand, raised levels of TGF-fs are correlated with the increased deposition
of scar material in such lesions, whilst immunoneutralisation with TGF-f antibodies
markedly inhibits fibrogenic scarring. 20420

Since its identification,*** the secreted protein of the immediate early gene CTGF
has been implicated in several physiological and pathophysiological processes. The
repertoire of biological activities of CTGF, including stimulation of cell proliferation
and survival, and DNA synthesis, ECM production and angiogenesis**® implicates
the peptide as a regulator of fibrotic scarring in CNS and peripheral tissues. Most
importantly for fibrogenesis, CTGF stimulates mitosis, chemotaxis via c5-integrin
expression, adhesion, and matrix production, including collagen 1 and fibronectin,
by fibroblasts. All these activities are strongly reminiscent of those of TGF-3
(reviewed by Grotendorst’’®; Moussad & Brigstock®®!). But, whilst CTGF shares
the biological actions of TGF-f on fibroblasts, it does not seem to share TGF-fs
broader growth inhibitory actions, or to modulate immune/inflammatory cells.*”® CTGF
also augments the activity of other fibrogenic growth factors like FGF-2,** as well as
auto-inducing its own expression.

Sustained CTGF expression is induced rapidly and robustly by TGF-fs.
Evidence for a functional link between CTGF and TGF-f has come from experiments
blocking TGF-f effects with CTGF neutralizing antibodies or antisense
oligonucleotides*?3, so that it is now accepted that CTGF can act as a mediator of
TGF-p’s fibrogenic activities, although TGF-f-independent fibrogenic activities are
also reported.>”*381429430 The potential relevance of CTGF to CNS scarring has
recently been demonstrated in the intact adult CNS,?#357377 where CTGF mRNA
and protein are expressed in astrocytes and in specific populations of neurons in the
brain and spinal cord.**"**1#*2 Levels of mMRNA and protein are strongly induced in
both cell types in parallel with TGF-B elevation after CNS injury.?*3337377 The
restricted expression and accumulation of CTGF in CNS wounds implicates the
peptide as a key molecule regulating glial scarring, but direct confirmation of this
awaits experiments with CTGF antagonists.

427

PROTEASE REGULATION OF SCARRING

Berry et al'? have shown that RGC axons regenerating through optic nerve
lesions regulate newly developing and established scar material in the lesion through
which they pass and have proposed that this may be due to scar dissolution by MMPs
released by axonal growth cones.*** The observation of this naturally occurring
phenomenon emphasises the potential importance of protease regulation of scarring,
a biological activity that can be exploited therapeutically. We have reviewed the
evidence for production of axon growth inhibitory molecules, including CSPG, in
the scar (see above). Recently, experiments have suggested that CNS axon
regeneration can be enhanced by degradation of CSPG in the scar after the local
application of chondroitinase ABC.?! It seems that selective degradation of scar
components with proteases may be a useful therapeutic strategy in some situations.
However, anti-fibrotic therapies, including those employing anti-TGF-f neutralizing
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antibodies and TGF-f receptor blockade with decorin, provide no evidence for
enhancement of axon regeneration despite the reduction in scar material, including
CSPG, at CNS lesion sites.203206:327

THERAPEUTIC MODULATION OF THE SCAR

Targeting the restricted number of key primary activators which initiate the
scarring cascade provides an opportunity for therapeutic intervention aimed at
preventing scar formation. A number of trophic antagonists are potentially useful as
scar attenuating agents. Those that block the activities of the fibrogenic cytokines
TGF-p and CTGF are primary candidates. Logan et al’?’ demonstrated that
immunoneutralisation of TGF- Bl in a cerebral wound with an isoform-specific
polyclonal TGF-fB1 antibody dramatically inhibited cerebral fibrogenic scarring,
although the inflammatory response was exacerbated. These findings established
the principle of inhibition of fibrogenesis by TGF-f immunoneutralisation, but the
therapeutic potential for the clinical use of animal-derived polyclonal antibodies for
the treatment of patients remains limited. Recombinant monoclonal isoform-specific
human antibodies are being developed to immunoneutralise TGF-B2 within wounds,
and they markedly reduce CNS scar components, including the inhibitory molecule
CSPG, and inflammation.??® A similar inhibition of scar formation is obtained after
treatment of CNS wounds with decorin, a naturally occurring proteoglycan that is a
pan-TGF-p antagonist.”® In each case of antagonist-induced scar inhibition, the
glia limitans externa is reconstructed in the outer layers of the lesioned cortex, so
that wound closure occurs normally at the pial membrane. However, whilst
widespread reactive gliosis is apparent in the neuropil around the immunoneutralised
wound, the numerous activated glia neither organized into the expected limiting
membrane nor laid down a laminin-rich basal lamina in the wound; fibroblasts do
not migrate into the wound and a glial/matrix scar is not formed in the lesion. Unlike
the results of Moon et al,?3! the removal of the putative inhibitory scar did not enhance
axonal regeneration through the lesion site, indicating the need for a simultaneously
delivered neurotrophic stimulus. Nevertheless, these experiments have established
the principle that therapeutic manipulation of CNS wounds effectively inhibits scar
formation.

Anumber of TGF-f3 antagonists, other than neutralising antibodies, are becoming
available to reduce tissue fibrosis. Transfecting the epithelium of the airway with
DNA, encoding antifibrogenic decorin,?’® inhibits bleomycin-induced lung fibrosis**
demonstrating the potential of the delivery of therapeutic genes encoding anti-fibrotics
into injury responsive cells in CNS wounds. Strategies to block TGF-f intracellular
signalling may also prove useful. For example, adenovirus-mediated gene transfer
of dominant-negative Smad4 (a central mediator of the TGF-f signalling pathway)
has been used to block TGF- activity in pancreatic acinar cells.**> Similarly,
antisense-oligonucleotides inhibit TGF-f expression in human endothelial cells.**¢
The targeted delivery of DNA encoding anti-fibrotic factors like decorin to injury
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responsive cells such as astrocytes in CNS wound sites is thus an attractive therapeutic
strategy that is now being piloted by us in experimental studies.**74*8

In the future, CTGF- rather than TGF-f-antagonists may ultimately prove more
effective as anti-fibrotic agents since they have the added advantage of interfering
with connective tissue formation but not affecting the potentially useful neurotrophic
activities of the TGF-fs. Several anti-CTGF neutralising antibodies and antisense
oligonucleotides have been used with some success to limit fibrosis in peripheral
tissues (reviewed by Moussad & Brigstock®8!)but have not so far been used in the
injured CNS.

It has been suggested that activation of the renal TGF-f system in diabetes may
be mediated through activation of the renin-angiotensin(AT) system (RAS).**%-442
Accordingly, AT converting enzyme (ACE) inhibitors and AT receptor antagonists
have been used successfully to inhibit TGF-f receptor expression and collagen/
proteoglycan expression in the diabetic kidney.****** Whether a similar strategy
will prove useful in the CNS remains to be established, but angiotensinogen and at
receptors are expressed in astrocytes and neurons in the intact CNS.** Furthermore,
angiotensinogen mRNA, together with AT II immunoreactivity and AT1 and 2
receptor mRNA and protein are locally up-regulated in the spinal cord (Logan et al,
unpublished observations) and brain**® after mechanical injury. Hence, the acute
systemic delivery of either ACE inhibitors or AT receptor antagonists after penetrant
CNS injury may help suppress scar formation since the perturbed BBB may allow
access of the drugs to the wound site. Moreover, AT II, acting through the AT2
receptor, promotes the regeneration of RGC axons in the transected optic nerve,
after systemic administration.**® These observations encourage the further
investigation of anti-fibrotic properties of ACE inhibitors and AT receptor antagonists,
and the neurotrophic affects of AT in the injured CNS.

A number of anti-inflammatory agents have been used during the acute phase
of the CNS injury response to limit oedema, tissue damage and scarring. Of these,
the corticosteroid methylprednisolone is perhaps the best known, but must be given
within 30 minutes of injury to be effective.*"*>* More recently, other non-steroidal
anti-inflammatory agents have been tested in the CNS with varying degrees of
success: e.g., (1) nitroflurbiprofen and nitro-asparin reduces the brain inflammation
associated with lipopolysaccharide infusion;*! (2) the chemokine antagonist vMIPII
decreases the number of hematogenous macrophages invading a cord contusion
wound and reduces neuronal loss and gliosis;**? (3) the anti-inflammatory cytokine,
IL-10, down-regulates TNF-aexpression after traumatic spinal cord injury, reducing
lesion volume and improving functional recovery;** and (4) the thrombin inhibitor
‘argatroban’ suppresses the infiltration of inflammatory cells and gliosis.*** Others
have used a monoclonal antibody to neutralise the expression of the aD sub-unit of
(2, integrin, reducing the post-injury trafficking of hematogenous cells into spinal
cord wounds by blocking their interaction with VCAM-1.%% A similar monoclonal
antibody strategy targeting the leukocyte adhesion molecule, P-selectin, reduces
both leukocyte infiltration and lesion size after brain injury.**® Complement depletion
also seems to be an effective means of reducing infiltration of inflammatory cells.**”"
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438 Cyclosporin A is neuroprotective if given within the first 24 hours after injury.*’
A neutrophil elastase inhibitor, ONO-5046, is reported to contract lesion size by
blocking the damaging effects of elastase released from activated neutrophils.**
How anti-inflammatory therapeutic strategies fit with the recently reported
neurotrophic effects of post-injury inflammation®”-36>461-465 remains to be assessed.

CONCLUSIONS

Presently, there is no treatment available for correcting the devastating affects
of CNS injury because lost neurons are not replaced, axons do not regrow, and
scarring cannot be controlled. This review summarises some of the data relevant to
these sequelae, and highlights possible areas where therapy might be targeted. Like
McGraw et al, “6® we believe future therapeutic success rests with a combinatorial
strategy aimed at depressing inflammation, ECM deposition and fibroblast invasion,
coupled with limiting gliosis and promoting axon regeneration, mindful of the
possibility that some activities of injury responsive cells in the CNS may be beneficial.
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Na* CHANNELS AND Ca** CHANNELS
OF THE CELL MEMBRANE AS TARGETS
OF NEUROPROTECTIVE SUBSTANCES

Christian Alzheimer*

INTRODUCTION

Loss of ion homeostasis is the cardinal event in the early neuronal response to acute
ischemic and traumatic brain injury.!” At short notice, excessive influx of Na* and
Ca*" overwhelming the compensatory mechanisms of the neuron will cause osmotic
volume expansion (swelling), which might be reversible if the impact of the acute
injury is limited and small, and appropriate therapeutic actions are taken. However,
pathologically elevated Na" and Ca’* levels in the cytosol are likely to trigger a
cascade of molecular events that eventually lead to neuronal death (e.g., formation
of reactive oxygen species, lipid peroxidation, mitochondrial dysfunction, activa-
tion of caspases etc.). Owing to its double nature as charge carrier and ubi-
quitous second messenger, Ca>" has received much more attention than Na'.
Deviating from this usual bias, this Chapter will first take a closer look at the pathways
of pathological Na" influx, at the multiple sequelae of excessive intracellular Na*
accumulation, and at attempts to prevent Na' overload as a means to fight neuronal
loss in acute injury.

*Department of Physiology, University of Munich, Pettenkoferstr. 12, D-80336 Munich, Germany; Present
address: Institute of Physiology, University of Kiel, 24098 Kiel, Germany.
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NA" CHANNELS

Pathophysiology of Na™ Loading

The schematic drawing of Figure 1 illustrates mechanisms of Na* entry and the
pathological events produced by elevated cytosolic Na“. Two major and closely
interrelated pathways can be identified through which Na" enters the cells, one being
voltage-dependent Na® channels, the other being ionotropic glutamate receptors.
With ATP levels drastically falling during ischemia and metabolic dysfunction, the
efficacy of the Na'/K" exchanger declines. The gradual breakdown of ion gradients
leads to membrane depolarization, thereby opening voltage-dependent Na' channels
in a regenerative fashion. The concomitant opening of voltage-dependent Ca*"
channels contributes to the detrimental rise in cytosolic Ca>" and promotes vesicular
glutamate release. At the same time, enhanced glutamate levels of synaptic and
mainly nonsynaptic origin (see below) cause further Na* and Ca®" influx through
ionotropic glutamate receptors of the AMPA/kainate and NMDA subtype and
aggravate membrane depolarization. The elevated Na* level in the cytosol has several
fatal consequences for the survival of the cell: Firstly, the transmembrane 3 Na‘/2
Ca’" exchanger, which normally uses the Na* gradient to extrude Ca* from the cell,
operates now in reverse mode transporting Ca* into the cell. Secondly, a rise in
cytosolic Na" activates the mitochondrial 2 Na*" /Ca®" exchanger causing Ca’" release
from the mitochondria. It has been estimated that about 50% of the sustained rise in
cytosolic Ca?* during ischemia is attributable to this mechanism.* Thirdly, the di-
rection of the Na'-dependent glutamate transporter, which recovers glutamate from
the extracelluar space under physiological conditions, is reversed, leading to the
release of glutamate. It is noteworthy that ATP depletion also impairs vesicle filling
thus raising cytosolic glutamate and promoting the reversed operation of the glutamate
carrier. Underscoring the significance of this pathway for glutamate excitotoxicity,
recent evidence indicates that, compared with other mechanisms of nonsynaptic
glutamate release in severe brain ischemia, reversed uptake is the predominant
pathway.’

Spreading Depression

An electrophysiological hallmark of acute severe hypoxia in forebrain gray
matter is the development of a self-regenerating, nearly complete membrane
depolarization that is associated with a loss of neuronal activity and a collapse of
ion gradients. This phenomenon closely resembles the spreading depression (SD)
originally described by Ledo® (for review see ref. 7). Recurrent waves of SD are
thought to contribute to the growth of a focal lesion by extending the initial damage
of cerebrovascular infarcts into marginal zones. SD-like episodes can be triggered
in brain slice preparations by acute oxygen and/or glucose deprivation or by elevation
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Figure 1. Mechanisms and consequences of Na" overload during acute brain injury.

of extracellular K*. It is noteworthy that SD-like episodes evoked in vitro are elec-
trophysiologically fully reversible, suggesting that the severe ionic and metabolic
disturbances that completely silence electrical activity do not necessarily cause lasting
neuronal damage at this early stage of a (time-limited) energy deprivation. The typical
course of a SP-like episode in a CA1 pyramidal cell of the hippocampal slice is
illustrated in Figure 2A (all experiments of this figure from Miiller and Somjen,
Ref. 8). Initially, hypoxia induces a small hyperpolarization with a concomitant
decrease in input resistance resulting from the opening of ATP-dependent K channels,
Ca**-dependent K channels and/or two-pore domain (2P) K* channels of the TREK/
TRAAK subgroup.”!” The voltage trajectory then gradually depolarizes until a
threshold potential is reached (b), from where the membrane potential rapidly decays
to about -20 mV (c). This fast segment of the hypoxic depolarization is followed by
a slow decline to almost 0 mV (d). With the restoration of oxygenation, the neuron
gradually recovers. The subsequently illustrated experiments of Figure 2 support
the above outlined scheme and underscore the importance of Na* influx in the early
pathogenesis of acute brain injury: Firstly, reduction of extracellular Na* to 90 mM
substantially increased the delay until the threshold for the rapid depolarization was
reached (Fig. 2B). Secondly, blockade of AMPA/kainate and NMDA receptors by
DNQX and CPP, respectively, also slowed, but to a lesser extent, the gradual depo-
larization towards the threshold where the fast depolarization takes off (Fig. 2C).
Thirdly, additional blockade of voltage-dependent Na“ channels with tetrodotoxin
(TTX) abrogated a self-regenerative SD-like episode in about 40% of neurons tested.
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from Miiller M & Somjen GG. J Neurophysiol 2000; 84:1869-1880.
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In the remaining neurons, the onset of the rapid depolarization was more than sixfold
postponed and its threshold was substantially increased (Fig. 2D). These experiments
clearly indicate that Na" influx through voltage-gated Na" channels and ionotropic
glutamate receptors is the essential pathophysiological mechanism triggering SD-
like episodes in hypoxic neurons. Once the threshold is reached, however, other yet
unknown processes are set in motion that proceed in an all-or-none fashion. These
data suggest that the therapeutic window where Na" channel blockers will prove
beneficial after the onset of stroke is relatively short. We should remember, however,
that recurrent waves of spreading depression in vivo are considered a main route
along which secondary brain damage migrates into marginal zones of the initial
damage. Thus, inhibition of Na" loading of metabolically compromised neurons in
the penumbra of the lesion should help to confine the extent of secondary brain
damage.

Persistent Na* Current (Iap )

Since a detailed account of the role of ionotropic glutamate receptors in acute
brain damage is given elsewhere in this book (Chapter 1), I will focus this Chapter
on voltage-dependent Na' channels as a pathway for pathological Na" accumulation
in the cell. Direct measurements of intracellular ion distributions with the use of
electron probe X-ray microanalysis in hippocampal slices exposed to combined
oxygen/glucose deprivation strongly implicated Na' loading of neurons via voltage-
gated, TTX-sensitive Na' channels as a critical event in ischemia-induced neuronal
damage.!! Given that the fast Na™ current underlying the upstroke of the action
potential typically inactivates within a millisecond or less upon depolarization, how
can Na" channels generate a sustained Na" influx? In addition to producing the fast
Na' current, voltage-dependent Na* channels of CNS neurons have been known
since the early 1980 s to give rise to a small, TTX-sensitive Na" current, which does
not (or only very slowly) inactivate. Because this sustained or persistent Na' current
(Inap) is activated 10-15 mV below firing threshold, it adds depolarizing current to
excitatory synaptic potentials, facilitates action potential generation, shortens
interspike intervals, contributes to subthreshold membrane potential oscillations,
and promotes burst discharges (reviewed in ref. 12). By now, In,p has been found in
neurons of various CNS regions, including neocortex,'*!” hippocampus,'® entorhinal
cortex,'*?! thalamus,?>?? striatum,?*?* and cerebellum.?*?’

The nature and single-channel mechanism of Iy,p has remained controversial
since the current was first described.'>?® The fact that Ingp is activated at a more
negative voltage range than the fast Na current was long thought to argue in favor of
the two currents being mediated by different Na" channel subtypes. However,
experiments using enzymatic removal of fast inactivation showed that the different
voltage dependence of transient Na” current and Inap is well compatible with the
hypothesis that the two currents arise from the same population of Na* channels.?’
In fact, single-channel recordings from pyramidal neurons of rat neocortex
demonstrated that Na" channels display modal gating giving rise to both early and
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Figure 3. Ionic mechanism and pharmacological manipulation of persistent Na current (Inap). A: Modal
gating of single Na* channels during sustained depolarization from -100 to -50 mV. The gating behavior
of single Na* channels was recorded in the cell-attached configuration of the patch-clamp technique from
an acutely isolated pyramidal cell of rat neocortex. The current traces illustrate three types of openings:
(i) Transient, partially overlapping openings immediately following the onset of the depolarizing voltage
step (all traces). (ii) Brief late openings (second and fifth trace). (iii) Sustained burst of openings resulting
from temporary failure of regular inactivation (third trace). B: I-V relations for Na* channels mediating
early transient openings (triangles), brief late openings (circles) and sustained burst openings (squares)
suggest thatall events arise from an electrophysiologically uniform population of Na* channels. C: Whole-
cell recording of In,p in the same preparation after pharmacological suppression of voltage-dependent K*
and Ca®* channels. The sustained inward current (Ingp) that remained after inactivation of fast Na™ current
is reversibly reduced by 30 uM phenytoin. D: Dose-response curve for inhibition by phenytoin of In,p
(ECs 34 uM). Reprinted with permission from Alzheimer C, Schwindt PC & Crill WE. J Neurosci 1993;
13:660-673 [copyright 1933 by the Society for Neuroscience] (B), and Chao TI & Alzheimer C. NeuroReport
1995; 6:1778-1780 (C, D).



Na* CHANNELS AND Ca* CHANNELS 167

(rare) late openings.*® As shown in Figure 3A (middle trace), individual Na* channels
recorded from the soma of a neocortical pyramidal cell occasionally fail to inactivate,
producing a burst of openings during sustained depolarization, which give rise to
Inap on the whole-cell level. Since the Na™ channels underlying the early transient
and the late openings did not differ in single channel conductance or ion selectivity
(Fig. 3B), both currents are likely to be generated by an electrophysiologically (but
not necessarily molecular) uniform population of Na" channels. The situation might
be different in entorhinal cortex, where layer II principal cells appear to express Na "
channel subtypes with a particular high probability of late openings.>! With the advent
of molecular cloning techniques and the use of heterologous expression systems to
study the properties of the various Na* channel subunits (reviewed in ref. 32), a
picture emerges that might reconcile apparently conflicting data on the nature of
Inap in native preparations. It seems that all Na* channel subtypes are capable of
modal gating with transient and late gating modes. Some subtypes, however, appear
to be particularly prone to sustained late openings. Thus the pattern of Na* channel
subtype expression in a particular neuron might be crucial in determining the size of
its Ingp. In the context of this review, an interesting question would be whether larger
Inap confers higher susceptibility to hypoxic damage.

It is still controversial whether the properties of In,p are altered during ischemia.
In hippocampal CA1 pyramidal cells, both hypoxia and inhibition of oxidative
metabolism by sodium cyanide produced a significant increase of Iy,p, while having
little effect on the fast Na* current.*® This upregulation of In,pappears to result from
the enhanced production of nitric oxide (NO) during ischemia.** Single-channel
recordings suggest that persistent Na* channels can directly sense O, levels, with
the redox reaction involved in increasing Na* channel activity during hypoxia
presumably occurring in an associated regulatory protein.*® Hypoxic augmentation
of Inap (and of fast Na* current) was also reported from rat caudal hypothalamic
neurons.*® Additional evidence for the presumed hypoxia-induced upregulation of
Inap comes from experiments in which elevation of K™ in the bath solution (without
concomitant hypoxia) reversibly augmented Ingp in hippocampal neurons.®’
Remember that a rise in extracellular K is the earliest ionic deviation after the onset
of hypoxia.> Whereas these findings suggest that enhancement of Iy,p exacerbates
Na' overload under hypoxic conditions, this concept is not generally accepted. In
marked contrast to the above studies, hypoxia was found to affect neither In,p (Astman
et al, Soc Neurosci Abstr 25, 288.12, 1999) nor the fast Na' current in layer V
neurons from rat neocortex.’® Interestingly, hypoxia did enhance Inqp only when
fluoride was the main anion in the pipette solution, but failed to do so when chloride
or gluconate were substituted for fluoride, which might explain some of the divergent
findings between the different laboratories (Astman et al, Soc Neurosci Abstr,
25,288.12, 1999). Finally, oxygen deprivation was reported to decrease fast Na”
currents in CA 1 neurons of rat hippocampus.*® This inhibitory effect of hypoxia on
Na' channel activity was ascribed to an upregulation of PKC. In that study, the
effect of hypoxia on Iy,p Was not directly investigated, but since PKC activation is
known to reduce Ingp,*® one would expect a parallel decrease in Ingp.
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In summary, there is ample evidence that TTX-sensitive, voltage-dependent
Na' channels giving rise to In,p represent a significant pathway for pathological Na*
loading. It remains to be determined, however, whether ischemia exerts a direct
modulatory action on Iy,p, be it an upregulation in a vicious cycle-like fashion, or a
downregulation as a compensatory mechanism.

Na” CHANNEL BLOCKERS AS NEUROPROTECTIVE
AGENTS

From the above, it is obvious that a blockade of Na* channels underlying In,p
should represent a promising target to prevent (or at least slow) the collapse of the
cellular ion gradients. The major beneficial actions of suppressing Na" influx during
ischemia can be summarized as follows.

1. Reducing the Na" load will decrease the energy demand and attenuate the
metabolic stress imposed by the impaired energy supply, allowing the neuron to use
the remaining ATP molecules for neuroprotective mechanisms other than fueling
the Na'/ K" antiporter system.

2. With the transmembrane Na® gradient preserved, the driving force for the
Na*/Ca’" exchanger and the Na"-dependent glutamate uptake system are maintained
and both systems can operate in normal mode. Thus the neuron remains capable of
extruding Ca’" instead of becoming loaded with Ca**, and a nonsynaptic release of
glutamate into the extracellular space is prevented.

3. With less Na' entering the cell, release of Ca®>" from mitochondria via the
mitochondrial Na* /Ca?" exchanger is diminished, which abates the ischemia-induced
rise in cytosolic Ca®’.

4. Inhibition of Na' influx attenuates the ischemic depolarization, thereby
promoting the voltage-sensitive block of NMDA receptor channels by Mg>" and
reducing Ca*" entry through voltage-dependent Ca>" channels.

5. On the presynaptic side, partial block of axonal Na* channels seems to
preferentially diminish the release of the excitatory neurotransmitter glutamate,
without appreciably affecting GABAergic synaptic inhibition. This important and
novel finding will be discussed in more detail in the following paragraph.

Pharmacological Features of Na* Channel Inhibitors Used
for Neuroprotection

Before I come to in vitro experiments, animal studies and clinical trials with
patients that were inspired by the above assumptions, I shall elaborate on the
pharmacological properties of the drugs administered in this neuroprotective strategy.
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Phenytoin

Since late Na" channel openings producing In.p on the whole-cell level have
been advanced as the predominant pathway of pathological Na" influx during
ischemia and energy deprivation, the ideal Na* channel blocker should preferentially
diminish In.p without interfering with fast Na* current. Fortunately, a number of
Na' channel blockers do indeed affect Na™ channel gating in a manner that closely
meets this requirement. I will use phenytoin as the prototype drug to explain how
the voltage-dependence and kinetics of drug binding to Na* channels accounts for
its therapeutical benefits.

Phenytoin is widely used in the antiepileptic treatment of patients with
generalized tonic-clonic seizures and partial seizures. It is generally believed that
phenytoin exerts its therapeutic effects primarily by blocking voltage-dependent
Na" channels. Clinically most relevant, this block occurs in a frequency- and voltage-
dependent fashion that allows phenytoin to suppress epileptiform discharges without
disrupting regular spiking activity. A detailed electrophysiological analysis of the
action of phenytoin on Na' currents of hippocampal neurons showed that the drug
binds tightly but slowly to fast inactivated states of the Na* channel.*! According to
that study, the action of phenytoin on Na" channel gating resembles that of the normal
inactivation particle, the major difference being that phenytoin binding and unbind-
ing are much slower than the development and recovery from fast inactivation.*' In
functional terms, phenytoin helps to stabilize Na* channels in inactivated states from
which the probability of opening is small.*>*3

Since Ingp is produced by Na* channels that temporarily fail to inactivate during
sustained depolarization, phenytoin would be expected to diminish the occurrence
of such failures and hence decrease Inap. As shown in Figure 3C, phenytoin indeed
produced a significant and reversible reduction of In,p responses in neocortical
pyramidal cells, which were evoked by prolonged depolarizing voltage steps.** Half-
maximal suppression of In,p was achieved at 34 uM phenytoin (Fig. 3D). Therapeu-
tic concentrations of orally administered phenytoin in epileptic patients might be
well in the range where a considerable reduction of In,p would be expected. In
contrast, tonic (use-independent) blockade of the fast Na* current requires several-
fold higher concentrations when examined at the neurons’ resting potential. Owing
to the slow binding kinetics of phenytoin, the strong, but very brief depolarizations
during normal action potential firing are insufficient for appreciable drug binding.
During ischemia-induced depolarization, however, binding of phenytoin to Na"
channels is strongly promoted. Consequently, the probability of late Na" channel
openings that are thought to reflect incomplete inactivation is substantially reduced,*
and In,p declines.

Riluzole and Other Novel Na© Channel Inhibitors

A similar mode of action was described for the relatively novel neuroprotective
drug riluzole, which has both anti-epileptic and anti-ischemic properties.*® Riluzole
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was found to bind selectively to inactivated rat brain IIA Na' channels (Nay1.2)
expressed in Xenopus oocytes and to inactivated Na* channels in myelinated nerve
fibers, with only the latter effect occurring in a use-independent fashion.*’*% As
predicted by its mode of action, riluzole was found to produce a dose-dependent
inhibition of INap.49 As for phenytoin, the effect on In,p was observed in a concentration
range substantially lower than that required for inhibition of the fast Na" current.
Since the recommended therapeutic concentration of riluzole in patients falls into
the range where riluzole inhibits Iy,p but not fast Na* current, it seems reasonable to
assume that suppression of Iy,p contributes to the neuroprotective action of riluzole.

In addition to its action on Na* channels, riluzole was also found to interfere
with glutamate release.*® Its anti-glutamate effects are believed to account for the
reported efficacy of riluzole in treating amyotrophic lateral sclerosis (ALS, Lou
Gehrig disease), a disorder where the loss of motoneurons might be causally linked
to glutamate-mediated slow neurodegeneration. For a long time, the issue of whether
riluzole directly affects glutamate release remained controversial. A recent study
provides evidence that inhibition by riluzole of Na' channels fully accounts for its
anti-glutamate effects.! Interestingly, the same concentration of riluzole (20 uM)
that almost completely suppressed excitatory postsynaptic currents (EPSCs), barely
affected GABAergic inhibitory postsynaptic currents (IPSCs). That this surprising
effect did indeed result from inhibition of Na* channels was confirmed by
experiments, in which a low concentration of TTX (30 nM) closely mimicked the
differential action of riluzole on the two types of synaptic currents. A preferential
suppression of EPSCs over IPSCs was also observed for the Na” channel blockers
phenytoin (2.5 uM) and lamotrigine (10 uM), although their effects on EPSCs were
substantially smaller. The partial block of axonal Na" channels most likely produces
an altered action potential waveform, giving rise to less Ca?* influx in the presynaptic
terminal. Why would this only happen at terminals of excitatory, but not inhibitory
fibers? The findings of the above study®' are compatible with the notion that inhibi-
tory synapses have a higher safety factor than excitatory synapses, possibly resulting
from a higher density of axonal Na' channels in inhibitory neurons compared to
excitatory neurons.

While the exact mechanisms rendering excitatory synapses more susceptible to
partial block of Na* channels await further study, the selective attenuation of
glutamatergic synaptic transmission should significantly contribute to both the
anticonvulsant and the neuroprotective efficacy of Na“ channel inhibitors. This
property should prove particularly beneficial in slow neurodegenerative diseases
like ALS, which are proposed to involve prolonged glutamatergic overstimulation
of motoneurons. When extrapolating the data of the above study °!' on in vivo
conditions, one should bear in mind, however, that these experiments were performed
on solitary microculture neurons that make synapes with themselves, so-called
autapses. In acute preparations with a largely preserved neuronal network such as
the hippocampal slice and even more so in the intact brain, the various factors
controlling transmitter release might be weighted in a different fashion. For example,
in the hippocampal slice, effective neuroprotection by phenytoin was achieved at
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concentrations that did not alter excitatory synaptic transmission,>> suggesting that
the selective depression by phenytoin of presynaptic glutamate release described in
microcultured neurons might not be a prerequisite for the drug’s neuroprotective
action in other systems.

To complete this section, I should mention that several novel compounds such
as lamotrigine, the lamotrigine derivative BW619C89, and lifarizine, which all
displayed a neuroprotective profile in animal models of acute stroke (see below),
are believed to exert their therapeutic action mainly through suppression of Na"
channels (reviewed in ref. 53). Like riluzole, all three drugs block Na" channels by
a preferential interaction with inactivated states of the Na* channels.**® Although
this issue has not been investigated yet, I would hence predict that these compounds
all act as potent inhibitors of Ingp.

Neuroprotective Potential of Na” Channel Inhibitors

Given the central role of pathological Na* influx in initiating subsequent neuronal
damage, the ability of various Na* channel blockers to prevent Na* loading of energy-
deprived neurons without disrupting electrical signaling in intact brain regions makes
these compounds promising candidates for therapeutic interventions. It is hence not
surprising that the last decade witnessed a surge of studies probing the neuroprotective
potential of Na* channel inhibitors in various in vitro and in vivo models of acute
brain damage. Since excellent and comprehensive overviews of these studies have
been published recently,’*7-? T ask the interested reader to consult these reviews
for a detailed account and a complete list of references. In the following, I want to
highlight some, as I believe, representative findings.

In cultured neocortical neurons exposed to combined oxygen/glucose
deprivation, TTX alone had only a limited neuroprotective effect.” In contrast,
ionotropic glutamate receptor antagonists reduced neuronal death to a much larger
extent than TTX, with TTX displaying mainly an additive neuroprotective effect if
applied together with the glutamate antagonists. This bias towards glutamate
antagonists might be attributed to the small amplitude of In,p in these cultures, which
predicts that activation of In,p should represent only a minor route of pathological
Na® influx. By contrast, in organotypic slice cultures of rat hippocampus, the
noncompetitive NMDA receptor antagonist MK-801 and TTX afforded quite similar
degrees of protection against energy deprivation, if applied during the insult. If
administered during the recovery period, however, only MK-801 was capable of
reducing neuronal damage, although to a lesser extent, whereas TTX was
ineffective.®!*%2 This implicates Na" channels in the early phase of neuronal damage,
whereas excitotoxic NMDA receptor activation seems to extend well into the recovery
period. In support of this notion, phenytoin was found to delay ischemic
depolarization in the rat hippocampal slice, but did not allow for recovery of synaptic
function once ischemic depolarization had fully developed.®* However, when
hippocampal slices were subjected to short periods (10-15 min) of hypoxia or
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combined hypoxia/hypoglycemia, phenytoin did afford effective protection against
the consequences of energy deprivation. 5463

A vast number of animal studies strengthened the link between Na' channel
inhibition and neuroprotection. In gerbils subjected to 5 min of forebrain ischemia,
phenytoin pretreatment provided significant protection of hippocampal CAl
neurons.®*® In a clinically more relevant experimental setting, phenytoin (100 mg/
kg i.p.) and lamotrigine (50 mg/kg i.p.) were administered twice to rats 30 min and
24.5 h after middle cerebral artery occlusion. Under these conditions, the two drugs
reduced infarct size by 40% and 28%, respectively.***’” Very similar results were
reported from rats subjected to tandem occlusion of the middle cerebral and the
ipsilateral common carotid arteries.®® Phenytoin (28 mg/kg i.v.) and the
noncompetitive NMDA-receptor antagonist MK-801 (0.1 mg/kg i.v.) injected 30
min and 24 h after arterial occlusion significantly reduced infarct volume by 45%
and 32%, respectively (notably, higher concentrations of MK-801 failed to decrease
infarct size). Consistent with data from in vitro studies, a single injection of phenytoin
(28 mg/kg) 30 min after occlusion was neuroprotective, whereas a delayed
administration (>2 h after occlusion) was ineffective. I had already mentioned that
riluzole was approved for the treatment of ALS. Findings from several animal models
of stroke demonstrate that riluzole has also a significant anti-ischemic action.*¢-%
Whereas the anticonvulsant lamotrigine displays only a modest neuroprotective
potency against ischemia, its derivative BW619C89 emerged as an efficient anti-
ischemic agent in several models of global and focal ischemia. Intravenous application
of this compound (20 mg/kg) 5 min after occlusion of middle cerebral artery reduced
total infarct volume by 57%."° BW619C89 (30 mg/kg) was also found to attenuate
the damage produced in a rat model of traumatic brain injury (lateral fluid
percussion).”! Similarly, the related Na* channel blocker, BW1003C87 (10 mg/kg,
i.v. infusion for 15 min), applied 15 min after a fluid percussion injury of moderate
severity over the left parietal cortex, produced a significant reduction of focal brain
edema.”” Assuming that traumatic and ischemic forms of brain damage share common
pathogenetic mechanisms at the cellular level, these data would encourage the
administration of Na" channel inhibitors in traumatic brain injury.

In summary, the in vitro studies and the animal experiments lend support to the
idea that voltage-gated Na" channels represent a significant and promising target in
the early treatment of stroke and brain trauma. Compared with other treatment
strategies to prevent excessive cation influx, i.e., application of ionotropic glutamate
receptor antagonists or Ca>* channel blockers, Na* channel inhibitors have two dis-
tinct advantages: Firstly, unlike the former, many of the Na" channel inhibitors afford
neuroprotection at plasma levels that do not cause appreciable side effects in animals,
as estimated from spontaneous locomotor patterns and cardiovascular responses.*®7”*
Secondly, in contrast to glutamate antagonists, Na" channel blockers are also capable
of rescuing axons from hypoxic damage in vitro.”* Protection of white matter tracts
might thus emerge as an additional benefit of Na" channel inhibitors in stroke and trauma.

Although Na" channel blockers hence appear to meet all criteria for successful
use in patients, it is disappointing to learn that so far, clinical trials have not yet
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demonstrated convincing benefits in stroke patients. In a pilot study of the lifarizine
study group,” lifarazine modestly decreased mortality from stroke in the treated
group and slightly improved neurological outcome at 3 months. A phase II clinical
trial of BW619C89 (sipatrigine) by continuous infusion in acute stroke was recently
completed. No positive effects on outcome measures at 30 days or 3 months were
demonstrated. None of the placebo patients, but 16 of 21 patients receiving sipatrigine
suffered from adverse neuropsychiatric effects so that drug infusion had to be
discontinued in 7 patients.” The results of a European phase II trial in acute stroke
of sipatrigine scheduled to begin late 1999 have not yet been published. For phenytoin,
no clinical development in stroke is currently pursued. A phase III trial in patients
with acute ischemic stroke has been completed with no significant differences
between placebo and fosphenytoin at 3 months. These results have not been published
as of January 2001. The above pieces of information were obtained from an excellent
website on stroke and related issues maintained by the Washington University at St.
Louis (www.strokecenter.org). The interested reader should consult this site for a
comprehensive and up-to-date coverage of ongoing clinical trials in stroke.

It is not clear why the clinical trials conducted so far have failed to detect
beneficial actions of Na* channel inhibitors. Possibly, the delay between the ischemic
insult and the onset of infusion, which was typically 6-12 h in the above trials,
renders the drugs largely ineffective, as predicted by the pathophysiology of Na'-
dependent neuronal damage and the animal studies mentioned above.

Ca?" CHANNELS

In a variety of pathological settings including stroke, cardiac arrest and traumatic
brain injury, Ca*" overload of neurons is generally considered the critical event
triggering the various Ca*"-dependent processes that eventually lead to neuronal
death.””"”” As already illustrated in the schematic drawing of Figure 1, several of the
pathways producing elevated cytosolic Ca* levels are directly or indirectly coupled
to excessive Na" influx, such as reversal of the transmembrane Na*/Ca?" exchanger,
activation of the mitochondrial Na*/Ca*" antiporter, and Na'-dependent membrane
depolarization with subsequent opening of voltage-gated Ca>* channels. Additional
sources of cytosolic Ca”* rises include Ca>" entry through NMDA receptors and
non-NMDA receptors lacking the GluR2 subunit, as well as IP;-mediated release of
Ca*" from intracellular stores following activation of group I metabotropic glutamate
receptors. Finally, the declining activity of Ca**-ATPases following ATP depletion
impairs the removal of the accumulated cytosolic Ca*". The various mechanisms of
Ca*" overload offer a number of potential targets for neuroprotection, which are
covered in several Chapters of this book. Here, I will discuss whether inhibition of
voltage-gated Ca®" channels is a promising strategy to abate the consequences of
ischemic insult and traumatic brain injury.
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Figure 4. Whole-cell recording from acutely isolated human neocortical pyramidal cell reveals o-CgTX-
sensitive and nifedipine-sensitive components of high threshold Ca* current. A: High threshold currents
were evoked by step depolarizations from -50 to -13 mV and the amplitude of peak current was plotted vs.
time in the absence and presence of the channel inhibitors as indicated. B: I-V relations for the high
threshold currents were determined at the time points indicated by like-numbers in A. Reprinted with
permission from Sayer RJ, Brown AM, Schwindt PC & Crill WE. J Neurophysiol 1993; 69:1596-1606.

Ca’* Channel Blockers and Neuroprotection

Once cytosolic Ca®>" had been pinpointed as the pivotal trigger of neuronal death
in various forms of acute brain damage, the availability of organic Ca?* channel
blockers already approved for cardiovascular diseases made these drugs prime tools
of neuroprotection and spawned a series of preclinical studies and clinical trials. A
number of in vitro and in vivo studies provided indeed encouraging results, but, as a
whole, the findings were often controversial and inconsistent across species and
lesion models.®*-%2 Even worse, a recent meta-analysis of published studies revealed
that clinical trials with organic Ca>" channel blockers all failed to produce positive
effects on several outcome measures in stroke patients.®

Diversity of Ca®* Channels

To better understand the pitfalls and potential benefits of Ca>* channel inhibition
in neuroprotection, the diversity of voltage-gated Ca*" channels has to be taken into
account.

In their basic structure closely resembling voltage-gated Na' channels (Nay),
voltage-gated Ca®>" channels are large heteromultimeric complexes of four or five
distinct subunits.®* They are composed of a; as the major subunit, and oy, 3, 6 and
(specifically for skeletal muscle) y as auxiliary subunits. The a; subunit is the central
functional element of the channel incorporating the conduction pore, the voltage
sensor and gating apparatus, and binding sites for several drugs, toxins and regulatory
molecules. While the accessory subunits may influence amplitude and kinetics of
the current and, in some cases, confer sensitivity to channel modulators, the basic
electrophysiological and pharmacological properties of Ca>* channels are determined
by the a; subunit. The diversity of native Ca*>" channels in excitable tissue is hence
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mainly attributable to the multiplicity of a; subunits, which are, in mammals, encoded
by at least 10 distinct genes. A panel of expert Ca>* channel researchers has recently
proposed that the old nomenclatures should be replaced with one based on the
structural relationships among the various o, subunits.®> According to this novel
nomenclature, the Ca,1 family (Ca,1.1-1.4) comprises the subunits a,s, atic, 0ip,
ayr, which give rise to L-type currents, the Ca,2 family (Ca,2.1-2.3) comprises the
subunits o, o1, o1, Which give rise to P/Q-type, N-type and R-type currents,
respectively. Finally, the Ca,3 family (Ca,3.1.-3.3) includes subunits a;g, a;y, a,
which mediate T-type currents. With the exception of the T-type current, which is
transient and requires only small depolarization from rest for activation (low-threshold
Ca*" current), the remaining Ca®" currents share the common characteristics that
they require stronger depolarization from rest for activation (high-threshold Ca>*
currents) and inactivate, apart from R-type channels, with much slower kinetics.

Only L-type channels are blocked by organic Ca>* channel blockers such as
dihydropyridines, phenylalkylamines and benzothiazepines, whereas Ca" channels
of the N-, P/Q-, and R-type are blocked by specific polypeptide toxins isolated from
spider and snail venoms. T-type channels are insensitive to L-type blockers and
venom toxins, but have been reported to be selectively inhibited by the benzimidazole
mibefradil.*® L-type channels are expressed in various types of non-neuronal tissues
as well as in neurons, where they contribute predominantly to somatodendritic Ca®*
influx. By contrast, N-, P/Q- and R-type channels are expressed primarily in neurons,
where they are mainly involved in neurotransmitter release, but also participate in
postsynaptic Ca®" influx. Figure 4 illustrates the relative contribution of nifedipine-
sensitive L-type current and w-conotoxin GVIA-sensitive N-type current to the total
high-threshold Ca*" current of a pyramidal neuron soma acutely isolated from human
neocortex.’” These data are in agreement with immunohistochemical data showing
expression of both L-type and N-type Ca®" channels in the soma and dendrites of
pyramidal neurons, with L-type channels clustered at the base of dendrites and N-
type channels expressed more diffusely.®®°

Selective Blockers of Neuronal Ca®* Channels

As already mentioned above, clinical trials consistently failed to detect positive
effects of organic (L-type channel) blockers in stroke patients. Owing to the almost
ubiquitous expression of L-type Ca* channels, a major shortcoming of L-type current
blockers in neuroprotection is their lack of selectivity for neuronal Ca>* channels.
Cardiovascular liabilities might thus account, at least in part, for the inconsistent
and sometimes even adverse effects of these compounds in acute brain damage.
Whereas there seems no indication for L-type Ca>" channel blockers in stroke and
brain injury, the development of inhibitors specific for neuronal Ca?* channels
inspired new hope. In fact, SB201823 and SB206284, two compounds which target
neuronal Ca®* channels without displaying any particular subtype selectively, showed
substantial efficacy in a number of ischemia models in vivo, lending credence to the
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idea that neuroprotective effects of Ca" channel antagonists occur independent of
effects on hemodynamic parameters.®

An even more promising candidate is ziconotide (SNX-111), a synthetic -
conotoxin MVIIA, which selectively inhibits N-type channels. Unlike most
polypeptide toxins, which act as rather irreversible Ca®" blockers, ziconotide shows
slow unbinding in vitro. Several studies demonstrated considerable neuroprotective
effects of ziconotide in vitro and in vivo. For example, in organotypic hippocampal
slice cultures subjected to 3 h of oxygen deprivation, ziconotide prevented neuronal
damage not only if preincubated, but also if application was delayed until after the
hypoxic episode.”! By contrast, neither nifedipine, a dihydropyridine, nor the mixed
neuronal Ca* channel blocker SB201823 A were protective under these experimen-
tal conditions. Sending a note of caution, however, ziconotide failed to protect neurons
of the same preparation, if hypoxia was combined with glucose deprivation, a
paradigm that is more likely to mimic ischemia than hypoxia alone. A neuroprotective
action of ziconotide in animal models of stroke was first reported by Valentino et al
(ref. 92), who found that the N-type channel blocker rescued hippocampal CA1
neurons from forebrain ischemia in the rat model of four-vessel occlusion. Most
notably, a single bolus injection (i.v.) of ziconotide provided neuroprotection up to
24 h after the ischemic insult, a result confirmed in an independent study.”® The
mechanisms underlying ziconotide’s neuroprotective effect have remained contro-
versial. In the study by Valentino et al (ref. 92), the neuroprotective efficacy of
ziconotide did not correlate with its ability to inhibit glutamate release. By contrast,
a study using rat focal cerebral ischemia attributed the reduction in infarct volume
produced by ziconotide to the concomitant reduction in glutamate release.”
Demonstrating its therapeutic potential in acute CNS trauma, ziconotide (again
administered as a single bolus injection i.v.) produced a significant improvement of
mitochondrial function in a rat model of traumatic brain injury when given at time
intervals ranging from 15 min before injury up to 10h after injury, with the highest
improvement between 2 and 6 h post injury.”>® The unexpectedly long window of
opportunity for therapeutic intervention after stroke and brain trauma was a consistent
finding in all animal studies with ziconotide, bearing particular significance for its
prospective use in a clinical setting. This is in marked contrast to the much shorter
time window (1 h or less) offered by Na* channel inhibitors (see above). As of July
2001, ziconotide was FDA-approved for intrathecal application in chronic pain, but
the status of trials for stroke and traumatic brain injury is unclear
(www.strokecenter.org).

It is noteworthy that ziconotide penetrates the blood brain barrier (BBB)
relatively poorly, thus requiring intravenous levels several orders of magnitude higher
than its K4-value at N-type channels. At these high plasma levels, the compound
might cause side effects resulting from sympathetic blockade and histamine release
from mast cells.”” Nevertheless, the neuroprotective efficacy and, in particular, the
extended therapeutic window make selective N-type channel blockers promising
candidates to prevent neuronal loss in stroke and brain trauma, provided that
compounds are developed which pass the BBB more easily.
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INTRACELLULAR Ca** HANDLING

Rod J. Sayer

ABSTRACT

Intracellular Ca”* is regulated within three major compartments: the cytosol,
the endoplasmic reticulum and mitochondria. This Chapter reviews the mechanisms
involved in handling of Ca** within these compartments with reference to potential
strategies for neuroprotection. In the cytosol, Ca*" buffering has a major influence
on Ca?" signals. Cytosolic Ca**-binding proteins such as CB28 participate in Ca*"
buffering and may have a role in resistance to neurotoxicity. In the endoplasmic
reticulum, a number of proteins are involved in Ca’" uptake, lumenal buffering or
release, and these may be of value as potential targets for therapeutic intervention.
Mitochondria are receiving increasing attention for their role in Ca®" storage and
signaling, and as key players in the processes leading to cell death following Ca®*
overload. An improved understanding of how Ca®" is controlled within these
intracellular compartments, and how these compartments interact, will be important
for neuroprotective strategies.

INTRODUCTION

The management of Ca’" inside cells is sometimes referred to as Ca®"
homeostasis, but this understates the dynamic role of Ca>" as a signaling molecule.
Ca’" transients encode information about neuronal activity via their amplitude, timing
and subcellular location. This signaling system exploits a steep gradient of
Ca**concentration ([Ca®"]) between the cytosol (resting level ~100 nM) and the
extracellular fluid and endoplasmic reticulum (ER), in which [Ca?'] is three or four
orders of magnitude higher. The gradients allow generation of rapid rises of cystolic
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[Ca®'], but have energetic costs and carry risks of Ca®" overload. A complex set of
mechanisms has evolved to allow active Ca>" signaling while avoiding toxicity.
The impact of Ca’ influx through the plasma membrane on the resulting rise
in free cytosolic Ca?* concentration ([Ca®>"].). Depends upon cytoso