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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.
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EXCITATORY AMINO ACID NEUROTOXICITY

Thomas Gillessen1, Samantha L. Budd2 and Stuart A. Lipton3

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.1,2

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.3 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).4-9

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.10

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
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the neurotoxic effect.11-14 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 function15 also stimulated
studies on mechanisms underlying the toxic effects.16-18 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.19-26

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,27,28 and since then the implication of ion homeostasis
dysregulation and dysfunction in calcium signaling have been studied extensively
(Fig. 2).29-33

Regarding the mode of cell death, glutamate-induced neuronal cell death has
been judged originally as necrotic from the morphological appearance.6,34-36

However, the observation of a delayed neuronal cell death in the penumbra of
ischemic lesions37 and after EAA exposure38,39 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

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.
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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.40-44

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).45 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.46,47 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

Figure 2. Cortical neurons in cell culture before (top row) and 1 day after (bottom row) a 5 min incubation
in 500 µM glutamate. A, Na+ ions replaced with equimolar choline. B, 1 µM tetrodotoxin added. C, Ca2+

ions omitted. Considerable cell death occurred even under replacement of Na+ or addition of 1 µM
tetrodotoxin. Omission of Ca2+ 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.
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epilepticus” (SE).48-50 Importantly, neuronal cell loss after SE is not distributed
equally across all hippocampal subfields and the extent of damage is in the order
CA1 > CA4 > CA3 > CA2, thus indicating different susceptibility to SE-induced
cell death.12,50

In animal models of epilepsy using chemoconvulsant-induced or electrical
stimulation-induced SE, similar patterns of brain damage were observed.51-54

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.51-56

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.6,36,51,53,55,56 Second, the administration of ionotropic glutamate receptor
antagonists that inhibit excitotoxic cell death in cultured neurons can prevent cell
death induced by epileptiform activity.57-60

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.61-66 In conclusion, the mode of cell death in
SE-induced brain pathology may be the result of intensity and duration of glutamate

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.
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receptor activation, with a shift from apoptotic death to necrotic death with increasing
intensity and duration of receptor activation.40,43

TRAUMATIC BRAIN INJURY

Following head trauma, mechanical brain injury can be accompanied by
secondary changes as ‘metabolic’ glutamate leaks uncontrollably from the neuronal
cytoplasm67 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,67-69 whereas others have
demonstrated activation of caspase enzymes, internucleosomal DNA fragmentation
and induction of immediate early genes, indicative of apoptosis.69-71 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.72 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.73 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.74-76 Moreover, osmotic cell swelling following the influx of Na+, Cl- and
H2O 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.77-79 As in the
other above-mentioned acute CNS insults, this increase in extracellular glutamate
results in excitotoxic damage.80-83 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.84-87

However, the actual set of circumstances in humans appears to differ from the defined
animal models.88 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 ß-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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apoptosis following ischemia.41,89 Among various biochemical markers of apoptosis,
DNA fragmentation90,91 and activation of caspase-3 have been observed63,92 in models
for cerebral ischemia. Moreover, application of caspase-inhibitors results in reduced
infarct size42,93,94 and decreases cell death in cultured neurons following ischemia.95

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.96,97

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

Table 2. Exogenous excitotoxins

Kainic acid Domoic acid BOAA

Structure

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 µM 10-100 µM

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.
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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.98 It was reconstructed that the mussels had
accumulated domoic acid, synthesized by the phytoplankton Nitzchia pungens.98

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.99,100

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.101-103

Ingestion of the chick pea Lathyrus sativus, which contains another EAA 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 β-N-oxalyl-L-alanine (BOAA) was
identified only some decades ago (Table 2).104 Experimental administration of BOAA
is known to induce the features of lathyrism in nonhuman primates105 and application
of BOAA to cell cultures results in cell death with structural features of
excitotoxicity106 that can be attenuated by non-NMDA receptor antagonists.107,108

Importantly, the high excitotoxic potency of this glutamate receptor ligand is in
accordance with its high excitatory potency as agonist at AMPA receptors.109

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. Ionotropic glutamate receptors are
ligand-gated ion channels, which are named after agonists that bind
preferentially to these receptor subtypes. They include
α-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.110 Activation of AMPA
receptors results in the fast onset of an excitatory postsynaptic current (EPSC) with
rapid desensitization.111 This current shapes the fast component of glutamatergic
EPSCs in CNS neurons.112 Importantly, certain AMPA receptor subtypes can exhibit
substantial Ca2+ permeability and thereby contribute to the Ca2+-dependent form of
excitotoxic cell damage.113-116 Ca2+ -permeable channels are formed from the receptor
subunits GluR1 or GluR3, whereas coassembly with GluR2 results in only poor
Ca2+ permeability.117-119



11EXCITATORY AMINO ACID NEUROTOXICITY

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.120,121 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 Ca2+ ions,124,125 but also to K+ and Na+ ions.126 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 Mg2+ions at resting membrane potentials and a depolarization of the
plasma membrane is required to relieve the Mg2+-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.129 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.4-8 As with L-glutamate, administration of the agonists kainate11,12,14,20

or NMDA19 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
antagonists21,22,85,86,130 or application of kainate antagonists attenuates cell death in
cell cultures as well as brain damage.20 Unfortunately, the clinical use of these receptor
antagonists has been hampered by the inhibition of physiological NMDAR-mediated
neurotransmission, resulting in various adverse effects.131 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.132 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.133-135

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.136 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 mGluR1

and mGluR5 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 Ca2+ release from IP3-sensitive
Ca2+ stores.137-139 Application of recently developed selective receptor ligands
suggests, that activation of group I, and particularly mGluR1 receptors amplifies
NMDA-mediated excitotoxicity.136,140-144

Group II receptors comprise the subtypes mGluR2 and mGluR3 that are
negatively coupled to the adenylate cyclase pathway. Recent pharmacological studies
using selective agonists indicate that group II receptor activation results in protection
against NMDA-mediated excitotoxicity.141,145-147 Likewise, group III receptors
(mGluR4 and mGluR6-8) are negatively coupled to adenylyl cyclase, and activation
of mGluR4 or mGluR8 group III receptors results in attenuation of NMDA-mediated
neurotoxicity.147-149

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 Ca2+ 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 Cl- and
H2O and results in swelling of neurons.28,34,150,151 This acute form of cell damage
depends on the transmembrane Na+ and Cl- gradients28 and can be prevented by
extracellular substitution of Na+ and Cl- with impermeant ions.152,153 In contrast to
the acute, primarily Na+-dependent osmotic damage, a more delayed mode of cell
death has been attributed to Ca2+ influx.28,153 This delayed Ca2+-dependent cell death
can be largely attenuated by inhibition of NMDA receptors,19,29,84,154 removal of
extracellular Ca2+ ions23,155,156 or buffering of cytoplasmic Ca2+ by membrane
permeable chelators.157,158 Therefore, the Ca2+-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 Ca2+ ions has corroborated the Ca2+-dependence of the delayed cell
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death.28 However, the discovery of Ca2+-permeable AMPA/kainate receptors, has
lead to the view that neurons expressing these Ca2+-permeable non-NMDA receptors
can also undergo Ca2+- dependent delayed cell death.32,159 In summary, different
routes of Ca2+ influx such as through NMDA receptors, Ca2+-permeable AMPA/
kainate receptors and voltage-dependent Ca2+ channels, which are all involved in
physiological signaling, are implicated in excitotoxic cell death.

The suggested key role of Ca2+ in excitotoxicity has been subsequently confirmed
by the finding, that the extent of excitotoxic cell death correlates with the total amount
of Ca2+ uptake and is independent of the route of entry. In some cases Zn2+ can
substitute for Ca2+ as the cation inducing excitotoxic damage.29,159,160

The Ca2+ overload observed following sustained stimulation of NMDA receptors
results from the inability of cellular Ca2+ homeostasis, such as extrusion of Ca2+

across the plasma membrane by Na+/Ca2+ antiporter161-163 and Ca2+ ATPase164 or
Ca2+ sequestration by the endoplasmic reticulum and mitochondria165,166 to remove
the large influx of Ca2+.

Interestingly, during sustained exposure to glutamate, the intracellular calcium
concentration [Ca2+]crises rapidly to a peak value and thereafter slowly recovers to
an elevated plateau level.167 However, the [Ca2+]c can also manifest a second, delayed
increase,30,168 immediately preceding cell death (Fig. 4). This delayed [Ca2+]c

increase, termed “delayed calcium deregulation” (DCD) is irreversible and reflects
irreversible loss of cellular Ca2+ homeostasis. Although the interval between the
initial Ca2+ 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 Ca2+ levels and delayed cell death
suggests, that Ca2+-dependent effector mechanisms are involved, which do not need
sustained high Ca2+ levels but are triggered by transient changes in [Ca2+]c.

Since many enzymes are activated by transient or sustained [Ca2+] elevation
various effector mechanisms may be implicated in Ca2+-mediated excitotoxic cell
death. Consequently, a variety of Ca2+-dependent hydrolytic enzymes, including
lipases and proteases, have been suggested to be involved in excitotoxic neuronal
damage. Activation of the Ca2+-dependent phospholipase A2 has been observed
following NMDA receptor activation169 and the subsequent catabolism of released
arachidonic acid by lipoxygenases and cyclooxygenases (COX), is also associated
with concomitant production of reactive oxygen species (ROS).169-171 In addition,
activation of phospholiase A2 and subsequent release of arachidonic acid may inhibit
transporter-mediated glutamate uptake from the extracellular space.33,172,173

Among several Ca2+-activated proteases, the activity of the Ca2+-dependent
cysteine protease calpain is increased following glutamate receptor-mediated Ca2+

loading. 174-177 Calpain activation results in proteolysis of structural proteins and
degradation of the neuronal cytoskeleton.177 Furthermore, calpain may direct the
mode of cell death to necrosis by preventing the cytochrome c-mediated activation
of caspases (see following).174

Ca2+-mediated activation of nitric oxide synthase may be another pathway
involved in excitotoxic cell death since neurons constitutively express the isoenzyme



T. GILLESSEN ET AL.14

called “neuronal nitric oxide synthase” (nNOS). nNOS is activated by glutamate
receptor-mediated [Ca2+]c increases178,179 and there is compelling evidence, that
nNOS activation is linked to excitotoxic damage31 since inhibition of NO formation
results in protection of neurons from glutamate receptor-mediated cell death.179-182

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.183 The role of
NO in excitotoxicity is mediated at least partly through the reaction of NO with
superoxide anions (O2

-) to form peroxynitrite (ONOO-).184

Other classes of enzymes are also thought to be involved in the Ca2+-mediated
cell death but in less direct ways. Calcineurin is a Ca2+/calmodulin-activated
phosphatase which can dephosphorylate nNOS, thereby increasing its activity185

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.186,187 Accordingly, inhibition of calmodulin can also be
shown to decrease excitotoxic cell death.182,188

MITOCHONDRIAL DYSFUNCTION

Studies on the time course of glutamate receptor-induced [Ca2+]c increase have
demonstrated that if the neuronal cell does not succumb to the insult, [Ca2+]c slowly
recovers after the termination of agonist application.30,167 This recovery is due to
several mechanisms that ensure the cellular Ca2+ homeostasis under physiological
conditions (Fig. 5) such as extrusion across the plasma membrane by the Na+/Ca2+

exchanger189 and the Ca2+-ATPase, or sequestration of Ca2+ into the endoplasmic
reticulum189,190 and mitochondria.191,192

In theory, the driving force for Ca2+ ions to enter the mitochondrial matrix in
energized mitochondria is formed by the strong electrochemical gradient for Ca2+

across the inner mitochondrial membrane, mainly due to the mitochondrial membrane
potential ∆ψm (∆ψm ≈ -180 mV). Therefore, normal energized mitochondria can
take up substantial amounts of calcium.193 Net uptake of calcium occurs in isolated
mitochondria whenever [Ca2+]c rises above a set point in the high nanomolar range
(>0.5 µM), indicating the dynamic equilibrium of mitochondrial uptake and extrusion
mechanisms.194 [Ca2+]c can be shown to increase above this set point195 during
excessive cytoplasmic Ca2+ loading following ionotropic glutamate receptor
activation and results in net mitochondrial Ca2+ uptake.191,192

It has been proposed that mitochondrial Ca2+ uptake can shape the time course
of cytoplasmic [Ca2+]c.

196 During excessive Ca2+ loading into neurons, mitochondrial
Ca2+ uptake appears to blunt the [Ca2+]c increase since mitochondrial depolarization
by protonophores prior to Ca2+ loading results in increased [Ca2+]c.

163,196-199 After
termination of the Ca2+ influx, [Ca2+]c slowly decreases and Ca2+ redistribution from
mitochondria into the cytoplasm begins when [Ca2+]c decreases below the set
point.192,196
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Ca2+ uptake into mitochondria results in a decrease in ∆ψm that can be monitored
in isolated energized mitochondria200-202 as well as in situ.203-207 This depolarization
is due to the balancing of the charge transfer carried by Ca2+ ions by re-entry of
protons into the mitochondrial matrix. Under normal conditions, Ca2+-induced
depolarization is transient and serves to activate mitochondrial dehydrogenases208-214

and the mitochondrial ATP synthase,215 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 ∆ψm

depolarization can vary considerably, and depends on the time of Ca2+ loading. Short
pulses of NMDA result in at least partial recovery of ∆ψm

203 whereas prolonged
NMDA exposure or higher agonist concentrations result in sustained depolarization

Figure 4. Time course of glutamate-induced Ca2+ overload. A, intracellular free Ca2+ concentration [Ca2+]c

of a hippocampal neuron. [Ca2+]c was measured using the calcium-sensitive fluorochrome indo-1. Glutamate
(100 µM) was applied for 5 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 [Ca2+]c 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.
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with negligible recovery.40,203,206 This sustained depolarization indicates that
excessive Ca2+ 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;216,217

nonetheless, mitochondria are themselves susceptible to oxidative damage. Excessive
Ca2+ uptake into isolated mitochondria is known to result in increased formation of
ROS (Fig. 6),218,219 which in turn inhibit pyruvate dehydrogenase220 and tricarboxylic
acid cycle enzymes221,222 as well as complex I of the respiratory chain.223-225 In
intact neurons, ROS formation has been monitored with redox-sensitive
fluorochromes, which are oxidized by ROS to form fluorescent molecules.226-228

These studies indicate that ionotropic glutamate receptor-induced Ca2+ loading
enhances the production of O2

-.227,229-231

The main site of ROS formation within mitochondria is within the respiratory
chain. Complex I232,233 as well as complex III234-236 are thought to participate in one
electron reduction of molecular oxygen, resulting in the generation of O2

- which in
turn can lead to other ROS. Nevertheless, the exact biophysical link between
mitochondrial Ca2+ 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 O2

- 227,230,231,237 following ionotropic
glutamate receptor over-stimulation and from studies using radical scavengers or
inhibitors of the formation of certain ROS.227 These studies unequivocally
demonstrate that removal of ROS results in attenuation of glutamate receptor-induced
cell death.238,239

Several Ca2+-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, Ca2+ loading into
mitochondria appears to be one important mechanism of ROS production under
conditions associated with excitotoxicity.227,229-231,237,240 Apart from this mechanism,
activation of Ca2+-dependent phospholipase A2 has been observed following NMDA
receptor activation169 and catabolism of released arachidonic acid by lipoxygenases
and cyclooxygenases has been implicated in excitotoxicity through the concomitant
production of ROS.169-171

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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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 Ca2+-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 O2

-, H2O2 or •OH.220,221,223,241,242

The delayed deregulation of cellular Ca2+ 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
O2

- by menadione results in enhancement of DCD,238 whereas dismutation of O2
-

by the manganoporphyrin Mn-TBAP attenuates DCD.238 Importantly, the
redox-sensitive mechanism underlying DCD is still unresolved. Although oxidative
stress-induced dysfunction of the plasma membrane Ca2+-ATPase has been
demonstrated243 and this dysfunction has been proposed as a mechanism underlying
the NMDA receptor-induced DCD,238,244 the conclusion that mitochondrially
generated ROS are involved in plasma membrane protein dysfunction should be
judged cautiously because of the small reaction range.

Figure 5. Calcium transport in neurons. Influx of Ca2+ 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 Ca2+-mediated mitochondrial dysfunction in neuronal cell death. Biochem Soc
Symp 1999; 66:33-41, copyright  1999 the Biochemical Society.



T. GILLESSEN ET AL.18

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 Ca2+. B,
following exposure to 14 mM Na+ and 2.5 µM Ca2+ 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 µM Ca2+, 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 Ca2+ and Na+: implications for neurodegeneration. J
Neurochem 1994; 63:584-591, copyright  1994 Blackwell Science Ltd.
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Ca2+-induced increase in ROS can result in mitochondrial dysfunction including
dissipation of ∆ψm, bioenergetic failure and disturbance of cellular Ca2+ 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.203,206 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 Hunter245 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),246

which opened in response to the addition of Ca2+ to the mitochondrial preparation.
Notably, the activation and inhibition characteristics of this “mitochondrial
megachannel” are similar to the proposed mPT. Application of Ca2+, ROS, inor-
ganic phosphate and the adenine nucleotide translocator ligand atractylate induce
permeability transition and opening of the megachannel, whereas Mg2+, antioxidants,
ADP, cyclosporin A and the adenine nucleotide translocator ligand bongkrekic acid
(BA) inhibit permeability transition and channel opening.219,247-256 This strikingly
similar behavior has resulted in the conclusion that the mPT and the mitochondrial
megachannel are virtually identical.257

Dissipation of ∆ψm, bioenergetic failure and disturbance of mitochondrial Ca2+

homeostasis following activation of NMDA receptors all could be explained by
opening of the mPT.203,206 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.258,259

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.260

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.31,43,182 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.31,182,264 Subsequent 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.183 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.178

Although NO is a free radical, it is not as reactive as most ROS265 and calculations
based on its reactivity had estimated a reaction range of about 100 µm.261,263

The well-accepted implication of NO in excitotoxicity has been suggested to
depend on increased NO formation and the concomitant production of O2

-. Under
this condition, O2

- reacts with NO extremely fast to form peroxynitrite
(ONOO-).266-268 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 NO2 and •OH and subsequently, this
toxic molecule has been implicated in NO-induced cell damage.43,182,184,269

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/O2
- with resultant ONOO- formation has been

demonstrated convincingly to result in neuronal necrosis because of energy failure,
while mild insults lead to apoptosis.43 This bioenergetic failure may be due to (1)
increased ATP consumption under the condition of poly-(ADP ribose) polymerase
(PARP) activation,270 which occurs following ONOO- -mediated DNA damage and
(2) decreased ATP synthesis through NO-mediated inhibition of the respiratory chain
machinery.271-273
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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.274

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.275,276

Further evidence of apoptosis in excitotoxicity came with the examination of the
activation of caspases in animal models of stroke.277 Inhibition of caspases in
general by intracerebroventricular injections of N-benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (z-VAD.FMK), or selective inhibition of caspase-3

Figure 7. Schematic presentation of a nitric oxide (NO) producing neuron. NO formed from arginine by
the enzyme nitric oxide synthase freely diffuses across membranes and thus can affect various organelles
within the same neuron as well as other surrounding neurons and glia. Reprinted with permission from
Deutch AY, Roth RH. Neurotransmitters. In: Fundamental Neuroscience 1999:193-234. Zigmond MJ,
Bloom FE, Landis SC, Roberts JL, Squire LR, eds. San Diego: Academic press. Copyright  1999
Academic Press.
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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%.277 These caspase inhibitors
remain effective even when applied hours after the insult, making them effective
later than NMDA receptor blockade with MK-801.94 While the morphology of dying
ischemic cells does not precisely match that of ‘classical’ apoptosis,278 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,279,280 Alzheimer’s Disease,281,282 Huntington’s Disease,282,283 and
amyotrophic lateral sclerosis.284 However, the presence of DNA fragmentation is
not a guarantee that the cells are dying by apoptosis,285 and DNA fragmentation can
be influenced by ante mortem hypoxia.286 More recently other recognized apoptotic
molecules such as caspases,287,288 and BclXL

289 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.94,277,290 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-3,291 although
caspase-independent mechanisms almost certainly exist.174,292 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.294

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 c,295,296 the apoptosis-inducing factor,297 and SMAC/
diabolo.298 Currently in neuronal systems, only the pathway utilized by cytochrome c
has been fully elucidated. Cytochrome c triggers activation of caspase-9 which in turn
cleaves caspases-3, -6, -7.299 Release of cytochrome c from mitochondria has received
much attention as a commitment to apoptosis.295,296,300,301 Nevertheless, the release
of cytochrome c from mitochondria has been shown to be not sufficient for neuronal
apoptosis,260,302 and microinjection of cytochrome c into sympathetic neurons does
not lead to death in the absence of additional stimuli.303 Therefore, cytochrome c
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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.304 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,305 (ii) opening of the permeability transition pore
(PTP) in the inner mitochondrial membrane leading to rupture of the outer
mitochondrial membrane,306 or (iii) transport coupled to the voltage-dependent anion
channel in the outer mitochondrial membrane.301,307 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.308 The release of cytochrome
c from mitochondria can be stimulated by some caspases and by the proapoptotic
members of the Bcl-2 family Bid and Bax.300,305,306 On the contrary, survival factors
can act to prevent release of cytochrome c, e.g., channel activity of Bax is inhibited
by anti-apoptotic Bcl-2 family members such as Bcl-2 or Bcl-xL, and ordinarily
Apaf-1 is sequestered at the membrane by Bcl-xL, and in the absence of cytochrome
c cannot interact with pro–caspase-9.309 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

Figure 8. Model incorporating several features of apoptotic injury in neurons. After a relatively mild insult
by glutamate at the NMDA receptor (initiating excessive Ca2+ influx and generating NO and O2

-to form
ONOO-), the mitochondrial membrane potential transiently depolarizes and a drop in ATP transiently
results, but this not a sufficient compromise in energy to severely disrupt the pumps and therefore does not
result in necrosis. Rather, mitochondrial permeability transition occurs and a slight swelling of the
mitochondria ensues. Caspases, Bcl-2 and Bcl-XL, located at the mitochondrial membrane, may affect
permeability transition. In neurons, as ATP synthesis recovers, cytochrome c (cyt c) is released from the
mitochondria. In conjunction with apoptotic protease activating factor-1 (Apaf-1) and dATP/ATP,
cytochrome c triggers activation of caspase-9 and in turn caspase 3, leading to apoptosis.
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signaling molecules in apoptosis have been detected following ischemia, e.g., the
release of cytochrome c,310,311 Fas/TNFR,312 Bax,313 phospho-JNK,314 and
caspase-9.315

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, Ca2+, 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 Aβ (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
c.317 Accordingly, prolonged activation of NMDA receptors in cultured neurons and
subsequent calcium loading results in release of cytochrome c from mitochondria
followed by the activation of caspase-3.260,318 Thus in excitotoxicity, cytochrome c
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.319,320 This results in
cleavage and activation of cytosolic caspase-3.319

Table 3. Characteristics of reactive oxygen species

Reactive oxygen species Symbol Characteristics

Superoxide anion O2
- Good reductant, poor oxidant

Hydroxyl radical •OH Highly reactive, small diffusion range

Hydrogen peroxide H2O2 Oxidant, high diffusion range
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As discussed in an earlier section, glutamate receptor activation also activates
the Ca2+-dependent cysteine protease calpain.174-177 Calpain inhibitors appear to be
at least as effective as caspase inhibitors in preventing neuronal death and DNA
fragmentation,293 and have been demonstrated to reduce neuronal cell death caused
by hypoxia.321

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.322 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.323

Glutamate has been shown to activate p38 MAP kinase in rat cerebellar granule
neurons,324 and inhibition of p38 MAP kinase has been demonstrated to protect in
vitro retinal ganglion neurons from NMDA-induced apoptosis.325

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.326 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 Cl- gradients as well as Ca2+

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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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.
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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/Apo1,
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, p75NTR and others.1 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 /Apo1

Fas receptors and Fas ligand (FasL) are expressed on both astrocytes and neurons
in normal rat and human brain.2 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.3 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.4 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.5 FasL is also
upregulated in cortical neurons after cerebral ischemia.6,7 In lpr mice expressing a
dysfunctional Fas receptor, infarct volume after ischemia was reduced when
compared to wild type control mice.7 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.8 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.9

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/Apo1 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.12 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/Apo1L signaling pathways that occur
after DISC formation.14 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/Apo1L 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.15 Thus, caspase 10 may also serve as an apical
caspase in some cells, as has been demonstrated in lymphocytes.16 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.12
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TNF/TNFRs

Recent studies suggest that TNF may play an important role in the control of
neuronal survival. For example, TNFα induced apoptosis in cultured primary rat
cortical neurons and in differentiated PC12 cells.17 Function-blocking antibodies to
TNFα or TNFR1 partially protected embryonic mouse sympathetic and sensory
neurons from apoptosis induced by NGF withdrawal.18 Moreover, fewer sensory
and sympathetic neurons died during the phase of naturally occurring cell death in
TNFα-deficient 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.19 The proposed explanation for this result was that
activation of TNFRs in the wild type animals resulted in NF-κB activation and in-
creased expression of c-IAP2, thereby inhibiting caspase-mediated apoptosis.

Like the Fas/CD95/Apo1L receptor, TNF receptors (TNFRs) also signal cell
death via the formation of an intracellular protein complex.15 After binding its ligand,
TNFR1 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-κB pathway.20 Activation
of NF-κB 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-κB and c-Jun N-terminal kinase (JNK)
activation.21 Like TNFR1, DR6 has also been shown to activate NF-κB and JNK
(Pan et al, 1998). Additional studies indicate that TNFRs may even couple to the
nuclear transcription factor AP-1.22

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 al23

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.24 The tissue distribution of TRAIL receptors and
their ligand varies widely, with both being commonly expressed in the same tissues24,

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.15,24,26 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.24 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.1,24,27

Interestingly, TRAIL preferentially induces apoptosis in tumorigenic cells and
not in most normal tissues, including the brain.28,29 However, this finding has recently
been challenged by reports of TRAIL-induced apoptosis in normal human hepatocytes
and in epileptic human brain.30 Messenger RNA for TRAIL and its receptors have
been localized in many tissues, including normal human brain tissue.31 Exposure of
epileptic human brain slices to TRAIL induces apoptosis,32 and TRAIL induces cell
death in primary mouse cortical neurons and neuroblastoma cells in vitro.6,33

The mechanisms underlying TRAIL/Apo-2L receptor signaling are not as well
understood as those for CD95/Fas/Apo1 and TNFRs. As mentioned previously,
TRAIL receptor activation leads to activation of caspase 8,1,34 and caspase inhibition
blocks TRAIL-induced apoptosis.35 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-R2.34,36 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
NFκB, despite having an incomplete DD.27

The factors determining sensitivity to TRAIL are only now being elucidated.
TRAIL itself is upregulated after cerebral ischemia,6 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.37-39 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.40,41 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.29,42,43 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,
p75NTR may induce the death of selected neuronal populations when expressed in
the absence of Trk receptors. For example, embryonic or neonatal motor neurons
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derived from wild type, but not p75NTR-deficient mice undergo apoptosis after NGF
exposure.44,45 These cells also show increased survival after axotomy when compared
to wild type motor neurons, suggesting that p75NTR may promote neuronal cell death

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 common activators 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-XL) are dominant, mitochondrial function and integrity are maintained. However,
if the 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 c (cyt c), endonuclease G (endo G) and apoptosis inducing factor (AIF). Cytochrome
c is one 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.
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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 a number 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-XL and its sequestration by the 14-3-3 protein. The
sequestration of Bad allows Bcl-2/Bcl-XL 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 IkB thus helping to promote NFkB-mediated transcriptional activation.
NFkB induces the caspase inhibitors IAP1 and IAP2 and pro-survival Bcl-2 family members Bcl-XL 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.46 p75NTR knockout mice also show decreased cell death of a subset of
spinal cord interneurons, retinal neurons, and sympathetic neurons.47,48

The mechanism by which p75NTR 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.11 Studies
have implicated NFκB activation, ceramide production and caspase activation in
the p75NTR signaling pathway (for review, see ref. 49). In immortalized striatal
neurons containing an inducible p75NTR, expression of the receptor was found to
activate caspase 9, 6 and 3 in an NGF-independent manner.50 Cell death was inhibited
by Bcl-XL, 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 p75NTR 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
RIP254 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 cells55 and cultured neurons from the
peripheral56 and central nervous systems.57 A recent study by Kuruvilla et al58

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.58

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 (PIP2, PIP3) at the inner surface of the plasma membrane.
Phosphoinositide-dependent protein kinase-1 (PDK1) then acts in concert with PIP2

and PIP3 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.61,62

Dominant negative and constitutively active forms of Ras,62 PI3K,63,64 and Akt65

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.66 In primary hippocampal neurons subjected to hypoxia
or nitric oxide, p53 activation and p53-mediated Bax upregulation are also blocked
by Akt signaling.67 Akt activates the cAMP–responsive element binding protein
(CREB) and nuclear factor-κB (NF-κB), additional transcriptional regulators that
may promote neuronal survival.68,69In addition, Akt can directly inhibit the apoptotic
machinery by phosphorylation at sites both upstream (BAD70) and downstream
(Caspase 971) of mitochondrial cytochrome c release. Finally, there is evidence to
support the role of Akt in promoting neuronal survival through metabolic effects, by
regulating glucose metabolism in neurons.72

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.73 A wide body of evidence has also been collected to
demonstrate the role of ERK in neuronal plasticity and memory formation.74,75 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.76-78

At least six ERK isoforms have been identified.79 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 (p21ras,rap) 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,84 glutamate-induced excitotoxicity and ischemic preconditioning.85

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 MKK1 protein kinase inhibitor
protects against damage resulting from focal cerebral ischemia.82 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.83 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.84

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,68 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.68

JNKs

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 withdrawal73, excitotoxicity,86,87 seizures,88 irradiation,86 hypoxia,89 exposure
to beta-Amyloid (Abeta),90,91 arsenite toxicity92 and axotomy93 (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.95

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 β-amyloid peptide.90

Similarly, treatment with an inhibitor of JNK activation, CEP-1347, effectively
blocked increases in cellular JNK activity and protected PC12 cells, sympathetic
neurons91 and cortical neurons96 from β-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.97 Moreover, CEP-1347 also inhibited
MPTP-mediated MKK4 and JNK signaling and attenuated MPTP-induced
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dopaminergic cell loss98 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-134798. 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.73,99,100 These results are
consistent with the data obtained applying NGF withdrawal to JNK3-deficient
sympathetic neurons.101 Moreover, the deficiency in JNK3 activity87 and the
expression of a mutant form of jun that is resistant to phosphorylation by JNK102

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 MKK4103 or
MKK7,104 depending upon the cell type, developmental stage105 and stressful
stimulus.106 Other kinases such as MLK3107, MEKK1108 and ASK1109,110 lie further
upstream of the MKKs, and probably activate both MKK’s and JNK in a similar cell
type and stimulus dependent manner.106 ASK1 also activates p38 MAPK and is
upregulated in PC12 cells following NGF withdrawal.111 Overexpression of a
constitutively active mutant of ASK1 activates JNK and induces apoptosis in differ-
entiated PC12 cells and sympathetic neurons.111 JNK 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.112

The downstream effectors of the JNK pathway are numerous and include both
cytoplasmic and nuclear targets. In the nucleus, JNK’s phosphorylate and activate
the transcription factor c-jun,113 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) expression100 (see Fas/CD95/Apo1 in
the previous section). Cytoplasmic targets include p53114 (see Nuclear Signaling
Pathways in the following section), which is stabilized and activated by JNK,115 and
a cell death domain protein MADD, which co-translocates with JNK to the nucleus
after hypoxic stress.116

p38 MAP Kinases

p38 MAPK’s, like JNK’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 MKK6.117-119 The downstream targets of the p38 MAPK pathway are
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similar to the targets of JNKs, 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 cells120,121

and prevented the activation of downstream effectors such as caspase 3.120 p38 MAPK
inhibition also conferred protection against neuronal cell death induced by C2-
ceramide,122 oxidative damage123 and trophic factor deprivation.73,124 Focal ischemia
induces p38 MAPK activity and treatment with a second-generation p38 MAPK
inhibitor, SB 239063, significantly reduced infarct size and behavioral deficits.125

Inhibiting p38 MAPK activity in the focal ischemia model was also associated with
decreased expression of IL-1beta and TNFα, 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.126

Mechanistic aspects of the contribution of p38 MAPK activation to cell death
were further revealed in a study from our laboratory.127 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.128 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-3βββββ

Another emerging kinase that has been implicated in neuronal cell death is
glycogen synthase kinase-3β (GSK-3β). GSK-3β regulates a diverse array of proteins
including many transcription factors (for review, see ref. 129) and is inhibited by the
PI3K pathway.130,131 Its function in the nervous system has been linked to
neuropathology, such as Alzheimer’s disease, based on its ability to promote tau
hyperphosphorylation132,133 although the significance of this finding is still
controversial.134 Several cellular stresses including serum deprivation stimulate
GSK3β activity in cortical neurons prior to the induction of apoptosis.72 Expression
of an inhibitory GSK3β binding protein or a dominant interfering form of GSK3β
reduced neuronal apoptosis, suggesting that GSK3beta contributes to trophic factor
deprivation-induced apoptosis. Moreover, overexpressing GSK3β 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,136 ischemia and seizures,137 stroke,138 exposure to the β-
amyloid peptide139,140 and DNA damage.141 In addition, abnormal expression of
these cell cycle regulators has also been implicated in neurodegenerative diseases
such as Alzheimer’s disease142-148 and amyotrophic lateral sclerosis (ALS).149

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.150

Pharmacological inhibitors of cyclin-dependent kinases, such as flavopiridol,
olomoucine, and roscovitine, prevent cerebellar granule neuron apoptosis induced
by non-depolarizing KCl.151 Moreover, camptothecin-induced cell death of PC12
cells, sympathetic neurons, and cerebral cortical neurons is also suppressed by the
CDK-inhibitors flavopiridol and olomoucine.152,153 However, these cell cycle
inhibitors did not prevent cell death induced by a strong oxidative stress (SOD1
depletion)154 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 disease148

and ALS149 through its ability to hyperphosphorylate tau, although the finding that
cdk5 is a major protein tau kinase has been disputed.155 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-1.156

Cdk4/6 activation results in the phosphorylation of the Rb tumor suppressor
protein in neurons following DNA damage.141 One consequence of Rb
phosphorylation is the activation of E2F family members. Overexpression of E2F1
is sufficient to induce neuronal cell death,157-159 while E2F1 deficiency protects
neurons from multiple cellular stresses including DNA damage,160 ischemia,161,162
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staurosporine,157 reduced potassium158 and β-amyloid toxicity.163 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.139,160 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.159

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 NFκB
transcriptional activity164 as well as JNK activity,165 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.160,166 Moreover, deregulation of the Rb cell cycle pathway during
development promotes ectopic cell cycle entry and elevated apoptosis which is, in
part, p53-dependent.167,168 The latter finding is consistent with a role for the Rb-
regulated E2F1 protein as a specific inducer of apoptosis and p53 accumulation.169

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.170,171 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 p53-mediated growth
arrest172 but the pathways associated with p53-mediated apoptosis have not been
completely elucidated.173 In addition to its transactivating activity, p53 may also
promote apoptosis by repressing the expression of select genes.174,175 Moreover,
p53-mediated apoptosis may also occur through transcription-independent pathways
requiring direct protein-protein interactions.176,177

p53 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.179,180 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.181-183 Elevated expression of the p53
gene has also been observed in models of experimental traumatic brain injury.184-186

As early as 6 h post-injury, p53 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
mRNA187 and protein.188

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
disease189,190 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 (Aβ 1-42).191 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 neurons192. 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.190,193,194 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.195

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,196 and to repress transcription of
several p53-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.197,198 Another potent stimulus for elevating p53 expres-
sion in cultured neurons is DNA damage induced by cytosine arabinoside,199,200

ionizing radiation,166 camptothecin153 and the absence of essential DNA repair
proteins.201 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

p53 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,203 ionizing radiation204-208 kainate-
induced seizures,209 MPTP-induced neurotoxicity,210 methamphetamine-induced
neurotoxicity,211 adrenalectomy,212 traumatic brain injury,186 DNA damaging
agents,199,200,206,213-215 glutamate,197,198 hypoxia202,216 and NGF withdrawal.217,218

A role for p53 has also been demonstrated for apoptosis associated with
developmental neuronal death in certain subpopulations of neurons217 as well as
cell death occurring during abnormal development167, 219. In addition to the use of
p53-deficient mice, the application of antisense oligonucleotides197,200,202,220,221 or
a synthetic inhibitor of p53222 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,213 and postnatal cortical and hippocampal neurons also die after
staurosporine exposure in a p53-independent manner.204 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.223,224 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 agents204,215,225 and adenovirus-mediated
p53 over-expression.215,226 Moreover, various forms of neuronal injury are associated
with Bax translocation from the cytosol to the mitochondria.127,153,227,228 The
redistribution of Bax to the mitochondria has been associated with a reduction in
mitochondrial membrane potential, mitochondrial release of cytochrome c and
activation of caspases,229-233 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.215,225,226,234 These
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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.200 Apaf1, 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.235 Other genes,
such as DR5, Fas, Fas ligand,173 PERP,236 Noxa and PUMA237 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.67 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).238,239 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-3240-244 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 BRCA1, 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



R.S. MORRISON ET AL.58

on the gastrointestinal tract, and fibroblasts derived from the mice show compro-
mised G1/S checkpoint function.246 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.208 IR-induced,
ATM-mediated neuronal cell death also depends on p53, Bax and caspase-3.225 ATM
is known to phosphorylate p53 at Ser15 directly247,248 and Ser20 through the activa-
tion of CHK2.249 ATM also phosphorylates MDM2 at Ser395.250 These
phosphorylation events are thought to collectively contribute to p53 stabilization
and transcriptional activation.251,252 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.225,253 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.246 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.253 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.254

ATR, an ATM-related protein primarily involved in the response to UV-induced
DNA damage,255 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,256 and is essential for DNA
repair.257 DNA-PK phosphorylates p53,258 MDM2,259 and other factors implicated
in the regulation of cell death including c-abl260 and IkB.261 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.262-264 Although an inhibitor of DNA-PK reportedly
reduces the manifestation of apoptotic nuclear changes in staurosporine-treated
neuroblastoma cells,265 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 scid 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,266 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.267-269 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 death270 (for a review, see ref. 271). In agreement with this idea, PARP-
1 inhibitors attenuate neuronal cell death caused by excitotoxicity in culture.272,273

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.274,275 In addition, the absence of PARP-1 also
dramatically reduces the size of lesions induced by intrastriatal NMDA injection276

and the extent of MPTP-induced loss of dopaminergic neurons.277 The protection
conferred by genetic or pharmacological suppression of PARP-1 activity in models
of stroke,278 NMDA excitotoxicity276 and traumatic brain injury279 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.280 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,276,278,279 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 death234 as well as p53 induction.281

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 Bcl-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.282 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.283-285 Proteins in this family share a number of Bcl-2 homology domains
(BH domains). In general, the anti-apoptotic members, Bcl-2 and Bcl-XL, contain
BH1-4, whereas the pro-apoptotic members, Bax and Bak, contain BH1-3. A third
subset of family members including Bad, Bik, Blk, Hrk, Bim, Bid286 and Noxa287

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.288-291 This is associated with alterations
in mitochondrial membrane potential and the release of several pro-apoptotic factors
including, cytochrome c, which, in conjunction with Apaf-1, facilitates the activation
of the caspase cascade (Fig. 1).292,293

The impact of pro-apoptotic Bcl-2 proteins on mitochondria can be inhibited
by Bcl-2 and/or Bcl-XL.294,295 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),296

and other components of the mitochondrial permeability transition pore (PTP)
complex.297 Furthermore, there is evidence indicating that some Bcl-2 family members
can form hetero- and homodimers with inherent ion channel-forming abilities.298-300

The ability of Bcl-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.301 On the other hand, heterodimerization of anti-
apoptotic members such as Bcl-2 or Bcl-XL with pro-apoptotic members such as
Bax can inhibit or activate apoptosis depending on the relative levels of each protein
(Rheostat model302). 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 Bcl-XL are essential for their dimerization to Bax.303 NMR and X-ray
crystallographic analyses of Bcl-XL show that the α-helical BH1-3 domains are
closely juxtaposed to form a hydrophobic binding pocket.304,305 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.306,307 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 Bcl-XL.308

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 Bcl-2 activity.309,310 Furthermore, we have shown that p38 MAP kinase activity
is involved in regulating Bax function.127 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.311,312 For example, Bid is a
pro-apoptotic Bcl-2 homolog that, once cleaved by caspase-8, is targeted to
mitochondria by cardiolipin.313 Truncated Bid binds and activates pro-apoptotic
members, Bax and Bak.314-316 Other members, such as Bim, Bad and Noxa bind and
inhibit the anti-apoptotic members, Bcl-2 and Bcl-XL.287,317,318 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-XL remains highly expressed in the nervous system throughout both development
and adult life.319 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.320

Studies with transgenic mice have demonstrated the importance of Bcl-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 Ca2+ homeostasis.321 High levels of Bcl-2 expression have also
proven protective in other models of neuronal cell death, for example, following
ischemia and excitotoxic injury.322

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.204,215,323 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.153,215 Recently, a novel splice variant
of Bax, Bax κ, 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.324

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 BIMEL expression, and subsequently die in a Bax-dependent manner.325

Furthermore, overexpression of BIMEL 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.326,327 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.328

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.329 Conversely, another report suggests that
cleavage of Bid may amplify caspase-8-induced neuronal death in a seizure model.330

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.331

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.332,333 Presenilin-1 and
2, genes involved in AD, have also been shown to interact with Bcl-XL.334 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.335-337 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.338 Overexpression of Bcl-2 delays caspase expression,
increases motor neuron survival, and improves muscle function in mutant SOD-1
mice.335,339 However, the disease eventually progresses and duration of the disease
is not altered.340 Survival of motor neuron protein (SMN), which has been implicated
in SMA, has also been shown to interact with Bcl-2.341 In fact, Bcl-2 acts
synergistically with SMN to inhibit Bax induced or Fas mediated toxicity.342 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 Bcl-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).343 Loss of mitochondrial membrane potential leads to opening of a
protein complex known as the permeability transition pore.344 When this channel is
opened, cytochrome c is released into the cytoplasm, leading to the formation of the
apoptosome and activation of caspase-9.343 In neurons mitochondrial cytochrome c
release can be independent of permeability transition.345 Cytochrome c release in
this situation may be mediated by the action of pro-apoptotic bcl-2 family members300

(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.346 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.347 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.348 A mutation in the C. elegans homologue for
endonuclease G also prevents normal progression to neuronal apoptosis during
development.349
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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).350 ICE turned out to be a member of a family of proteases later designated
caspase enzymes.351 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
subunits352. 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.353,354 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 neurons355 or
oligodendrocytes.356,357

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-α) 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.352

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-R1.358 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.359,360 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.361,362 The complex of these factors, designated the apoptosome, is under
intense investigation and additional regulatory proteins continue to be identified.363

In addition, there is some evidence that human caspase-9 activity is regulated by
phosphorylation71 although the putative phosphorylation sites are not conserved in
several other species.364

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.365-371 Caspase-3 is also required for normal
developmental cell death in the CNS.372 Caspase-6 may play a role in the pathogenesis
of Alzheimer’s and Huntington’s disease.373,374 Caspase-7 is activated during
motoneuron degeneration in a mouse model of amyotrophic lateral sclerosis.338

However, the inhibition or ablation of executioner caspases may not improve neuronal
survival, even though the morphologic changes associated with apoptosis do not
develop.375,376

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-2377 and caspase-14.354 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.378 Motoneurons expressing high levels of FLIP are resistant to FasL induced
apoptosis4 and FLIP is expressed in neuroblasts in rat cortex during the early postnatal
period.379 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,380 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) genes381 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.383

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.384 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.385,386

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.387-393 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.394 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,



67NEURONAL SURVIVAL

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;
JNK, 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

REFERENCES

1. Walczak H, Krammer PH. The CD95 (APO-1/Fas) and the TRAIL (APO-2L) apoptosis sys-
tems. Exp Cell Res 2000; 256:58-66.

2. Bechmann I, Mor G, Nilsen J, Eliza M, Nitsch R, Naftolin F. FasL (CD95L, Apo1L) is
expressed in the normal rat and human brain: Evidence for the existence of an immunological
brain barrier. Glia 1999; 27:62-74.

3. Felderhoff-Mueser U, Taylor DL, Greenwood K, Kozma M, Stibenz D, Joashi UC et al.
Fas/CD95/APO-1 can function as a death receptor for neuronal cells in vitro and in vivo
and is upregulated following cerebral hypoxic-ischemic injury to the developing rat brain.
Brain Pathol 2000; 10:17-29.

4. Raoul C, Henderson CE, Pettmann B. Programmed cell death of embryonic motoneurons
triggered through the Fas death receptor. J Cell Biol 1999; 147:1049-1062.

5. Matsushita K, Wu Y, Qiu J, Lang-Lazdunski L, Hirt L, Waeber C et al. Fas receptor and
neuronal cell death after spinal cord ischemia. J Neurosci 2000; 20:6879-6887.

6. Martin-Villalba A, Herr I, Jeremias I, Hahne M, Brandt R, Vogel J et al. CD95 ligand (Fas-
L/APO-1L) and tumor necrosis factor-related apoptosis-inducing ligand mediate ischemia-
induced apoptosis in neurons. J Neurosci 1999; 19:3809-3817.

7. Rosenbaum DM, Gupta G, D’Amore J, Singh M, Weidenheim K, Zhang H et al. Fas (CD95/
APO-1) plays a role in the pathophysiology of focal cerebral ischemia. J Neurosci Res 2000;
61:686-692.

8. Elovaara I, Sabri F, Gray F, Alafuzoff I, Chiodi F. Upregulated expression of Fas and Fas
ligand in brain through the spectrum of HIV-1 infection. Acta Neuropathol (Berl) 1999;
98:355-362.

9. Kaul M, Garden GA, Lipton SA. Pathways to neuronal injury and apoptosis in HIV-associ-
ated dementia. Nature 2001; 410:988-994.

10. Sharma K, Wang RX, Zhang LY, Yin DL, Luo XY, Solomon JC et al. Death the Fas way:
Regulation and pathophysiology of CD95 and its ligand. Pharmacol Ther 2000; 88:333-347.

11. Raoul C, Pettmann B, Henderson CE. Active killing of neurons during development and
following stress: a role for p75(NTR) and Fas? Curr Opin Neurobiol 2000; 10:111-117.

12. Varfolomeev EE, Schuchmann M, Luria V, Chiannilkulchai N, Beckmann JS, Mett IL et al.
Targeted disruption of the mouse Caspase 8 gene ablates cell death induction by the TNF
receptors, Fas/Apo1, and DR3 and is lethal prenatally. Immunity 1998; 9:267-276.

13. Li H, Zhu H, Xu CJ, Yuan J. Cleavage of BID by caspase 8 mediates the mitochondrial
damage in the Fas pathway of apoptosis. Cell 1998; 94:491-501.

14. Scaffidi C, Fulda S, Srinivasan A, Friesen C, Li F, Tomaselli KJ et al. Two CD95 (APO-1/
Fas) signaling pathways. Embo J 1998; 17:1675-1687.

15. Bratton SB, MacFarlane M, Cain K, Cohen GM. Protein complexes activate distinct caspase
cascades in death receptor and stress-induced apoptosis. Exp Cell Res 2000; 256:27-33.



R.S. MORRISON ET AL.68

16. Wang J, Zheng L, Lobito A, Chan FK, Dale J, Sneller M et al. Inherited human Caspase 10
mutations underlie defective lymphocyte and dendritic cell apoptosis in autoimmune
lymphoproliferative syndrome type II. Cell 1999; 98:47-58.

17. Reimann-Philipp U, Ovase R, Weigel PH, Grammas P. Mechanisms of cell death in primary
cortical neurons and PC12 cells. J Neurosci Res 2001; 64:654-660.

18. Barker V, Middleton G, Davey F, Davies AM. TNFalpha contributes to the death of NGF-
dependent neurons during development. Nat Neurosci 2001; 4:1194-1198.

19. Kim GM, Xu J, Song SK, Yan P, Ku G, Xu XM et al. Tumor necrosis factor receptor
deletion reduces nuclear factor-kappaB activation, cellular inhibitor of apoptosis protein 2
expression, and functional recovery after traumatic spinal cord injury. J Neurosci 2001;
21:6617-6625.

20. Lin Y, Devin A, Cook A, Keane MM, Kelliher M, Lipkowitz S et al. The death domain
kinase RIP is essential for TRAIL (Apo2L)-induced activation of IkappaB kinase and c-Jun
N-terminal kinase. Mol Cell Biol 2000; 20: 6638-6645.

21. Wajant H, Henkler F, Scheurich P. The TNF-receptor-associated factor family: Scaffold
molecules for cytokine receptors, kinases and their regulators. Cell Signal 2001; 13:389-400.

22. Baud V, Karin M. Signal transduction by tumor necrosis factor and its relatives. Trends
Cell Biol 2001; 11:372-377.

23. Grell M, Zimmermann G, Gottfried E, Chen CM, Grunwald U, Huang DC et al. Induction
of cell death by tumour necrosis factor (TNF) receptor 2, CD40 and CD30: A role for TNF-
R1 activation by endogenous membrane-anchored TNF. Embo J 1999; 18:3034-3043.

24. Griffith TS, Lynch DH. TRAIL: A molecule with multiple receptors and control mecha-
nisms. Curr Opin Immunol 1998; 10:559-563.

25. Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP, Nicholl JK et al. Identification and
characterization of a new member of the TNF family that induces apoptosis. Immunity 1995;
3:673-682.

26. Sheikh MS, Fornace AJ, Jr. Death and decoy receptors and p53-mediated apoptosis. Leuke-
mia 2000; 14:1509-1513.

27. Degli-Esposti MA, Dougall WC, Smolak PJ, Waugh JY, Smith CA, Goodwin RG. The novel
receptor TRAIL-R4 induces NF-kappaB and protects against TRAIL-mediated apoptosis, yet
retains an incomplete death domain. Immunity 1997; 7:813-820.

28. Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA, Marsters SA et al. Safety and anti-
tumor activity of recombinant soluble Apo2 ligand. J Clin Invest 1999; 104:155-162.

29. Zhang XD, Nguyen T, Thomas WD, Sanders JE, Hersey P. Mechanisms of resistance of
normal cells to TRAIL induced apoptosis vary between different cell types. FEBS Lett 2000;
482:193-199.

30. Jo M, Kim TH, Seol DW, Esplen JE, Dorko K, Billiar TR et al. Apoptosis induced in
normal human hepatocytes by tumor necrosis factor- related apoptosis-inducing ligand. Nat
Med 2000; 6:564-567.

31. Frank S, Kohler U, Schackert G, Schackert HK. Expression of TRAIL and its receptors in
human brain tumors. Biochem Biophys Res Commun 1999; 257:454-459.

32. Nitsch R, Bechmann I, Deisz RA, Haas D, Lehmann TN, Wendling U et al. Human brain-
cell death induced by tumour-necrosis-factor-related apoptosis-inducing ligand (TRAIL). Lan-
cet 2000; 356:827-828.

33. Eggert A, Grotzer MA, Zuzak TJ, Wiewrodt BR, Ikegaki N, Brodeur GM. Resistance to
TRAIL-induced apoptosis in neuroblastoma cells correlates with a loss of caspase-8
expression. Med Pediatr Oncol 2000; 35:603-607.

34. Sprick MR, Weigand MA, Rieser E, Rauch CT, Juo P, Blenis J et al. FADD/MORT1 and
caspase-8 are recruited to TRAIL receptors 1 and 2 and are essential for apoptosis mediated
by TRAIL receptor 2. Immunity 2000; 12:599-609.

35. Mariani SM, Matiba B, Armandola EA, Krammer PH. Interleukin 1 beta-converting enzyme
related proteases/caspases are involved in TRAIL-induced apoptosis of myeloma and leukemia
cells. J Cell Biol 1997; 137:221-229.



69NEURONAL SURVIVAL

36. Kuang AA, Diehl GE, Zhang J, Winoto A. FADD is required for DR4- and DR5-mediated
apoptosis: lack of trail- induced apoptosis in FADD-deficient mouse embryonic fibroblasts.
J Biol Chem 2000; 275:25065-25068.

37. Meng RD, McDonald ER, 3rd, Sheikh MS, Fornace AJ, Jr., El-Deiry WS. The TRAIL decoy
receptor TRUNDD (DcR2, TRAIL-R4) is induced by adenovirus-p53 overexpression and
can delay TRAIL-, p53-, and KILLER/DR5-dependent colon cancer apoptosis. Mol Ther
2000; 1:130-144.

38. Meng RD, El-Deiry WS. p53-independent upregulation of KILLER/DR5 TRAIL receptor
expression by glucocorticoids and interferon-gamma. Exp Cell Res 2001; 262:154-169.

39. Sheikh MS, Huang Y, Fernandez-Salas EA, El-Deiry WS, Friess H, Amundson S et al. The
antiapoptotic decoy receptor TRID/TRAIL-R3 is a p53-regulated DNA damage-inducible gene
that is overexpressed in primary tumors of the gastrointestinal tract. Oncogene 1999;
18:4153-4159.

40. Pan G, Ni J, Wei YF, Yu G, Gentz R, Dixit VM. An antagonist decoy receptor and a death
domain-containing receptor for TRAIL. Science 1997; 277:815-818.

41. Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch M, Baldwin D et al. Control of
TRAIL-induced apoptosis by a family of signaling and decoy receptors. Science 1997;
277:818-821.

42. Griffith TS, Rauch CT, Smolak PJ, Waugh JY, Boiani N, Lynch DH et al. Functional analy-
sis of TRAIL receptors using monoclonal antibodies. J Immunol 1999; 162:2597-2605.

43. Zhang XD, Franco A, Myers K, Gray C, Nguyen T, Hersey P. Relation of TNF-related
apoptosis-inducing ligand (TRAIL) receptor and FLICE-inhibitory protein expression to
TRAIL-induced apoptosis of melanoma. Cancer Res 1999; 59:2747-2753.

44. Sedel F, Bechade C, Triller A. Nerve growth factor (NGF) induces motoneuron apoptosis in
rat embryonic spinal cord in vitro. Eur J Neurosci 1999; 11:3904-3912.

45. Wiese S, Metzger F, Holtmann B, Sendtner M. The role of p75NTR in modulating
neurotrophin survival effects in developing motoneurons. Eur J Neurosci 1999; 11:1668-1676.

46. Ferri CC, Moore FA, Bisby MA. Effects of facial nerve injury on mouse motoneurons lack-
ing the p75 low- affinity neurotrophin receptor. J Neurobiol 1998; 34:1-9.

47. Bamji SX, Majdan M, Pozniak CD, Belliveau DJ, Aloyz R, Kohn et al. The p75 neurotrophin
receptor mediates neuronal apoptosis and is essential for naturally occurring sympathetic
neuron death. J Cell Biol 1998; 140:911-923.

48. Frade JM, Barde YA. Genetic evidence for cell death mediated by nerve growth factor and
the neurotrophin receptor p75 in the developing mouse retina and spinal cord. Development
1999; 126:683-690.

49. Casaccia-Bonnefil P, Kong H, Chao MV. Neurotrophins: the biological paradox of survival
factors eliciting apoptosis. Cell Death Differ 1998; 5:357-364.

50. Wang X, Bauer JH, Li Y, Shao Z, Zetoune FS, Cattaneo E et al. Characterization of a
p75(NTR) apoptotic signaling pathway using a novel cellular model. J Biol Chem 2001;
276:33812-33820.

51. Casademunt E, Carter BD, Benzel I, Frade JM, Dechant G, Barde YA. The zinc finger
protein NRIF interacts with the neurotrophin receptor p75(NTR) and participates in
programmed cell death. Embo J 1999; 18:6050-6061.

52. Mukai J, Hachiya T, Shoji-Hoshino S, Kimura MT, Nadano D, Suvanto P et al. NADE, a
p75NTR-associated cell death executor, is involved in signal transduction mediated by the
common neurotrophin receptor p75NTR. J Biol Chem 2000; 275:17566-17570.

53. Salehi AH, Roux PP, Kubu CJ, Zeindler C, Bhakar A, Tannis LL et al. NRAGE, a novel
MAGE protein, interacts with the p75 neurotrophin receptor and facilitates nerve growth
factor-dependent apoptosis. Neuron 2000; 27:279-288.

54. Khursigara G, Bertin J, Yano H, Moffett H, DiStefano PS, Chao MV. A prosurvival func-
tion for the p75 receptor death domain mediated via the caspase recruitment domain receptor-
interacting protein 2. J Neurosci 2001; 21:5854-5863.



R.S. MORRISON ET AL.70

55. Yao R, Cooper GM. Requirement for phosphatidylinositol-3 kinase in the prevention of
apoptosis by nerve growth factor. Science 1995; 267:2003-2006.

56. Crowder RJ, Freeman RS. Phosphatidylinositol 3-kinase and Akt protein kinase are neces-
sary and sufficient for the survival of nerve growth factor-dependent sympathetic neurons.
J Neurosci 1998; 18:2933-2943.

57. Ghosh A, Greenberg ME. Distinct roles for bFGF and NT-3 in the regulation of cortical
neurogenesis. Neuron 1995; 15:89-103.

58. Kuruvilla R, Ye H, Ginty DD. Spatially and functionally distinct roles of the PI3-K effector
pathway during NGF signaling in sympathetic neurons. Neuron 2000; 27:499-512.

59. Segal RA, Greenberg ME. Intracellular signaling pathways activated by neurotrophic fac-
tors. Annu Rev Neurosci 1996; 19:463-489

60. Brunet A, Datta SR, Greenberg ME. Transcription-dependent and -independent control of
neuronal survival by the PI3K-Akt signaling pathway. Curr Opin Neurobiol 2001; 11:297-305.

61. Holgado-Madruga M, Moscatello DK, Emlet DR, Dieterich R, Wong AJ. Grb2-associated
binder-1 mediates phosphatidylinositol 3-kinase activation and the promotion of cell survival
by nerve growth factor. Proc Natl Acad Sci USA 1997; 94:12419-12424.

62. Kauffmann-Zeh A, Rodriguez-Viciana P, Ulrich E, Gilbert C, Coffer P, Downward J et al.
Suppression of c-Myc-induced apoptosis by Ras signalling through PI(3)K and PKB. Nature
1997; 385:544-548.

63. Dhand R, Hara K, Hiles I, Bax B, Gout I, Panayotou G et al. PI 3-kinase: structural and
functional analysis of intersubunit interactions. Embo J 1994; 13:511-521.

64. Hu Q, Klippel A, Muslin AJ, Fantl WJ, Williams LT. Ras-dependent induction of cellular
responses by constitutively active phosphatidylinositol-3 kinase. Science 1995; 268:100-102.

65. Dudek H, Datta SR, Franke TF, Birnbaum MJ, Yao R, Cooper GM et al. Regulation of
neuronal survival by the serine-threonine protein kinase Akt. Science 1997; 275:661-665.

66. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS et al. Akt promotes cell survival
by phosphorylating and inhibiting a Forkhead transcription factor. Cell 1999; 96:857-868.

67. Yamaguchi A, Tamatani M, Matsuzaki H, Namikawa K, Kiyama H, Vitek MP et al. Akt
activation protects hippocampal neurons from apoptosis by inhibiting transcriptional activity
of p53. J Biol Chem 2001; 276:5256-5264.

68. Bonni A, Brunet A, West AE, Datta SR, Takasu MA, Greenberg ME. Cell survival pro-
moted by the Ras-MAPK signaling pathway by transcription-dependent and -independent
mechanisms. Science 1999; 286:1358-1362.

69. Maggirwar SB, Sarmiere PD, Dewhurst S, Freeman RS. Nerve growth factor-dependent
activation of NF-kappaB contributes to survival of sympathetic neurons. J Neurosci 1998;
18:10356-10365.

70. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y et al. Akt phosphorylation of BAD
couples survival signals to the cell- intrinsic death machinery. Cell 1997; 91:231-241.

71. Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF, Stanbridge E et al. Regula-
tion of cell death protease caspase-9 by phosphorylation. Science 1998; 282:1318-1321.

72. Hetman M, Cavanaugh JE, Kimelman D, Xia Z. Role of glycogen synthase kinase-3beta in
neuronal apoptosis induced by trophic withdrawal. J Neurosci 2000; 20:2567-2574.

73. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME. Opposing effects of ERK and
JNK-p38 MAP kinases on apoptosis. Science 1995; 270:1326-1331.

74. Impey S, Obrietan K, Storm DR. Making new connections: role of ERK/MAP kinase signal-
ing in neuronal plasticity. Neuron 1999; 23:11-14.

75. Sweatt JD. The neuronal MAP kinase cascade: a biochemical signal integration system
subserving synaptic plasticity and memory. J Neurochem 2001; 76:1-10.

76. Murray B, Alessandrini A, Cole AJ, Yee AG, Furshpan EJ. Inhibition of the p44/42 MAP
kinase pathway protects hippocampal neurons in a cell-culture model of seizure activity.
Proc Natl Acad Sci USA 1998; 95:11975-11980.

77. Kulich SM, Chu CT. Sustained extracellular signal-regulated kinase activation by 6-
hydroxydopamine: Implications for Parkinson’s disease. J Neurochem 2001; 77:1058-1066.



71NEURONAL SURVIVAL

78. Stanciu M, DeFranco DB. Prolonged nuclear retention of activated ERK promotes cell death
generated by oxidative toxicity or proteasome inhibition in a neuronal cell line. J Biol Chem
2002; 277:4010-4017.

79. Abe MK, Kahle KT, Saelzler MP, Orth K, Dixon JE, Rosner MR. ERK7 is an autoactivated
member of the MAPK family. J Biol Chem 2001; 276:21272-21279.

80. Hetman M, Xia Z. Signaling pathways mediating anti-apoptotic action of neurotrophins. Acta
Neurobiol Exp 2000; 60:531-545

81. Grewal SS, York RD, Stork PJ. Extracellular-signal-regulated kinase signalling in neurons.
Curr Opin Neurobiol 1999; 9:544-553.

82. Alessandrini A, Namura S, Moskowitz MA, Bonventre JV. MEK1 protein kinase inhibition
protects against damage resulting from focal cerebral ischemia. Proc Natl Acad Sci USA
1999; 96:12866-12869.

83. Grammer TC, Blenis J. Evidence for MEK-independent pathways regulating the prolonged
activation of the ERK-MAP kinases. Oncogene 1997; 14:1635-1642.

84. Hetman M, Kanning K, Cavanaugh JE, Xia Z. Neuroprotection by brain-derived neurotrophic
factor is mediated by extracellular signal-regulated kinase and phosphatidylinositol 3-kinase.
J Biol Chem 1999; 274:22569-22580.

85. Gonzalez-Zulueta M, Feldman AB, Klesse LJ, Kalb RG, Dillman JF, Parada LF et al. Re-
quirement for nitric oxide activation of p21(ras)/extracellular regulated kinase in neuronal
ischemic preconditioning. Proc Natl Acad Sci USA 2000; 97:436-441.

86. Ferrer I, Ballabriga J, Pozas E. Transient forebrain ischemia in the adult gerbil is associated
with a complex c-Jun response. Neuroreport 1997; 8:2483-2487.

87. Yang DD, Kuan CY, Whitmarsh AJ, Rincon M, Zheng TS, Davis RJ et al. Absence of
excitotoxicity-induced apoptosis in the hippocampus of mice lacking the JNK3 gene. Nature
1997; 389:865-870.

88. Jeon SH, Kim YS, Bae CD, Park JB. Activation of JNK and p38 in rat hippocampus after
kainic acid induced seizure. Exp Mol Med 2000; 32:227-230.

89. Chihab R, Ferry C, Koziel V, Monin P, Daval JL. Sequential activation of activator protein-
1-related transcription factors and JNK protein kinases may contribute to apoptotic death
induced by transient hypoxia in developing brain neurons. Brain Res Mol Brain Res 1998;
63:105-120.

90. Morishima Y, Gotoh Y, Zieg J, Barrett T, Takano H, Flavell R et al. Beta-amyloid induces
neuronal apoptosis via a mechanism that involves the c-Jun N-terminal kinase pathway and
the induction of Fas ligand. J Neurosci 2001; 21:7551-7560.

91. Troy CM, Rabacchi SA, Xu Z, Maroney AC, Connors TJ, Shelanski ML et al. beta-Amyloid-
induced neuronal apoptosis requires c-Jun N-terminal kinase activation. J Neurochem 2001;
77:157-164.

92. Namgung U, Xia Z. Arsenite-induced apoptosis in cortical neurons is mediated by c-Jun N-
terminal protein kinase 3 and p38 mitogen-activated protein kinase. J Neurosci 2000;
20:6442-6451.

93. Herdegen T, Claret FX, Kallunki T, Martin-Villalba A, Winter C, Hunter T et al. Lasting N-
terminal phosphorylation of c-Jun and activation of c-Jun N-terminal kinases after neuronal
injury. J Neurosci 1998; 18:5124-5135.

94. Mielke K, Herdegen T. JNK and p38 stresskinases—Degenerative effectors of signal-
transduction-cascades in the nervous system. Prog Neurobiol  2000; 61:45-60.

95. Gupta S, Barrett T, Whitmarsh AJ, Cavanagh J, Sluss HK, Derijard B et al. Selective inter-
action of JNK protein kinase isoforms with transcription factors. Embo J 1996; 15:2760-2770.

96. Bozyczko-Coyne D, O’Kane TM, Wu ZL, Dobrzanski P, Murthy S, Vaught JL et al. CEP-
1347/KT-7515, an inhibitor of SAPK/JNK pathway activation, promotes survival and blocks
multiple events associated with Abeta-induced cortical neuron apoptosis. J Neurochem 2001;
77:849-863.



R.S. MORRISON ET AL.72

97. Zhu X, Raina AK, Rottkamp CA, Aliev G, Perry G, Boux H et al. Activation and redistri-
bution of c-Jun N-terminal kinase/stress activated protein kinase in degenerating neurons in
Alzheimer’s disease. J Neurochem 2001; 76:435-441.

98. Saporito MS, Thomas BA, Scott RW. MPTP activates c-Jun NH(2)-terminal kinase (JNK)
and its upstream regulatory kinase MKK4 in nigrostriatal neurons in vivo. J Neurochem
2000; 75:1200-1208.

99. Harding TC, Xue L, Bienemann A, Haywood D, Dickens M, Tolkovsky AM et al. Inhibi-
tion of JNK by overexpression of the JNK binding domain of JIP-1 prevents apoptosis in
sympathetic neurons. J Biol Chem 2001; 276:4531-4534.

100. Le-Niculescu H, Bonfoco E, Kasuya Y, Claret FX, Green DR, Karin M Withdrawal of
survival factors results in activation of the JNK pathway in neuronal cells leading to Fas
ligand induction and cell death. Mol Cell Biol 1999; 19:751-763.

101. Bruckner SR, Tammariello SP, Kuan CY, Flavell RA, Rakic P, Estus S. JNK3 contributes
to c-Jun activation and apoptosis but not oxidative stress in nerve growth factor-deprived
sympathetic neurons. J Neurochem 2001; 78:298-303.

102. Behrens A, Sibilia M, Wagner EF. Amino-terminal phosphorylation of c-Jun regulates stress-
induced apoptosis and cellular proliferation. Nat Genet 1999; 21:326-329.

103. Yang D, Tournier C, Wysk M, Lu HT, Xu J, Davis RJ et al. Targeted disruption of the
MKK4 gene causes embryonic death, inhibition of c-Jun NH2-terminal kinase activation,
and defects in AP-1 transcriptional activity. Proc Natl Acad Sci USA 1997; 94:3004-3009.

104. Holland PM, Suzanne M, Campbell JS, Noselli S, Cooper JA. MKK7 is a stress-activated
mitogen-activated protein kinase kinase functionally related to hemipterous. J Biol Chem
1997; 272:24994-24998.

105. Ham J, Eilers A, Whitfield J, Neame SJ, Shah B. c-Jun and the transcriptional control of
neuronal apoptosis. Biochem Pharmacol 2000; 60:1015-1021.

106. Harper SJ, LoGrasso P. Signalling for survival and death in neurones: The role of stress-
activated kinases, JNK and p38. Cell Signal 2001; 13:299-310.

107. Tibbles LA, Ing YL, Kiefer F, Chan J, Iscove N, Woodgett JR et al. MLK-3 activates the
SAPK/JNK and p38/RK pathways via SEK1 and MKK3/6. Embo J 1996; 15:7026-7035.

108. Lin A, Minden A, Martinetto H, Claret FX, Lange-Carter C, Mercurio F et al. Identification
of a dual specificity kinase that activates the Jun kinases and p38-Mpk2. Science 1995;
268:286-290.

109. Ichijo H, Nishida E, Irie K, ten Dijke P, Saitoh M, Moriguchi T et al. Induction of apoptosis
by ASK1, a mammalian MAPKKK that activates SAPK/JNK and p38 signaling pathways.
Science 1997; 275:90-94.

110. Wang XS, Diener K, Jannuzzi D, Trollinger D, Tan TH, Lichenstein H et al. Molecular
cloning and characterization of a novel protein kinase with a catalytic domain homologous
to mitogen-activated protein kinase kinase kinase. J Biol Chem 1996; 271:31607-31611.

111. Kanamoto T, Mota M, Takeda K, Rubin LL, Miyazono K, Ichijo H et al. Role of apoptosis
signal-regulating kinase in regulation of the c-Jun N-terminal kinase pathway and apoptosis
in sympathetic neurons. Mol Cell Biol 2000; 20:196-204.

112. Whitmarsh AJ, Cavanagh J, Tournier C, Yasuda J, Davis RJ. A mammalian scaffold com-
plex that selectively mediates MAP kinase activation. Science 1998; 281:1671-1674.

113. Derijard B, Hibi M, Wu IH, Barrett T, Su B, Deng T et al. JNK1: A protein kinase stimu-
lated by UV light and Ha-Ras that binds and phosphorylates the c-Jun activation domain.
Cell 1994; 76:1025-1037.

114. Hu MC, Qiu WR, Wang YP. JNK1, JNK2 and JNK3 are p53 N-terminal serine 34 kinases.
Oncogene 1997; 15:2277-2287.

115. Fuchs SY, Adler V, Pincus MR, Ronai Z. MEKK1/JNK signaling stabilizes and activates
p53. Proc Natl Acad Sci USA 1997; 95:10541-10546.

116. Zhang Y, Zhou L, Miller CA. A splicing variant of a death domain protein that is regulated
by a mitogen-activated kinase is a substrate for c-Jun N-terminal kinase in the human central
nervous system. Proc Natl Acad Sci USA 1998; 95:2586-2591.



73NEURONAL SURVIVAL

117. Derijard B, Raingeaud J, Barrett T, Wu IH, Han J, Ulevitch RJ et al. Independent human
MAP-kinase signal transduction pathways defined by MEK and MKK isoforms. Science
1995; 267:682-685.

118. Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J, Ulevitch RJ et al. Pro-inflammatory
cytokines and environmental stress cause p38 mitogen- activated protein kinase activation
by dual phosphorylation on tyrosine and threonine. J Biol Chem 1995; 270:7420-7426.

119. Han J, Lee JD, Jiang Y, Li Z, Feng L, Ulevitch RJ. Characterization of the structure and
function of a novel MAP kinase kinase (MKK6). J Biol Chem 1996; 271:2886-2891.

120. Nath R, McGinnis K, Dutta S, Shivers B, Wang KK. Inhibition of p38 kinase mimics survival
signal-linked protection against apoptosis in rat cerebellar granule neurons. Cell Mol Biol
Lett 2001; 6:173-184

121. Yamagishi S, Yamada M, Ishikawa Y, Matsumoto T, Ikeuchi T, Hatanaka H. p38 mitogen-
activated protein kinase regulates low potassium-induced c-Jun phosphorylation and apoptosis
in cultured cerebellar granule neurons. J Biol Chem 2001; 276:5129-5133.

122. Willaime S, Vanhoutte P, Caboche J, Lemaigre-Dubreuil Y, Mariani J, Brugg B. Ceramide-
induced apoptosis in cortical neurons is mediated by an increase in p38 phosphorylation and
not by the decrease in ERK phosphorylation. Eur J Neurosci 2011; 13:2037-2046.

123. McLaughlin B, Pal S, Tran MP, Parsons AA, Barone FC, Erhardt JA et al. p38 activation is
required upstream of potassium current enhancement and caspase cleavage in thiol oxidant-
induced neuronal apoptosis. J Neurosci 2001; 21:3303-3311.

124. De Zutter GS, Davis RJ. Pro-apoptotic gene expression mediated by the p38 mitogen-activated
protein kinase signal transduction pathway. Proc Natl Acad Sci USA 2001; 98:6168-6173.

125. Barone FC, Irving EA, Ray AM, Lee JC, Kassis S, Kumar S et al. Inhibition of p38 mitogen-
activated protein kinase provides neuroprotection in cerebral focal ischemia. Med Res Rev
2001; 21:129-145.

126. Kawasaki H, Morooka T, Shimohama S, Kimura J, Hirano T, Gotoh Y et al. Activation and
involvement of p38 mitogen-activated protein kinase in glutamate-induced apoptosis in rat
cerebellar granule cells. J Biol Chem 1997; 272:18518-18521.

127. Ghatan S, Larner S, Kinoshita Y, Hetman M, Patel L, Xia Z et al. p38 MAP kinase medi-
ates Bax translocation in nitric oxide-induced apoptosis in neurons. J Cell Biol 2000;
150:335-347.

128. Cheng A, Chan SL, Milhavet O, Wang S, Mattson MP. p38 MAP kinase mediates nitric
oxide-induced apoptosis of neural progenitor cells. J Biol Chem 2001; 276:43320-43327.

129. Grimes CA, Jope RS. The multifaceted roles of glycogen synthase kinase 3beta in cellular
signaling. Prog Neurobiol 2001; 65:391-426.

130. Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA. Inhibition of glycogen
synthase kinase-3 by insulin mediated by protein kinase B. Nature 1995; 378:785-789.

131. Delcommenne M, Tan C, Gray V, Rue L, Woodgett J, Dedhar S. Phosphoinositide-3-OH
kinase-dependent regulation of glycogen synthase kinase 3 and protein kinase B/AKT by the
integrin-linked kinase. Proc Natl Acad Sci USA 1998; 95:11211-11216.

132. Spittaels K, Van den Haute C, Van Dorpe J, Geerts H, Mercken M, Bruynseels K et al.
Glycogen synthase kinase-3beta phosphorylates protein tau and rescues the axonopathy in
the central nervous system of human four-repeat tau transgenic mice. J Biol Chem 2000;
275:41340-41349.

133. Lucas JJ, Hernandez F, Gomez-Ramos P, Moran MA, Hen R, Avila J. Decreased nuclear
beta-catenin, tau hyperphosphorylation and neurodegeneration in GSK-3beta conditional
transgenic mice. Embo J 2001; 20:27-39.

134. Mattson MP. Neuronal death and GSK-3beta: A tau fetish? Trends Neurosci 2001; 24:255-256.
135. Copani A, Uberti D, Sortino MA, Bruno V, Nicoletti F, Memo M. Activation of cell-cycle-

associated proteins in neuronal death: a mandatory or dispensable path? Trends Neurosci
2001; 24:25-31.

136. Gao CY, Zelenka PS. Induction of cyclin B and H1 kinase activity in apoptotic PC12 cells.
Exp Cell Res 1995; 219:612-618.



R.S. MORRISON ET AL.74

137. Timsit S, Rivera S, Ouaghi P, Guischard F, Tremblay E, Ben-Ari Y et al. Increased cyclin
D1 in vulnerable neurons in the hippocampus after ischaemia and epilepsy: a modulator of
in vivo programmed cell death? Eur J Neurosci 1999; 11:263-278.

138. Osuga H, Osuga S, Wang F, Fetni R, Hogan MJ, Slack RS et al. Cyclin-dependent kinases
as a therapeutic target for stroke. Proc Natl Acad Sci USA 2000; 97:10254-10259.

139. Giovanni A, Wirtz-Brugger F, Keramaris E, Slack R, Park DS. Involvement of cell cycle
elements, cyclin-dependent kinases, pRb, and E2F x DP, in B-amyloid-induced neuronal
death. J Biol Chem 1999; 274:19011-19016.

140. Copani A, Condorelli F, Caruso A, Vancheri C, Sala A, Giuffrida Stella AM et al. Mitotic
signaling by beta-amyloid causes neuronal death. Faseb J 1999; 13:2225-2234.

141. Park DS, Morris EJ, Padmanabhan J, Shelanski ML, Geller HM, Greene LA. Cyclin-depen-
dent kinases participate in death of neurons evoked by DNA- damaging agents. J Cell Biol
1998; 143:457-467.

142. McShea A, Harris PL, Webster KR, Wahl AF, Smith MA. Abnormal expression of the cell
cycle regulators P16 and CDK4 in Alzheimer’s disease. Am J Pathol 1997; 150:1933-1939.

143. Vincent I, Jicha G, Rosado M, Dickson DW. Aberrant expression of mitotic cdc2/cyclin B1
kinase in degenerating neurons of Alzheimer’s disease brain. J Neurosci 1997; 17:3588-3598.

144. Busser J, Geldmacher DS, Herrup K. Ectopic cell cycle proteins predict the sites of neu-
ronal cell death in Alzheimer’s disease brain. J Neurosci 1998; 18:2801-2807.

145. Ding XL, Husseman J, Tomashevski A, Nochlin D, Jin LW, Vincent I. The cell cycle Cdc25A
tyrosine phosphatase is activated in degenerating postmitotic neurons in Alzheimer’s dis-
ease. Am J Pathol 2000; 157:1983-1990.

146. Maccioni RB, Otth C, Concha, II, Munoz JP. The protein kinase Cdk5. Structural aspects,
roles in neurogenesis and involvement in Alzheimer’s pathology. Eur J Biochem 2001;
268:1518-1527.

147. Vincent I, Bu B, Hudson K, Husseman J, Nochlin D, Jin L. Constitutive Cdc25B tyrosine
phosphatase activity in adult brain neurons with M phase-type alterations in Alzheimer’s
disease. Neuroscience 2001; 105:639-650

148. Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai LH. Conversion of p35
to p25 deregulates Cdk5 activity and promotes neurodegeneration. Nature 1999; 402:615-622.

149. Nguyen MD, Lariviere RC, Julien JP. Deregulation of Cdk5 in a mouse model of ALS:
Toxicity alleviated by perikaryal neurofilament inclusions. Neuron 2001; 30:135-147.

150. Park DS, Levine B, Ferrari G, Greene LA. Cyclin dependent kinase inhibitors and dominant
negative cyclin dependent kinase 4 and 6 promote survival of NGF-deprived sympathetic
neurons. J Neurosci 1997; 17:8975-8983.

151. Padmanabhan J, Park DS, Greene LA, Shelanski ML. Role of cell cycle regulatory proteins
in cerebellar granule neuron apoptosis. J Neurosci 1999; 19:8747-8756.

152. Park DS, Morris EJ, Greene LA, Geller HM. G1/S cell cycle blockers and inhibitors of
cyclin-dependent kinases suppress camptothecin-induced neuronal apoptosis. J Neurosci 1997;
17:1256-1270.

153. Morris EJ, Keramaris E, Rideout HJ, Slack RS, Dyson NJ, Stefanis L et al. Cyclin-depen-
dent kinases and P53 pathways are activated independently and mediate Bax activation in
neurons after DNA damage. J Neurosci 2001; 21:5017-5026.

154. Park DS, Morris EJ, Stefanis L, Troy CM, Shelanski ML, Geller HM. Multiple pathways of
neuronal death induced by DNA-damaging agents, NGF deprivation, and oxidative stress.
J Neurosci 1998; 18:830-840.

155. Van den Haute C, Spittaels K, Van Dorpe J, Lasrado R, Vandezande K, Laenen I et al.
Coexpression of human cdk5 and its activator p35 with human protein tau in neurons in
brain of triple transgenic mice. Neurobiol Dis 2001; 8:32-44.

156. Kesavapany S, Lau KF, McLoughlin DM, Brownlees J, Ackerley S, Leigh PN et al. p35/
cdk5 binds and phosphorylates beta-catenin and regulates beta-catenin/presenilin-1 interaction.
Eur J Neurosci 2001; 13:241-247.



75NEURONAL SURVIVAL

157. Hou ST, Callaghan D, Fournier MC, Hill I, Kang L, Massie B et al. The transcription factor
E2F1 modulates apoptosis of neurons. J Neurochem 2000; 75:91-100.

158. O’Hare MJ, Hou ST, Morris EJ, Cregan SP, Xu Q, Slack RS et al. Induction and modula-
tion of cerebellar granule neuron death by E2F-1. J Biol Chem 2000; 275:25358-25364.

159. Smith DS, Leone G, DeGregori J, Ahmed MN, Qumsiyeh MB, Nevins JR. Induction of
DNA replication in adult rat neurons by deregulation of the retinoblastoma/E2F G1 cell
cycle pathway. Cell Growth Differ 2000; 11:625-633.

160. Park DS, Morris EJ, Bremner R, Keramaris E, Padmanabhan J, Rosenbaum M et al. In-
volvement of retinoblastoma family members and E2F/DP complexes in the death of neurons
evoked by DNA damage. J Neurosci 2000; 20:3104-3114.

161. MacManus JP, Koch CJ, Jian M, Walker T, Zurakowski B. Decreased brain infarct follow-
ing focal ischemia in mice lacking the transcription factor E2F1. Neuroreport 1999;
10:2711-2714.

162. Gendron TF, Mealing GA, Paris J, Lou A, Edwards A, Hou ST et al. Attenuation of neuro-
toxicity in cortical cultures and hippocampal slices from E2F1 knockout mice. J Neurochem
2001; 78:316-324.

163. Giovanni A, Keramaris E, Morris EJ, Hou ST, O’Hare M, Dyson N et al. E2F1 mediates
death of B-amyloid-treated cortical neurons in a manner independent of p53 and dependent
on Bax and caspase 3. J Biol Chem 2000; 275:11553-11560.

164. Tamami M, Lindholm PF, Brady JN. The retinoblastoma gene product (Rb) induces binding
of a conformationally inactive nuclear factor-kappaB. J Biol Chem 1996; 271:24551-24556.

165. Shim J, Park HS, Kim MJ, Park J, Park E, Cho SG et al. Rb protein down-regulates the
stress-activated signals through inhibiting c-Jun N-terminal kinase/stress-activated protein
kinase. J Biol Chem 2000; 275:14107-14111.

166. Jordan J, Galindo MF, Prehn JH, Weichselbaum RR, Beckett M, Ghadge GD et al. p53
expression induces apoptosis in hippocampal pyramidal neuron cultures. J Neurosci 1997;
17:1397-1405.

167. Macleod KF, Hu Y, Jacks T. Loss of Rb activates both p53-dependent and independent cell
death pathways in the developing mouse nervous system. Embo J 1996; 15:6178-6188.

168. Lipinski MM, Macleod KF, Williams BO, Mullaney TL, Crowley D, Jacks T. Cell-autono-
mous and non-cell-autonomous functions of the Rb tumor suppressor in developing central
nervous system. Embo J 2001; 20:3402-3413.

169. Nip J, Strom DK, Eischen CM, Cleveland JL, Zambetti GP, Hiebert SW. E2F-1 induces the
stabilization of p53 but blocks p53-mediated transactivation. Oncogene 2001; 20:910-920.

170. Ko LJ, Prives C. p53: Puzzle and paradigm. Genes Dev 1996; 10:1054-1072.
171. Giaccia AJ, Kastan MB. The complexity of p53 modulation: Emerging patterns from diver-

gent signals. Genes Dev 1998; 12:2973-2983.
172. Bates S, Vousden KH. p53 in signaling checkpoint arrest or apoptosis. Curr Opin Genet

Dev 1996; 6:12-18.
173. Asker C, Wiman KG, Selivanova G. p53-induced apoptosis as a safeguard against cancer.

Biochem Biophys Res Commun 1999; 265:1-6.
174. Miyashita T, Harigai M, Hanada M, Reed JC. Identification of a p53-dependent negative

response element in the bcl- 2 gene. Cancer Res 1994; 54:3131-3135.
175. Roperch JP, Alvaro V, Prieur S, Tuynder M, Nemani M, Lethrosne F et al. Inhibition of

presenilin 1 expression is promoted by p53 and p21WAF-1 and results in apoptosis and
tumor suppression. Nat Med 1998; 4:835-838.

176. Ding HF, McGill G, Rowan S, Schmaltz C, Shimamura A, Fisher DE. Oncogene-dependent
regulation of caspase activation by p53 protein in a cell-free system. J Biol Chem 273:
28378-28383.

177. Gottlieb E, and Oren M (1998) p53 facilitates pRb cleavage in IL-3-deprived cells: Novel
pro- apoptotic activity of p53. Embo J 1998; 17:3587-3596.

178. Morrison RS, Kinoshita Y. The role of p53 in neuronal cell death. Cell Death Differ 2000;
7:868-879.



R.S. MORRISON ET AL.76

179. Sakhi S, Bruce A, Sun N, Tocco G, Baudry M, Schreiber SS. p53 induction is associated
with neuronal damage in the central nervous system. Proc Natl Acad Sci USA 1994;
91:7525-7529.

180. Sakhi S, Sun N, Wing LL, Mehta P, Schreiber SS. Nuclear accumulation of p53 protein
following kainic acid-induced seizures. Neuroreport 1996; 7:493-496.

181. Nakai M, Qin ZH, Chen JF, Wang Y, Chase TN. Kainic acid-induced apoptosis in rat striatum
is associated with nuclear factor-kappaB activation. J Neurochem 2000; 74:647-658.

182. Qin ZH, Chen RW, Wang Y, Nakai M, Chuang DM, Chase TN. Nuclear factor kappaB
nuclear translocation upregulates c-Myc and p53 expression during NMDA receptor-medi-
ated apoptosis in rat striatum. J Neurosci 1999; 19:4023-4033.

183. Wang Y, Qin ZH, Nakai M, Chen RW, Chuang DM, Chase TN. Co-stimulation of cyclic-
AMP-linked metabotropic glutamate receptors in rat striatum attenuates excitotoxin-induced
nuclear factor-kappaB activation and apoptosis. Neuroscience 1999; 94:1153-1162.

184. Napieralski JA, Raghupathi R, McIntosh TK. The tumor-suppressor gene, p53, is induced in
injured brain regions following experimental traumatic brain injury. Brain Res Mol Brain
Res 1999; 71:78-86.

185. Lu J, Moochhala S, Kaur C, Ling E. Changes in apoptosis-related protein (p53, Bax, Bcl-2
and Fos) expression with DNA fragmentation in the central nervous system in rats after
closed head injury. Neurosci Lett 2000; 290:89-92.

186. Martin LJ, Kaiser A, Yu JW, Natale JE, Al-Abdulla NA. Injury-induced apoptosis of neu-
rons in adult brain is mediated by p53-dependent and p53-independent pathways and requires
Bax. J Comp Neurol 2001; 433:299-311.

187. Chopp M, Li Y, Zhang ZG, Freytag SO. p53 expression in brain after middle cerebral artery
occlusion in the rat. Biochem Biophys Res Commun 1992; 182:1201-1207.

188. Watanabe H, Ohta S, Kumon Y, Sakaki S, Sakanaka M. Increase in p53 protein expression
following cortical infarction in the spontaneously hypertensive rat. Brain Res 1999; 837:38-45.

189. de la Monte SM, Sohn YK, Wands JR. Correlates of p53- and Fas (CD95)-mediated apoptosis
in Alzheimer’s disease. J Neurol Sci 1997; 152:73-83.

190. de la Monte SM, Sohn YK, Ganju N, Wands JR. P53- and CD95-associated apoptosis in
neurodegenerative diseases. Lab Invest 1998; 78:401-411.

191. LaFerla FM, Hall CK, Ngo L, Jay G. Extracellular deposition of beta-amyloid upon p53-
dependent neuronal cell death in transgenic mice. J Clin Invest 1996; 98:1626-1632.

192. Jiang YH, Armstrong D, Albrecht U, Atkins CM, Noebels JL, Eichele G et al. Mutation of
the Angelman ubiquitin ligase in mice causes increased cytoplasmic p53 and deficits of
contextual learning and long-term potentiation [see comments]. Neuron 1998; 21:799-811.

193. Sawa A. Neuronal cell death in Down’s syndrome. J Neural Transm Suppl 1999; 57:87-97.
194. Seidl R, Fang-Kircher S, Bidmon B, Cairns N, Lubec G. Apoptosis-associated proteins p53

and APO-1/Fas (CD95) in brains of adult patients with Down syndrome. Neurosci Lett 1999;
260:9-12.

195. Martin LJ. p53 is abnormally elevated and active in the CNS of patients with amyotrophic
lateral sclerosis. Neurobiol Dis 2000; 7:613-622.

196. Steffan JS, Kazantsev A, Spasic-Boskovic O, Greenwald M, Zhu YZ, Gohler H et al. The
Huntington’s disease protein interacts with p53 and CREB-binding protein and represses
transcription. Proc Natl Acad Sci USA 2000; 97:6763-6768.

197. Uberti D, Belloni M, Grilli M, Spano P, Memo M. Induction of tumour-suppressor phos-
phoprotein p53 in the apoptosis of cultured rat cerebellar neurones triggered by excitatory
amino acids. Eur J Neurosci 1998; 10:246-254.

198. Chen RW, Chuang DM. Long term lithium treatment suppresses p53 and Bax expression
but increases Bcl-2 expression. A prominent role in neuroprotection against excitotoxicity. J
Biol Chem 1999; 274:6039-6042.

199. Anderson CNG, Tolkovsky AM. A role for MAPK/ERK in sympathetic neuron survival:
Protection against a p53-dependent, JNK-independent induction of apoptosis by cytosine ara-
binoside. J Neurosci 1999; 19:664-673.



77NEURONAL SURVIVAL

200. Chen RW, Saunders PA, Wei H, Li Z, Seth P, Chuang DM. Involvement of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and p53 in neuronal apoptosis: evidence that GAPDH
is upregulated by p53. J Neurosci 1999; 19:9654-9662.

201. Frank KM, Sharpless NE, Gao Y, Sekiguchi JM, Ferguson DO, Zhu C et al. DNA ligase IV
deficiency in mice leads to defective neurogenesis and embryonic lethality via the p53
pathway. Mol Cell 2000; 5:993-1002.

202. Banasiak KJ, Haddad GG. Hypoxia-induced apoptosis: Effect of hypoxic severity and role
of p53 in neuronal cell death. Brain Res 1998; 797:295-304.

203. Crumrine RC, Thomas AL, Morgan PF. Attenuation of p53 expression protects against focal
ischemic damage in transgenic mice. J Cereb Blood Flow Metab 1994; 14:887-891.

204. Johnson MD, Xiang H, London S, Kinoshita Y, Knudson M, Mayberg M et al. Evidence for
involvement of Bax and p53, but not caspases, in radiation-induced cell death of cultured
postnatal hippocampal neurons. J Neurosci Res 1998; 54:721-733.

205. Wood KA, Youle RJ. The role of free radicals and p53 in neuron apoptosis in vivo.
J Neurosci 1995; 15:5851-5857.

206. Enokido Y, Araki T, Tanaka K, Aizawa S, Hatanaka H. Involvement of p53 in DNA strand
break-induced apoptosis in postmitotic CNS neurons. Eur J Neurosci 1996; 8:1812-1821.

207. D’Sa-Eipper C, Leonard JR, Putcha G, Zheng TS, Flavell RA, Rakic P et al. DNA damage-
induced neural precursor cell apoptosis requires p53 and caspase 9 but neither Bax nor caspase
3. Development 2001; 128:137-146.

208. Herzog KH, Chong MJ, Kapsetaki M, Morgan JI, McKinnon PJ. Requirement for Atm in
ionizing radiation-induced cell death in the developing central nervous system. Science 1998;
280:1089-1091.

209. Morrison RS, Wenzel HJ, Kinoshita Y, Robbins CA, Donehower LA, Schwartzkroin PA.
Loss of the p53 tumor suppressor gene protects neurons from kainate- induced cell death.
J Neurosci 1996; 16:1337-1345.

210. Trimmer PA, Smith TS, Jung AB, Bennett JP, Jr. Dopamine neurons from transgenic mice
with a knockout of the p53 gene resist MPTP neurotoxicity. Neurodegeneration 1996;
5:233-239.

211. Hirata H, Cadet JL. p53-knockout mice are protected against the long-term effects of meth-
amphetamine on dopaminergic terminals and cell bodies. J Neurochem 1997; 69:780-790.

212. Sakhi S, Gilmore W, Tran ND, Schreiber SS. p53-deficient mice are protected against adrena-
lectomy-induced apoptosis. Neuroreport 1996; 8:233-235.

213. Enokido Y, Araki T, Aizawa S, Hatanaka H. p53 involves cytosine arabinoside-induced
apoptosis in cultured cerebellar granule neurons. Neurosci Lett 1996; 203:1-4.

214. Araki T, Enokido Y, Inamura N, Aizawa S, Reed JC, Hatanaka H. Changes in c-Jun but not
Bcl-2 family proteins in p53-dependent apoptosis of mouse cerebellar granule neurons induced
by DNA damaging agent bleomycin. Brain Res 1998; 794:239-247.

215. Xiang H, Kinoshita Y, Knudson CM, Korsmeyer SJ, Schwartzkroin PA, Morrison RS. Bax
involvement in p53-mediated neuronal cell death. J Neurosci 1998; 18:1363-1373.

216. Halterman MW, Miller CC, Federoff HJ. Hypoxia-inducible factor-1alpha mediates hypoxia-
induced delayed neuronal death that involves p53. J Neurosci 1999; 19:6818-6824.

217. Aloyz RS, Bamji SX, Pozniak CD, Toma JG, Atwal J, Kaplan DR et al. p53 is essential for
developmental neuron death as regulated by the TrkA and p75 neurotrophin receptors.
J Cell Biol 1998; 143:1691-1703.

218. Vogel KS, Parada LF. Sympathetic neuron survival and proliferation are prolonged by loss
of p53 and neurofibromin. Mol Cell Neurosci 1998; 11:19-28.

219. Lee EY, Chang CY, Hu N, Wang YC, Lai CC, Herrup K et al. Mice deficient for Rb are
nonviable and show defects in neurogenesis and haematopoiesis [see comments]. Nature
1992; 359:288-294.

220. Yeung MC, Geertsma F, Liu J, Lau AS. Inhibition of HIV-1 gp120-induced apoptosis in
neuroblastoma SK-N-SH cells by an antisense oligodeoxynucleotide against p53. AIDS 1998;
12:349-354.



R.S. MORRISON ET AL.78

221. Lakkaraju A, Dubinsky JM, Low WC, Rahman YE. Neurons are protected from excitotoxic
death by p53 antisense oligonucleotides delivered in anionic liposomes. J Biol Chem 2001;
276:32000-32007.

222. Culmsee C, Zhu X, Yu QS, Chan SL, Camandola S, Guo Z et al. A synthetic inhibitor of
p53 protects neurons against death induced by ischemic and excitotoxic insults, and amyloid
beta-peptide. J Neurochem 2001; 77:220-228.

223. Kuntz C, Kinoshita Y, Beal F, Donehower LA, Morrison RS. The absence of p53 does not
protect SOD1 mutant mice from onset of clincial symptoms or lethality. Exp Neurol 2000;
165:184-190.

224. Prudlo J, Koenig J, Graser J, Burckhardt E, Mestres P, Menger M et al. Motor neuron cell
death in a mouse model of FALS is not mediated by the p53 cell survival regulator. Brain
Res 2000; 879:183-187.

225. Chong MJ, Murray MR, Gosink EC, Russell HR, Srinivasan A, Kapsetaki M et al. Atm and
Bax cooperate in ionizing radiation-induced apoptosis in the central nervous system. Proc
Natl Acad Sci USA 2000; 97:889-894.

226. Cregan SP, MacLaurin JG, Craig CG, Robertson GS, Nicholson DW, Park DS et al. Bax-
dependent caspase-3 activation is a key determinant in p53-induced apoptosis in neurons.
J Neurosci 1999; 19:7860-7869.

227. McGinnis KM, Gnegy ME, Wang KK. Endogenous Bax translocation in SH-SY5Y human
neuroblastoma cells and cerebellar granule neurons undergoing apoptosis. J Neurochem 1999;
72:1899-1906.

228. Putcha GV, Deshmukh M, Johnson EM, Jr. BAX translocation is a critical event in neuronal
apoptosis: regulation by neuroprotectants, BCL-2, and caspases. J Neurosci 1999;
19:7476-7485.

229. Xiang J, Chao DT, Korsmeyer SJ. BAX-induced cell death may not require interleukin 1
beta-converting enzyme-like proteases. Proc Natl Acad Sci USA 1996; 93:14559-14563.

230. Vekrellis K, McCarthy MJ, Watson A, Whitfield J, Rubin LL, Ham J. Bax promotes neu-
ronal cell death and is downregulated during the development of the nervous system. Devel-
opment 1997; 124:1239-1249.

231. Martinou I, Missotten M, Fernandez PA, Sadoul R, Martinou JC. Bax and Bak proteins
require caspase activity to trigger apoptosis in sympathetic neurons. Neuroreport 1998;
9:15-19.

232. Marzo I, Brenner C, Zamzami N, Jurgensmeier JM, Susin SA, Vieira HL et al. Bax and
adenine nucleotide translocator cooperate in the mitochondrial control of apoptosis. Science
1998; 281:2027-2031.

233. Schuler M, Bossy-Wetzel E, Goldstein JC, Fitzgerald P, Green DR. p53 induces apoptosis
by caspase activation through mitochondrial cytochrome c release. J Biol Chem 2000;
275:7337-7342.

234. Johnson MD, Kinoshita Y, Xiang H, Ghatan S, Morrison RS. Contribution of p53-depen-
dent caspase activation to neuronal cell death declines with neuronal maturation. J Neurosci
1999; 19:2996-3006.

235. Fortin A, Cregan SP, MacLaurin JG, Kushwaha N, Hickman ES, Thompson CS et al. APAF1
is a key transcriptional target for p53 in the regulation of neuronal cell death. J Cell Biol
2001; 155:207-216.

236. Attardi LD, Reczek EE, Cosmas C, Demicco EG, McCurrach ME, Lowe SW et al. PERP,
an apoptosis-associated target of p53, is a novel member of the PMP-22/gas3 family [In
Process Citation]. Genes Dev 2000; 14:704-718.

237. Ferri KF, Kroemer G. Organelle-specific initiation of cell death pathways. Nat Cell Biol
2001; 3:E255-263.

238. Lewen A, Matz P, Chan PH. Free radical pathways in CNS injury. J Neurotrauma 2000;
17:871-890.

239. Mattson MP. Apoptosis in neurodegenerative disorders. Nat Rev Mol Cell Biol 2000;
1:120-129.



79NEURONAL SURVIVAL

240. Tong X, Liu B, Dong Y, Sun Z. Cleavage of ATM during radiation-induced apoptosis:
Caspase-3-like apoptotic protease as a candidate. Int J Radiat Biol 2000; 76:1387-1395.

241. Song Q, Lees-Miller SP, Kumar S, Zhang Z, Chan DW, Smith GC et al. DNA-dependent
protein kinase catalytic subunit: A target for an ICE- like protease in apoptosis. Embo J
1996; 15:3238-3246.

242. Han Z, Malik N, Carter T, Reeves WH, Wyche JH, Hendrickson EA. DNA-dependent protein
kinase is a target for a CPP32-like apoptotic protease. J Biol Chem 1996; 271:25035-25040.

243. Tewari M, Quan LT, O’Rourke K, Desnoyers S, Zeng Z, Beidler DR et al. Yama/CPP32
beta, a mammalian homolog of CED-3, is a CrmA-inhibitable protease that cleaves the death
substrate poly(ADP-ribose) polymerase. Cell 1995; 81:801-809.

244. Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG, Earnshaw WC. Cleavage of
poly(ADP-ribose) polymerase by a proteinase with properties like ICE. Nature 1994;
371:346-347.

245. Kastan MB, Lim DS. The many substrates and functions of ATM. Nat Rev Mol Cell Biol
2000; 1:179-186.

246. Barlow C, Hirotsune S, Paylor R, Liyanage M, Eckhaus M, Collins F et al. Atm-deficient
mice: A paradigm of ataxia telangiectasia. Cell 1996; 86:159-171.

247. Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi K et al. Activation of the
ATM kinase by ionizing radiation and phosphorylation of p53. Science 1998; 281:1677-1679.

248. Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L et al. Enhanced phosphoryla-
tion of p53 by ATM in response to DNA damage. Science 1998; 281:1674-1677.

249. Caspari T. How to activate p53. Curr Biol 2000; 10:R315-317.
250. Khosravi R, Maya R, Gottlieb T, Oren M, Shiloh Y, Shkedy D. Rapid ATM-dependent

phosphorylation of MDM2 precedes p53 accumulation in response to DNA damage. Proc
Natl Acad Sci USA 1999; 96:14973-14977.

251. Maya R, Balass M, Kim ST, Shkedy D, Leal JF, Shifman O et al. ATM-dependent phos-
phorylation of Mdm2 on serine 395: Role in p53 activation by DNA damage. Genes Dev
2001; 15:1067-1077.

252. Meek DW. Mechanisms of switching on p53: A role for covalent modification? Oncogene
1999; 18:7666-7675.

253. Lee Y, Chong MJ, McKinnon PJ. Ataxia telangiectasia mutated-dependent apoptosis after
genotoxic stress in the developing nervous system is determined by cellular differentiation
status. J Neurosci 2001; 21:6687-6693.

254. Rolig RL, McKinnon PJ. Linking DNA damage and neurodegeneration. Trends Neurosci
2000; 23:417-424.

255. Shiloh Y. ATM and ATR: networking cellular responses to DNA damage. Curr Opin Genet
Dev 2001; 11:71-77.

256. Hammarsten O, DeFazio LG, Chu G. Activation of DNA-dependent protein kinase by single-
stranded DNA ends. J Biol Chem 2000; 275:1541-1550.

257. Smith GC, Jackson SP. The DNA-dependent protein kinase. Genes Dev 1999; 13:916-934.
258. Lees-Miller SP, Sakaguchi K, Ullrich SJ, Appella E, Anderson CW. Human DNA-activated

protein kinase phosphorylates serines 15 and 37 in the amino-terminal transactivation domain
of human p53. Mol Cell Biol 1992; 12:5041-5049.

259. Mayo LD, Turchi JJ, Berberich SJ. Mdm-2 phosphorylation by DNA-dependent protein kinase
prevents interaction with p53. Cancer Res 1997; 57:5013-5016.

260. Kharbanda S, Yuan ZM, Weichselbaum R, Kufe D. Determination of cell fate by c-Abl
activation in the response to DNA damage. Oncogene 1998; 17:3309-3318.

261. Liu L, Kwak YT, Bex F, Garcia-Martinez LF, Li XH, Meek K et al. DNA-dependent pro-
tein kinase phosphorylation of IkappaB alpha and IkappaB beta regulates NF-kappaB DNA
binding properties. Mol Cell Biol 1998; 18:4221-4234.

262. ChechlacZ M, Vemuri MC, Naegele JR. Role of DNA-dependent protein kinase in neuronal
survival. J Neurochem 2001; 78:141-154.



R.S. MORRISON ET AL.80

263. Vemuri MC, Schiller E, Naegele JR. Elevated DNA double strand breaks and apoptosis in
the CNS of scid mutant mice. Cell Death Differ 2001; 8:245-255.

264. Culmsee C, Bondada S, Mattson MP. Hippocampal neurons of mice deficient in DNA-
dependent protein kinase exhibit increased vulnerability to DNA damage, oxidative stress
and excitotoxicity. Brain Res Mol Brain Res 2001; 87:257-262.

265. Chakravarthy BR, Walker T, Rasquinha I, Hill IE, MacManus JP. Activation of DNA-
dependent protein kinase may play a role in apoptosis of human neuroblastoma cells.
J Neurochem 1999; 72:933-942.

266. Smith S. The world according to PARP. Trends Biochem Sci 2001; 26:174-179.
267. Herceg Z, Wang ZQ. Functions of poly(ADP-ribose) polymerase (PARP) in DNA repair,

genomic integrity and cell death. Mutat Res 2001; 477:97-110.
268. Le Rhun Y, Kirkland JB, Shah GM. Cellular responses to DNA damage in the absence of

Poly(ADP-ribose) polymerase. Biochem Biophys Res Commun 1998; 245:1-10.
269. Ziegler M, Oei SL. A cellular survival switch: Poly(ADP-ribosyl)ation stimulates DNA re-

pair and silences transcription. Bioessays 2001; 23:543-548.
270. Ha HC, Snyder SH. Poly(ADP-ribose) polymerase is a mediator of necrotic cell death by

ATP depletion. Proc Natl Acad Sci USA 1999; 96:13978-13982.
271. Ha HC, Snyder SH. Poly(ADP-ribose) polymerase-1 in the nervous system. Neurobiol Dis

2000; 7:225-239.
272. Cosi C, Suzuki H, Milani D, Facci L, Menegazzi M, Vantini G et al. Poly(ADP-ribose)

polymerase: early involvement in glutamate-induced neurotoxicity in cultured cerebellar
granule cells. J Neurosci Res 1994; 39:38-46.

273. Zhang J, Dawson VL, Dawson TM, Snyder SH. Nitric oxide activation of poly(ADP-ribose)
synthetase in neurotoxicity. Science 1994; 263:687-689.

274. Eliasson MJ, Sampei K, Mandir AS, Hurn PD, Traystman RJ, Bao J et al. Poly(ADP-ribose)
polymerase gene disruption renders mice resistant to cerebral ischemia. Nat Med 1997;
3:1089-1095.

275. Endres M, Wang ZQ, Namura S, Waeber C, Moskowitz MA. Ischemic brain injury is
mediated by the activation of poly(ADP- ribose)polymerase. J Cereb Blood Flow Metab
1997; 17:1143-1151.

276. Mandir AS, Poitras MF, Berliner AR, Herring WJ, Guastella DB, Feldman A et al. NMDA
but not non-NMDA excitotoxicity is mediated by Poly(ADP-ribose) polymerase. J Neurosci
2000; 20:8005-8011.

277. Mandir AS, Przedborski S, Jackson-Lewis V, Wang ZQ, Simbulan-Rosenthal CM, Smulson
ME et al. Poly(ADP-ribose) polymerase activation mediates 1-methyl-4-phenyl-1, 2,3,6-
tetrahydropyridine (MPTP)-induced parkinsonism. Proc Natl Acad Sci USA 1999;
96:5774-5779.

278. Ding Y, Zhou Y, Lai Q, Li J, Gordon V, Diaz FG. Long-term neuroprotective effect of
inhibiting poly(ADP-ribose) polymerase in rats with middle cerebral artery occlusion using
a behavioral assessment. Brain Res 2001; 915:210-217.

279. Whalen MJ, Clark RS, Dixon CE, Robichaud P, Marion DW, Vagni V et al. Traumatic
brain injury in mice deficient in poly-ADP(ribose) polymerase: A preliminary report. Acta
Neurochir Suppl 2000; 76:61-64

280. Moroni F, Meli E, Peruginelli F, Chiarugi A, Cozzi A, Picca R et al. Poly(ADP-ribose)
polymerase inhibitors attenuate necrotic but not apoptotic neuronal death in experimental
models of cerebral ischemia. Cell Death Differ 2001; 8:921-932.

281. Kruman, II, Culmsee C, Chan SL, Kruman Y, Guo Z, Penix L et al. Homocysteine elicits a
DNA damage response in neurons that promotes apoptosis and hypersensitivity to
excitotoxicity. J Neurosci 2000; 20:6920-6926.

282. Yang E, Korsmeyer SJ. Molecular thanatopsis: A discourse on the BCL2 family and cell
death. Blood 1996; 88:386-401.



81NEURONAL SURVIVAL

283. Bakhshi A, Jensen JP, Goldman P, Wright JJ, McBride OW, Epstein AL et al. Cloning the
chromosomal breakpoint of t(14;18) human lymphomas: Clustering around JH on chromosome
14 and near a transcriptional unit on 18. Cell 1985; 41:899-906.

284. Cleary ML, Smith SD, Sklar J. Cloning and structural analysis of cDNAs for bcl-2 and a
hybrid bcl- 2/immunoglobulin transcript resulting from the t(14;18) translocation. 1986; Cell
47:19-28.

285. Tsujimoto Y, Finger LR, Yunis J, Nowell PC, Croce CM. Cloning of the chromosome
breakpoint of neoplastic B cells with the t(14;18) chromosome translocation. Science 1984;
226:1097-1099.

286. Huang DC, Strasser A. BH3-Only proteins-essential initiators of apoptotic cell death. Cell
2000; 103:839-842.

287. Oda E, Ohki R, Murasawa H, Nemoto J, Shibue T, Yamashita T et al. Noxa, a BH3-only
member of the Bcl-2 family and candidate mediator of p53-induced apoptosis. Science 2000;
288:1053-1058.

288. Nechushtan A, Smith CL, Lamensdorf I, Yoon SH, Youle RJ. Bax and Bak coalesce into
novel mitochondria-associated clusters during apoptosis. J Cell Biol 2001; 153:1265-1276.

289. Hsu YT, Wolter KG, Youle RJ. Cytosol-to-membrane redistribution of Bax and Bcl-X(L)
during apoptosis. Proc Natl Acad Sci USA 1997; 94:3668-3672.

290. Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi XG et al. Movement of Bax from the
cytosol to mitochondria during apoptosis. J Cell Biol 1997; 139:1281-1292.

291. Zha H, Fisk HA, Yaffe MP, Mahajan N, Herman B, Reed JC. Structure-function compari-
sons of the proapoptotic protein Bax in yeast and mammalian cells. Mol Cell Biol 1996;
16:6494-6508.

292. Thornberry NA, Lazebnik Y. Caspases: Enemies within. Science 1998; 281:1312-1316.
293. Green DR, Reed JC. Mitochondria and apoptosis. Science 1998; 281:1309-1312.
294. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of cytochrome c from

mitochondria: A primary site for Bcl-2 regulation of apoptosis. Science 1997; 275:1132-1136.
295. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI, Jones DP, and Wang X

(1997) Prevention of apoptosis by Bcl-2: release of cytochrome c from mitochondria blocked.
Science 275: 1129-1132.

296. Harris MH, Thompson CB. The role of the Bcl-2 family in the regulation of outer
mitochondrial membrane permeability. Cell Death Differ 2000; 7:1182-1191.

297. Kowaltowski AJ, Smaili SS, Russell JT, Fiskum G. Elevation of resting mitochondrial mem-
brane potential of neural cells by cyclosporin A, BAPTA-AM, and bcl-2. Am J Physiol Cell
Physiol 2000; 279:C852-859.

298. Schendel SL, Montal M, Reed JC. Bcl-2 family proteins as ion-channels. Cell Death Differ
1998; 5:372-380.

299. Saito M, Korsmeyer SJ, Schlesinger PH. BAX-dependent transport of cytochrome c recon-
stituted in pure liposomes. Nat Cell Biol 2000; 2:553-555.

300. Martinou JC, Green DR. Breaking the mitochondrial barrier. Nat Rev Mol Cell Biol 2001;
2:63-67.

301. Gross A, Jockel J, Wei MC, Korsmeyer SJ. Enforced dimerization of BAX results in its
translocation, mitochondrial dysfunction and apoptosis. Embo J 1998; 17:3878-3885.

302. Oltvai ZN, Milliman CL, Korsmeyer SJ. Bcl-2 heterodimerizes in vivo with a conserved
homolog, Bax, that accelerates programmed cell death. Cell 1993; 74:609-619.

303. Yin XM, Oltvai ZN, Korsmeyer SJ. BH1 and BH2 domains of Bcl-2 are required for inhi-
bition of apoptosis and heterodimerization with Bax. Nature 1994; 369:321-323.

304. Sattler M, Liang H, Nettesheim D, Meadows RP, Harlan JE, Eberstadt M et al. Structure of
Bcl-xL-Bak peptide complex: recognition between regulators of apoptosis. Science 1997;
275:983-986.

305. Muchmore SW, Sattler M, Liang H, Meadows RP, Harlan JE, Yoon HS et al. X-ray and
NMR structure of human Bcl-xL, an inhibitor of programmed cell death. Nature 1996;
381:335-341.



R.S. MORRISON ET AL.82

306. Wang K, Yin XM, Chao DT, Milliman CL, Korsmeyer SJ. BID: A novel BH3 domain-only
death agonist. Genes Dev 1996; 10:2859-2869.

307. Zha J, Harada H, Osipov K, Jockel J, Waksman G, Korsmeyer SJ. BH3 domain of BAD is
required for heterodimerization with BCL-XL and pro-apoptotic activity. J Biol Chem 1997;
272:24101-24104.

308. Zha J, Harada H, Yang E, Jockel J, Korsmeyer SJ. Serine phosphorylation of death agonist
BAD in response to survival factor results in binding to 14-3-3 not BCL-X(L). Cell 1996;
87:619-628.

309. Blagosklonny MV. Unwinding the loop of Bcl-2 phosphorylation. Leukemia 2001; 15:869-874.
310. Ruvolo PP, Deng X, May WS. Phosphorylation of Bcl2 and regulation of apoptosis. Leuke-

mia 2001; 15:515-522.
311. Wei MC, Lindsten T, Mootha VK, Weiler S, Gross A, Ashiya M et al. tBID, a membrane-

targeted death ligand, oligomerizes BAK to release cytochrome c. Genes Dev 2000;
14:2060-2071.

312. Fesik SW. Insights into programmed cell death through structural biology. Cell 2000;
103:273-282.

313. Lutter M, Fang M, Luo X, Nishijima M, Xie X, Wang X. Cardiolipin provides specificity
for targeting of tBid to mitochondria. Nat Cell Biol 2000; 2:754-761.

314. Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh KJ, Schlesinger PH. Pro-apoptotic cascade
activates BID, which oligomerizes BAK or BAX into pores that result in the release of
cytochrome c. Cell Death Differ 2000; 7:1166-1173.

315. Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V, Ross AJ et al. Proapoptotic
BAX and BAK: A requisite gateway to mitochondrial dysfunction and death. Science 2001;
292:727-730.

316. Desagher S, Osen-Sand A, Nichols A, Eskes R, Montessuit S, Lauper S et al. Bid-induced
conformational change of Bax is responsible for mitochondrial cytochrome c release during
apoptosis. J Cell Biol 1999; 144:891-901.

317. O’Connor L, Strasser A, O’Reilly LA, Hausmann G, Adams JM, Cory S et al. Bim: A
novel member of the Bcl-2 family that promotes apoptosis. Embo J 1998; 17:384-395.

318. Ottilie S, Diaz JL, Horne W, Chang J, Wang Y, Wilson G et al. Dimerization properties of
human BAD. Identification of a BH-3 domain and analysis of its binding to mutant BCL-2
and BCL-XL proteins. J Biol Chem 1997; 272:30866-30872.

319. Merry DE, Korsmeyer SJ. Bcl-2 gene family in the nervous system. Annu Rev Neurosci
1997; 20:245-267

320. Oppenheim RW. Cell death during development of the nervous system. Annu Rev Neurosci
1991; 14:453-501

321. Sadoul R. Bcl-2 family members in the development and degenerative pathologies of the
nervous system. Cell Death Differ 1998; 5:805-815.

322. Ay I, Sugimori H, Finklestein SP. Intravenous basic fibroblast growth factor (bFGF) de-
creases DNA fragmentation and prevents downregulation of Bcl-2 expression in the ischemic
brain following middle cerebral artery occlusion in rats. Brain Res Mol Brain Res 2001;
87:71-80.

323. Miller TM, Moulder KL, Knudson CM, Creedon DJ, Deshmukh M, Korsmeyer SJ et al.
Bax deletion further orders the cell death pathway in cerebellar granule cells and suggests a
caspase-independent pathway to cell death. J Cell Biol 1997; 139:205-217.

324. Jin KL, Graham SH, Mao XO, He X, Nagayama T, Simon RP et al. Bax kappa, a novel
Bax splice variant from ischemic rat brain lacking an ART domain, promotes neuronal cell
death. J Neurochem 2001; 77:1508-1519.

325. Deckwerth TL, Elliott JL, Knudson CM, Johnson EM, Jr., Snider WD, Korsmeyer SJ. BAX
is required for neuronal death after trophic factor deprivation and during development. Neu-
ron 1996; 17:401-411.



83NEURONAL SURVIVAL

326. Whitfield J, Neame SJ, Paquet L, Bernard O, Ham J. Dominant-negative c-Jun promotes
neuronal survival by reducing BIM expression and inhibiting mitochondrial cytochrome c
release. Neuron 2001; 29:629-643.

327. Putcha GV, Moulder KL, Golden JP, Bouillet P, Adams JA, Strasser A et al. Induction of
BIM, a proapoptotic BH3-only BCL-2 family member, is critical for neuronal apoptosis.
Neuron 2001; 29:615-628.

328. Harris CA, Johnson EM, Jr. Bh3-only bcl-2 family members are coordinately regulated by
the JNK pathway and require Bax to induce apoptosis in neurons. J Biol Chem 2001;
276:37754-37760.

329. Leonard JR, D’Sa C, Cahn BR, Korsmeyer SJ, Roth KA. Bid regulation of neuronal apoptosis.
Brain Res Dev Brain Res 2001; 128:187-190.

330. Henshall DC, Bonislawski DP, Skradski SL, Lan JQ, Meller R, Simon RP. Cleavage of bid
may amplify caspase-8-induced neuronal death following focally evoked limbic seizures.
Neurobiol Dis 2001; 8:568-580.

331. Sun YF, Yu LY, Saarma M, Timmusk T, Arumae U. Neuron-specific Bcl-2 homology 3
domain-only splice variant of Bak is anti-apoptotic in neurons, but pro-apoptotic in non-
neuronal cells. J Biol Chem 2001; 276:16240-16247.

332. Vila M, Jackson-Lewis V, Vukosavic S, Djaldetti R, Liberatore G, Offen D et al. Bax abla-
tion prevents dopaminergic neurodegeneration in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model of Parkinson’s disease. Proc Natl Acad Sci USA 2001;
98:2837-2842.

333. Offen D, Beart PM, Cheung NS, Pascoe CJ, Hochman A, Gorodin S et al. Transgenic mice
expressing human Bcl-2 in their neurons are resistant to 6-hydroxydopamine and 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine neurotoxicity. Proc Natl Acad Sci USA 1998;
95:5789-5794.

334. Feinstein E, Kimchi A, Wallach D, Boldin M, Varfolomeev E. The death domain: A module
shared by proteins with diverse cellular functions. Trends Biochem Sci 1995; 20:342-344.

335. Vukosavic S, Stefanis L, Jackson-Lewis V, Guegan C, Romero N, Chen C et al. Delaying
caspase activation by Bcl-2: A clue to disease retardation in a transgenic mouse model of
amyotrophic lateral sclerosis. J Neurosci 2000; 20:9119-9125.

336. Martin LJ. Neuronal death in amyotrophic lateral sclerosis is apoptosis: Possible contribu-
tion of a programmed cell death mechanism. J Neuropathol Exp Neurol 1999; 58:459-471.

337. Gonzalez de Aguilar JL, Gordon JW, Rene F, de Tapia M, Lutz-Bucher B, Gaiddon C et al.
Alteration of the Bcl-x/Bax ratio in a transgenic mouse model of amyotrophic lateral sclerosis:
Evidence for the implication of the p53 signaling pathway. Neurobiol Dis2000;  7:406-415.

338. Guegan C, Vila M, Rosoklija G, Hays AP, Przedborski S. Recruitment of the mitochondrial-
dependent apoptotic pathway in amyotrophic lateral sclerosis. J Neurosci 2001; 21:6569-6576.

339. Azzouz M, Hottinger A, Paterna JC, Zurn AD, Aebischer P, Bueler H. Increased motoneu-
ron survival and improved neuromuscular function in transgenic ALS mice after intraspinal
injection of an adeno-associated virus encoding Bcl-2. Hum Mol Genet 2000; 9:803-811.

340. Kostic V, Jackson-Lewis V, de Bilbao F, Dubois-Dauphin M, Przedborski S. Bcl-2:
Prolonging life in a transgenic mouse model of familial amyotrophic lateral sclerosis. Science
1997; 277:559-562.

341. Iwahashi H, Eguchi Y, Yasuhara N, Hanafusa T, Matsuzawa Y, Tsujimoto Y. Synergistic
anti-apoptotic activity between Bcl-2 and SMN implicated in spinal muscular atrophy. Nature
1997; 390:413-417.

342. Coovert DD, Le TT, Morris GE, Man NT, Kralewski M, Sendtner M et al. Does the sur-
vival motor neuron protein (SMN) interact with Bcl-2? J Med Genet 2000; 37:536-539.

343. Bernardi P, Scorrano L, Colonna R, Petronilli V, Di Lisa F. Mitochondria and cell death.
Mechanistic aspects and methodological issues. Eur J Biochem 1999; 264:687-701.

344. Zamzami N, Kroemer G. The mitochondrion in apoptosis: How Pandora’s box opens. Nat
Rev Mol Cell Biol 2001; 2:67-71.



R.S. MORRISON ET AL.84

345. Budd SL, Tenneti L, Lishnak T, Lipton SA. Mitochondrial and extramitochondrial apoptotic
signaling pathways in cerebrocortical neurons. Proc Natl Acad Sci USA 2000; 97:6161-6166.

346. Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, Brothers GM et al. Molecular
characterization of mitochondrial apoptosis-inducing factor. Nature 1999; 397:441-446.

347. Li LY, Luo X, Wang X. Endonuclease G is an apoptotic DNase when released from
mitochondria. Nature 2001; 412:95-99.

348. Troy CM, Rabacchi SA, Hohl JB, Angelastro JM, Greene LA, Shelanski ML. Death in the
balance: alternative participation of the caspase-2 and -9 pathways in neuronal death induced
by nerve growth factor deprivation. J Neurosci 2001; 21:5007-5016.

349. Parrish J, Li L, Klotz K, Ledwich D, Wang X, Xue D. Mitochondrial endonuclease G is
important for apoptosis in C. elegans. Nature 2001; 412:90-94.

350. Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR. The C. elegans cell death gene ced-3
encodes a protein similar to mammalian interleukin-1 beta-converting enzyme. Cell 1993;
75:641-652.

351. Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong WW et al.
Human ICE/CED-3 protease nomenclature. Cell 1996; 87:171.

352. Stennicke HR, Salvesen GS. Caspases—Controlling intracellular signals by protease zymogen
activation. Biochim Biophys Acta 2000; 1477:299-306.

353. Eckhart L, Declercq W, Ban J, Rendl M, Lengauer B, Mayer C et al. Terminal differentia-
tion of human keratinocytes and stratum corneum formation is associated with caspase-14
activation. J Invest Dermatol 2000; 115:1148-1151.

354. Kuechle MK, Predd HM, Fleckman P, Dale BA, Presland RB. Caspase-14, a keratinocyte
specific caspase: mRNA splice variants and expression pattern in embryonic and adult mouse.
Cell Death Differ 2001; 8:868-870.

355. Sanchez Mejia RO, Ona VO, Li M, Friedlander RM. Minocycline reduces traumatic brain
injury-mediated caspase-1 activation, tissue damage, and neurological dysfunction. Neuro-
surgery 2001; 48:1393-1399; discussion 1399-1401.

356. Shibata M, Hisahara S, Hara H, Yamawaki T, Fukuuchi Y, Yuan J et al. Caspases deter-
mine the vulnerability of oligodendrocytes in the ischemic brain. J Clin Invest 2000;
106:643-653.

357. Hisahara S, Yuan J, Momoi T, Okano H, Miura M. Caspase-11 mediates oligodendrocyte
cell death and pathogenesis of autoimmune-mediated demyelination. J Exp Med 2001;
193:111-122.

358. Grimm S, Stanger BZ, Leder P. RIP and FADD: two “death domain”-containing proteins
can induce apoptosis by convergent, but dissociable, pathways. Proc Natl Acad Sci USA
1996; 93:10923-10927.

359. Zou H, Li Y, Liu X, Wang X. An APAF-1.cytochrome c multimeric complex is a functional
apoptosome that activates procaspase-9. J Biol Chem 1999; 274:11549-11556.

360. Srinivasula SM, Ahmad M, Fernandes-Alnemri T, Alnemri ES. Autoactivation of procaspase-
9 by Apaf-1-mediated oligomerization. Mol Cell 1998; 1:949-957.

361. Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES et al. Cytochrome
c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic pro-
tease cascade. Cell 1997; 91:479-489.

362. Hu Y, Benedict MA, Ding L, Nunez G. Role of cytochrome c and dATP/ATP hydrolysis in
Apaf-1-mediated caspase-9 activation and apoptosis. Embo J 1999; 18:3586-3595.

363. Chu ZL, Pio F, Xie Z, Welsh K, Krajewska M, Krajewski S et al. A novel enhancer of the
Apaf1 apoptosome involved in cytochrome c-dependent caspase activation and apoptosis. J
Biol Chem 2001; 276:9239-9245.

364. Fujita E, Jinbo A, Matuzaki H, Konishi H, Kikkawa U, Momoi T. Akt phosphorylation site
found in human caspase-9 is absent in mouse caspase-9. Biochem Biophys Res Commun
1999; 264:550-555.



85NEURONAL SURVIVAL

365. Namura S, Zhu J, Fink K, Endres M, Srinivasan A, Tomaselli KJ et al. Activation and
cleavage of caspase-3 in apoptosis induced by experimental cerebral ischemia. J Neurosci
1998; 18:3659-3668.

366. Hartmann A, Hunot S, Michel PP, Muriel MP, Vyas S, Faucheux BA et al. Caspase-3: A
vulnerability factor and final effector in apoptotic death of dopaminergic neurons in
Parkinson’s disease. Proc Natl Acad Sci USA 2000; 97:2875-2880.

367. Su JH, Zhao M, Anderson AJ, Srinivasan A, Cotman CW. Activated caspase-3 expression
in Alzheimer’s and aged control brain: Correlation with Alzheimer pathology. Brain Res
2001; 898:350-357.

368. Li M, Ona VO, Chen M, Kaul M, Tenneti L, Zhang X et al. Functional role and therapeutic
implications of neuronal caspase-1 and -3 in a mouse model of traumatic spinal cord injury.
Neuroscience 2000; 99:333-342.

369. Tenneti L, Lipton SA. Involvement of activated caspase-3-like proteases in N-methyl-D-
aspartate-induced apoptosis in cerebrocortical neurons. J Neurochem 2000; 74:134-142.

370. Benchoua A, Guegan C, Couriaud C, Hosseini H, Sampaio N, Morin D et al. Specific caspase
pathways are activated in the two stages of cerebral infarction. J Neurosci 2001; 21:7127-7134.

371. Chen M, Ona VO, Li M, Ferrante RJ, Fink KB, Zhu S et al. Minocycline inhibits caspase-
1 and caspase-3 expression and delays mortality in a transgenic mouse model of Huntington
disease. Nat Med 2000; 6:797-801.

372. Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H et al. Decreased apoptosis in
the brain and premature lethality in CPP32- deficient mice. Nature 2000; 384:368-372.

373. LeBlanc A, Liu H, Goodyer C, Bergeron C, Hammond J. Caspase-6 role in apoptosis of
human neurons, amyloidogenesis, and Alzheimer’s disease. J Biol Chem 1999;
274:23426-23436.

374. Wellington CL, Singaraja R, Ellerby L, Savill J, Roy S, Leavitt B et al. Inhibiting caspase
cleavage of huntingtin reduces toxicity and aggregate formation in neuronal and nonneuronal
cells. J Biol Chem 2000; 275:19831-19838.

375. Selznick LA, Zheng TS, Flavell RA, Rakic P, Roth KA. Amyloid beta-induced neuronal
death is Bax-dependent but caspase- independent. J Neuropathol Exp Neurol 2000;
59:271-279.

376. D’Mello SR, Kuan CY, Flavell RA, Rakic P. Caspase-3 is required for apoptosis-associated
DNA fragmentation but not for cell death in neurons deprived of potassium. J Neurosci Res
2000; 59:24-31.

377. Droin N, Beauchemin M, Solary E, Bertrand R. Identification of a caspase-2 isoform that
behaves as an endogenous inhibitor of the caspase cascade. Cancer Res 2000; 60:7039-7047.

378. Tschopp J, Irmler M, Thome M. Inhibition of fas death signals by FLIPs. Curr Opin Immunol
1998; 10:552-558.

379. Cheema ZF, Wade SB, Sata M, Walsh K, Sohrabji F, Miranda RC. Fas/Apo [apoptosis]-1
and associated proteins in the differentiating cerebral cortex: induction of caspase-dependent
cell death and activation of NF-kappaB. J Neurosci 1999; 19:1754-1770.

380. Yeh WC, Itie A, Elia AJ, Ng M, Shu HB, Wakeham A et al. Requirement for Casper (c-
FLIP) in regulation of death receptor-induced apoptosis and embryonic development. Immunity
2000; 12:633-642.

381. Yang YL, Li XM. The IAP family: Endogenous caspase inhibitors with multiple biological
activities. Cell Res 2000; 10:169-177.

382. Holcik M, Korneluk RG. XIAP, the guardian angel. Nat Rev Mol Cell Biol 2001; 2:550-556.
383. Yang Y, Fang S, Jensen JP, Weissman AM, Ashwell JD. Ubiquitin protein ligase activity of

IAPs and their degradation in proteasomes in response to apoptotic stimuli. Science 2000;
288:874-877.

384. Liston P, Fong WG, Kelly NL, Toji S, Miyazaki T, Conte D et al. Identification of XAF1
as an antagonist of XIAP anti-Caspase activity. Nat Cell Biol 2001; 3:128-133.



R.S. MORRISON ET AL.86

385. Verhagen AM, Ekert PG, Pakusch M, Silke J, Connolly LM, Reid GE et al. Identification
of DIABLO, a mammalian protein that promotes apoptosis by binding to and antagonizing
IAP proteins. Cell 2000; 102:43-53.

386. Du C, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial protein that promotes cytochrome
c-dependent caspase activation by eliminating IAP inhibition. Cell 2000; 102:33-42.

387. Siman R, Noszek JC. Excitatory amino acids activate calpain I and induce structural protein
breakdown in vivo. Neuron 1988; 1:279-287.

388. Siman R, Noszek JC, Kegerise C. Calpain I activation is specifically related to excitatory
amino acid induction of hippocampal damage. J Neurosci 1989; 9:1579-1590.

389. Saatman KE, Bozyczko-Coyne D, Marcy V, Siman R, McIntosh TK. Prolonged calpain-
mediated spectrin breakdown occurs regionally following experimental brain injury in the
rat. J Neuropathol Exp Neurol 1996; 55:850-860.

390. Saatman KE, Murai H, Bartus RT, Smith DH, Hayward NJ, Perri BR et al. Calpain inhibi-
tor AK295 attenuates motor and cognitive deficits following experimental brain injury in
the rat. Proc Natl Acad Sci USA 1996; 93:3428-3433.

391. Faddis BT, Hasbani MJ, Goldberg MP. Calpain activation contributes to dendritic remodel-
ing after brief excitotoxic injury in vitro. J Neurosci 1997; 17:951-959.

392. Kampfl A, Posmantur RM, Zhao X, Schmutzhard E, Clifton GL, Hayes RL. Mechanisms of
calpain proteolysis following traumatic brain injury: Implications for pathology and therapy:
Implications for pathology and therapy: a review and update. J Neurotrauma 1997; 14:121-134.

393. Rami A, Ferger D, Krieglstein J. Blockade of calpain proteolytic activity rescues neurons
from glutamate excitotoxicity. Neurosci Res 1997; 27:93-97.

394. Scarisbrick IA, Towner MD, Isackson PJ. Nervous system-specific expression of a novel
serine protease: Regulation in the adult rat spinal cord by excitotoxic injury. J Neurosci
1997; 17:8156-816



87

1Department of Neurology, Heinrich-Heine-Universität, Noorenstrasse 5, D-40225 Düsseldorf, Germany
and 2Department of Neurology, Julius-Maximilians-Universität, Josef-Schneider Str. 11, D-97080 Würzburg,
Germany.

DETRIMENTAL AND BENEFICIAL EFFECTS
OF INJURY-INDUCED INFLAMMATION

AND CYTOKINE EXPRESSION
IN THE NERVOUS SYSTEM
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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-1β (IL-1β) and tumor necrosis factor-α (TNF-α) 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).1 Astrocytes
are an important cellular source of immune mediators such as the antiinflammatory
cytokines interleukin-10 and transforming growth factors.2,3 Thereby, astrocytes can
profoundly downregulate microglial activity.4,5 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.6,7 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.8 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,9-16 but also neurotrophins.17,18 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.19 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
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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.12 Microglia proliferate locally with a maximum at day 2-3 and
macrophages rapidly clear trauma-induced debris. Microglia and macrophages
express interleukin (IL)-1β, 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 (MCAO) leading to cortical and subcortical infarcts of various size depending
on the time of blood flow cessation.20,21 In transient MCAO, lesions are smaller and
inflammation is briefer than after permanent occlusion because tissue is salvaged
by reperfusion.22,23 Photochemically-induced cortical ischemia (photothrombosis,
PT) is an alternative model.24,25 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+.26

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.27

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.28-30 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.31,32 Interferon regulatory factor 1 (IRF) is a transcription factor that can
be activated by the proinflammatory cytokines tumor necrosis factor-α (TNF-α)
and IL-1 β. IRF induces gene transcription of interferon-γ, 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.33 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.34 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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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

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 II 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 250µm, 30µm in (G) which also
applies to (B,C), and 500µm in (F) which also applies to (D, E)
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the cellular level iNOS could be localized in microglia, astrocytes and infiltrating
leukocytes.35

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.36-38 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.39 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.40-43 ICAM-
1 expression peaked at 6 to 12 hr and persisted for several days. Similarly, mRNA
for ELAM-1 and VCAM-1 was upregulated.44,45 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
MCAO led to a significant reduction in infarct volume and to a decrease of apoptotic
cells.46 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.47 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.48,49 In
contrast, treatment with anti-leukocyte antibodies was ineffective in models of
permanent MCAO.50,51 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.41,52 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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sclerosis.53 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

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). 50µm in A-H
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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.37,41,52,54 After permanent MCAO, monocytes/macrophages
started to infiltrate the parenchyma at 12 hr and further increased in numbers up to
day 14.52,54,55 The entire infarct area was covered by macrophages at 3 days after
MCAO.52 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.41

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.8 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.56 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.57 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-1.58-60

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 These 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.63 However, most of the CD8+ cells in ischemic brain lesions are
negative for T cell markers, but express microglia/macrophage markers.61,62 Analysis
of different ischemia paradigms revealed that the appearance of CD8+ microglia/
macrophages in the CNS is indicative for a necrotic lesion (Fig. 2).61 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.64,6 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.66,67 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-1βββββ and TNF-ααααα

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.68,69

As stated in the introduction microglia are an important source of neurotoxic
molecules which include proinflammatory cytokines.70-76 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).77-79 Concomitantly, IL-1 receptors are
upregulated.80 In ischemic brain lesions IL-1β protein is mainly expressed by
microglia/macrophages and endothelial cells,73,81,82 while the contribution of neurons,
astrocytes and oligodendrocytes is still controversial.75 The most compelling evidence
that IL-1β is involved in ischemic brain damage derives from pharmacological studies
and from stroke induction in genetically manipulated laboratory animals.83

Intracerebroventricular injection of IL-1β exacerbates brain damage after focal
ischemia.84,85 The effects of IL-1β can be antagonized by its natural counterplayer,
IL1-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.80

Currently, it appears that in vivo the agonistic IL-1β effects predominate over the
antagonistic IL-1ra effects. Exogenous administration of IL-1ra either
intracerebroventricularly or systemically, reduced focal ischemic brain damage.83,

86-88 Interleukin-1 converting enzyme cleaves proIL-1 to generate biologically active
IL-1β. In further support of a potentially noxious role of IL1β in ischemia, inhibition
of ICE decreased infarct volumes.89-91 Inhibition of ICE was accompanied by a
decrease of IL-1β and TNF-α protein levels in ischemic lesions.91 Although
suggesting a pathological role for IL-1β, these neuroprotective effects might not
solely be due to reduction of IL-1β production, since ICE additionally plays a critical
role in activating apoptotic pathways and the activation of another proinflammatory
cytokine, IL-18.

Similar to IL-1β, TNF-α is rapidly induced within the first three hours after
MCAO and persists during the next few days (Fig. 3).70,71,79,92,93 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-α- (A in b) and IL-
1β-mRNA (A in c) within the ischemic lesion, but also remote (B,D in b/c), while iNOS-mRNA expression
(A in d) 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-α
immunoreactivity.92 In addition TNF-α has been localized in astrocytes, microglia,
macrophages and granulocytes in ischemic brain lesions.76,93 Concomitant with the
expression of TNF-α, the TNF receptors p55 and p75 were upregulated within 6
and 24 hrs.93 TNF receptor p55 has been implicated in transducing the cytotoxic
signaling of TNF-α. The presence of TNF-α protein and TNF p55 receptors therefore
suggested an injurious role. Intracerebroventricular injection of TNF-α 24 hr prior
to MCAO significantly exacerbated the size of infarction probably by activating
capillary endothelium to a proadhesive state.70,71 TNF-α can induce apoptosis in a
variety of targeT cells and thereby could contribute to delayed neuronal death.94

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.95 Similar neuroprotective effects due to TNF inhibiton were obtained with
dexanabinol (HU-211), a nonpsychotropic cannabinoid analogue.96 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.97,98 TNF-α, 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 neuroprotective.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.99 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.100 Transient forebrain ischemia leads to an early, but transient
microglial reaction with upregulation of CR-3, MHC class I molecules, increased
C1q 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.101-105 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.33,106

Accordingly, the number of pyramidal neurons was significantly reduced at one
week after ischemia.107 Neuronal death was associated with the appearance of large
numbers of transformed microglial cells which now showed an ameboid
morphology.104 Ameboid microglia expressed increased levels of NO synthase and
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of ICE.108,109 In the dentate hilus, another hippocampal area undergoing neuronal
cell loss, microglia clustered around degenerating neurons.102,103 At day 21, CA1
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,102 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 4.38

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.61,110 These regions show a similar restricted microglial response as
CA1 in global ischemia.61 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 111. In contrast to pannecrotic ischemic lesions,
CD8+ cells are virtually absent from areas of selective neuronal death (Fig. 2H).61

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 event112 (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
lesion113-115 in regions that lack histologically detectable tissue damage, leukocyte
infiltration, and delayed apoptotic cell death.29,30,114 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.113,114 Morphological signs of glial
activation were preceded by a rapid increase of IL-1β and TNF-α mRNA levels
with peak levels within the first 24 hours (Fig. 3).79 IL-1β protein was expressed by
cortical microglia within 4 hours in the entire ipsilateral cortex and declined to
baseline levels at 16 hours (Fig. 4H).82 The cellular origin of TNF-α is not yet clear
although some evidence suggests expression by neurons. Importantly, TNF-α and
IL-1β 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,116 this might explain why TNF-
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α and IL-1β 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.79 It has long been recognized that focal ischemic lesions
in rodents provoke cortical spreading depression (CSD).113,117 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.118 In the normal brain, CSD facilitates neuronal
tolerance against a subsequent lethal ischemic challenge.119,120 CSD can also be
blocked by pretreatment with MK-801.121 Taken together these observations
suggested that CSD were responsible for the widespread ipsilateral TNF-α and IL-
1β 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-α and IL-1β expression restricted to the
ipsilateral hemisphere as after focal ischemia (Fig. 4).82

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-α and IL-1β are
involved in preconditioning leading to ischemic tolerance.122-126 Intravenous
pretreatment of rats with lipopolysaccharide, a potent TNF-α inducer, led to
development of ischemic tolerance, an effect that could be prevented by
coadministration of a TNF-α-binding protein.127 Furthermore, intracisternal
pretreatment of mice with TNF-α protected animals from ischemic injury after
permanent MCAO.98 In further support of a neuroprotective role of TNF-α in cerebral
ischemia, mice lacking TNF receptors developed larger infarcts after focal
ischemia.128,129 In a model of brain percussion injury mice lacking TNF-α developed
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.130

The molecular mechanisms of TNF-α-mediated neuroprotection are not yet fully
elucidated. Induction of a Ca2+-scavenger proteins and mangane-superoxide
dismutase are probably involved.123 In vitro, hypoxic preconditioning protects
neurons against hypoxic stress.124,125 The neuroprotective effect was dependent on
TNF-α induction. Ischemic tolerance that developed with a delay of 24-72 hrs was
accompanied by TNF-α-mediated ceramide expression. Ceramide under certain
conditons is a cytoprotectant.131 Intraventricular administration of ceramide reduced
brain damage after hypoxia-ischemia in one week old rats.132 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-α as outlined above, present evidence suggests that TNF-α is deleterious in
the acute phase of cerebral ischemia, but these negative effects are counterbalanced
by an essential role of TNF-α in neuroprotection, recovery and repair. Similar to
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TNF-α, IL-1β plays a dual role after cerebral ischemia. Despite its neurotoxic actions,
IL-1β mediated induction of tolerance to global ischemia in gerbil hippocampal
CA1 neurons.122 Remote IL-1β induction after focal ischemia appears to be involved

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) exhibit morphological 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-
1β expression as early as 8 hr (H) which again represents a strict ipsilateral response (H, I). Bar in (G)
represents 1mm for (A, D, G), bar in (I) represents 30µm for (B, C, E, F, H, I).



G. STOLL ET AL.102

in postischemic brain plasticity. Schneider and colleagues133 showed that IL-1β
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.134

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.135 This effect is due to the generation of immunosuppressive T cell
subsets that express high levels of transforming growth factor-beta (TGF-β1).136

Becker and colleagues137 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-β-immunoreactivity whereas TGF-
β-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-β1
directly promotes neuronal survival.138 Focal cerebral ischemia leads to an increase
in TGF-β expression by microglia and infiltrating macrophages.139,140 Exogenous
administration of TGF-β further limited injury and improved outcome in several
models of cerebral ischemia.141-143 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.144 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).145 Neurotrophin-positive T cells and macrophages have
also been described in active EAE and MS lesions.146 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).147 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,148 and repeated with more success due to the
availability of modern suture techniques by Aguayo and coworkers.149 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).150,151 Nogo which has been cloned
recently152,153 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.154-

156 Infiltration of nerves is accompanied by upregulation of proinflammatory
cytokines157,158 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.154,159,160 Thereby myelin debris persists for months.159 The functional
importance of myelin/oligodendrocyte-associated growth-inhibition has been
highlighted by neutralization experiments.161,162 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 CNS148,163 (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 II and CD4 molecules, and the proinflammatory cytokine
IL-18 after fiber tract injury, the microglial response does not mount into an efficient
phagocytic transformation154,158,159,164 which is regularly seen in the surround of
focal cerebral infarcts.57,114 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.165 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.165-167

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.156 Usually inflammation into lesioned tissue such as skin or heart is
accompanied by scar formation during wound healing.168 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.163,169 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 Logan1 and Martin Berry2

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-β 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-β receptor blockers, and also TGF-β 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
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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.1-3 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.4 Hematogenous cells initiate a cytokine/growth
factor cascade 5 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.6 The recent discovery of axon growth inhibitory
ligands both in the extracellular matrix and on the plasmalemma of fibroblasts in
the scar,7,8 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.9-12 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.4

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.13,14 Pericytes and hematogenous monocytes
and macrophages invade the infarcted rim of parenchyma that encloses the lesion
cavity.15 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.16-22 Neutrophils may also damage neurons by
secreting free radicals and proteases. Blockade of their recruitment into a wound
reduces lesion size,23 although BBB leakage occurs after brain damage in the absence
of neutrophils.24 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.25 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.5,26-28 Macrophages/
reactive microglia also express the chondroitin sulphate proteoglycan (CSPG),
recognised by the NG2 antibody.29 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.30

Microglia in the neuropil about the lesion become reactive over the first 24
hrs.31-37 There is hyperplasia, particularly about the wound; the new microglia
probably derive from the resident population rather than from invading monocytes.38-
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40 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., TGFβs, IL-1, and IL-6), and NG2.29, 41-46 There is also expression
of the major histocompatibility antigens (MHC) I and II47 and leukocyte common
antigen (LCA).48-51 Expression of some ‘macrophage related proteins’ (MRP), e.g.,
MRP8 and MRP14, is delayed beyond 72 hours.52 Microglia appear to detect changes
in the micro-environment of the damaged neuropil53 and become phagocytic
removing neuronal debris48 and stripping presynaptic boutons from axotomised
neuronal somata.54-57 In addition to this scavenger activity, microglia also have
immune surveillance31 and neuroprotective/regenerative functions after injury
through the release of neurotrophins58,59 and lipocortin-1, a putative neuroprotective
agent.60,61 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.61,62 Thereafter, numbers decrease, buT cells never disappear
completely,63 indelibly marking all sites of past CNS trauma. Since activated
microglia and brain macrophages express increased numbers of peripheral
benzodiazepine binding sites,64 a radiolabelled ligand for the latter allows both recent
and long standing brain lesions to be detected by PET-scanning.65

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,66-69

most of which appear to be essential for normal scarring.70 Both alpha and beta
transcripts of GFAP are expressed.71 Initiation of astrocyte reactivity is poorly
understood72 but could be mediated by: (1) blood borne factors,73 including growth
factors and hormone,74-76 albumin,77 thrombin,78-80 angiotensin II81 and cAMP;82-84

(2) inflammatory cytokines released from activated macrophages and microglia;85-

89 and (3) activation of a neutral, Ca2+-dependent protease, calpain-1, through Ca2+

influx.90 The release of synaptic mediators from damaged neurons might also
stimulate GFAP expression,82,91,92 and such activated astrocytes may play a role in
synaptic elimination and collateral re-innervation.56 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.6

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.93,94 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, Bcl-2, caspase 3,
Bax and TUNEL.95-98 There is a more sustained expression of these molecules in
degenerating and demyelinating white matter tracts.96,99-102 Blocking axolemmal
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Na+ channels with tetrodotoxin reduces the loss of axons in tracts but does not affect
glial death.103

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.63, 67 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.66,104 Some of the reactive astrocytes co-
express clusterin,105 nestin,106 VEGF and the VEGF flt-1 receptor,107 plectin67 and
the neurotensin receptor.108 The processes of astrocytes are functionally coupled
through gap junctions109,110 and propagate Ca2+ waves intercellularly,77,111,112

providing a mechanism for spread of GFAP reactivity, either by the release of ATP,113-

117 or diffusion of a soluble messenger.113,118,119

A basal lamina, rich in collagen types IV and V,2 and laminin,64,68 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,120-128 all of which have axon growth inhibitory properties.129,130

Astrocytes and neurons also produce the cell adhesion glycoprotein CD44 after injury,
which binds to the ECM.131 The protective roles of reactive astrocytes in the injured
CNS have been reviewed by Eddleston and Mucke,132 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.133

A new injury reactive glial phenotype has been described and classified under
the general terminology of NG2+ glia,134,135 since they share an antigenic phenotype
with oligodendrocyte progenitor cells.135-140 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).31 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



121GLIAL SCAR FORMATION

terminating, with astrocyte processes, on the axolemma of nodes of Ranvier141,142

and, like astrocyte processes,143 have pre-synaptic expansions,144 and can themselves
be post-synaptic.145 Synantocytes express quisqualate sensitive receptors that promote
raised intracellular Ca2+.146 Thus, synantocyte function may be modulated by
glutamate released from both nodes of Ranvier, and synapses.31 Butt et al 42 and
Butt and Berry142 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),120,147 and outgrowth and thickening
of processes.29,148-153 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.154 They are, therefore,
potentially able to replace oligodendrocytes lost after CNS trauma.136,153,155,156

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.2 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. ED1+ 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,62,157 and
the expression of the S100A4 protein.158 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.159-162 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.163-167

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.168,169 Damage to the ependyma exposes
the underlying neuropil and subependymal cells, astrocyte processes herniate into
the ventricles,64,168,170,171 and ependymal rosettes form.168 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.172

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.173 The cysts are most frequently located in the subcortical white matter,
lined by macrophages and a meshwork of CD81-positive astrocyte processes,174

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,175 hemorrhage,176,177

lysosome activity,178 leakage of CSF from expanded hydrocephalic ventricles,179-181

and/or microglial/macrophage activity,182-185 particularly those expressing CD81.174

Response to Injury of the Fetal/Neonatal Brain

Before 8 dpn in the rat, no scar tissue is formed after a penetrant injury.1,3 In the
acute phase, the lesion is marked by hemorrhage, influx of inflammatory cells186

and a transitory weak expression of GFAF by astrocytes in the peri-lesion
neuropil.187,188 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 al3 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 cysts3 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,189-191

has not been substantiated. Thus, after the administration of anti-inflammatory agents,
like for example, pyromen,189,192-194 glucocorticoids,195,196 and ACTH,197,198 which
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all reduce scarring, the claim that enhanced regeneration ensues has not been borne
out,199-201 although more recently, Stichel et al202,203 have demonstrated impressive
CNS axon regeneration after inhibition of collagen IV in the wound. However, the
successful use of transforming growth factor β (TGF-β) antagonists to depress
cicatrisation in the CNS has not resulted in concomitant regrowth of severed axons
in the cerebrum.204-206 Axons stop growing in the walls of the developing scar and
rarely form neuromatous entanglements,207 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;208 astrocyte/synantocyte derived CSPGs,209,210 including versican,
brevican, neurocan, phosphacan, and NG2120, 211-21; myelin/oligodendrocyte derived
inhibitors214-217 including NOGO-A (NOGO-B and -C have yet to be
characterised);218-220 and meningeal fibroblast derived semaphorin-3A.7,8,221-224 The
growth cone collapse they all promote is mediated through receptors for the respective
ligands e.g., NOGOR,225 and the neuropilin-1/plexin-A1R complex.226-228 In CNS
lesions, NG2 is up-regulated in reactive astrocytes/synantocytes,120 and the axon
growth inhibitory potency of this CSPG is neutralised by removing the GAG side
chains from the core protein.147 Fibroblasts migrating into a developing scar express
semaphorin-3A and arrest the growth of axons invading the wound, where neuropili-
1 is also expressed.7 Neutralising the growth arresting properties of both NOGO-A
and CNS myelin,229,230 and CSPG by chondroitinase ABC treatment231 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.232

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,9-12 and also after injury
to the lens 233, 234, without pre-neutralisation of putative axon growth inhibitory
molecules. One correlate of this successful regeneration is the absence of scar tissue,9-

12,235 thought to be attributable to the secretion of metalloproteinases (MMPs) and
plasminogen activators (PAs) from the growth cones of regenerating axons.11,12,235

Thus, regenerating optic nerve fibers grow through inhibitory: reactive astrocytes,236-

243 NG2+ glia, and myelin debris and reactive oligodendrocytes.217,218 In the chiasm,
where the option to run in undamaged neuropil is available, axons preferentially
regenerate in the degenerating decussating trajectories,10 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,244-246 or over cryosections of unmyelinated neonatal
optic nerve;242, 243 and (c) through areas of the developing scar, where myelin and
oligodendrocytes are entirely absent.11,12,125,347 Conversely, CNS axons
spontaneously regenerate through the myelinated adult: (a) anterior medullary velum
(AMV);248-250 (b) ventral funiculi of the cord, from the ventral horns to the ventral
roots;251-253 (c) adult CNS neuropil from implanted fetal CNS grafts;254-256 (d) corpus
callosum, fimbria,257 and dorsal columns of the spinal cord129 from adult DRG micro-
implants; and (e) transected postcommissural fornix through reactive astrocytes/
microglia and chondroitin and keratin sulphate proteoglycans in the perilesion
area.202,203 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.258

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,259,260 traversing the site of anastomosis between a peripheral
nerve graft and the adult optic nerve,261,262 and regenerating through optic nerve
lesions9-12 all inhibit scar formation. Growing axons express and secrete MMPs
during development,263-265 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,236 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 al12 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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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.266 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)267 and TGF-β by
platelet lysis.5,26,27 In addition, insulin-like growth factors (IGFs) that circulate in
the blood and cerebrospinal fluid (CSF) also appear rapidly in the hemorrhagic wound
fluid.268, 269 In vivo, thrombin enters the wound from the blood and activates microglia
in the surrounding neuropil.270 These circulating factors are supplemented almost
immediately by cytokines, particularly interleukin (IL)-1α and β, IL-2, IL-6, IL-8

Table 1. Chemokines acutely released into CNS wounds

Chemokine Reference

Growth-regulated oncogene (Gro)-α McTigue et al301

Monocyte chemoattract proteins Andjelkovic et al298; Flugel et al302; McTigue et al303;
(MCP-1 and MCP-5) Muessel et al266; Galasso et al304

Macrophage inflammatory proteins Bona et al271; Ghirnikar et al305-306; Le et al276

(MIP)-1 α and β

Regulated on Activation, Normal Bona et al271; Ghirnikar et al305

T cell Expressed and Secreted (RANTES)

Platelet activating factor (PAF) McClennan et al279

Macrophage migration inhibitory Yoshimoto et al293; Lindsberg et al307

factor (MIF)



A. LOGAN ET AL.126

and tumour necrosis factors,271-276 released/transported from cerebral endothelial
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 al277 and Brown & Khoshkbijar278). 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.45

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.275 When challenged by the hemorrhagic trophic stimuli
and hypoxia, CEC release and/or express products of the arachidonic acid cascade

Table 2. Microglia-derived cytokines active acutely after CNS lesion

Cytokine Reference

Epidermal growth factor (EGF) Nieto-Sampedro et al310

Insulin-like growth factors (IGFs) Walter et al268,269

Interleukins (IL-1β, IL-2 and IL-6) Rothwell & Relton311; Lotan & Shwartz312 ; Schiefer
et al313; Gabellec et al314; Ali et al315; Hayashi et al274;

Knoblach & Faden316; Streit et al42; Streit et
al317; Bartholdi & Schwab318; Fassbender et
al319; Hashizume et al320; Acarin et al321

Interferons Rothwell et al322

Tumor necrosis factors (TNF-α Gehrmann et al323; Bartholdi & Schwab318; Streit et al42;
and TNF-β) Kamei et al324

Fibroblast growth factors (FGF-1 Logan et al27; Clarke et al325; Le et al276; Smith et al326

and FGF-2)

Transforming growth factor-βs Logan et al; 27, 206, 327; Logan & Berry5

(TGF-β1 and TGF-β2)

Neuregulin Erlich et al328

Fas ligand (FasL) Beer et al329
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with both vasoactive and pro-inflammatory properties, including prostaglandins,
leukotrienes, and platelet-activating factor (PAF),279-282 a reaction catalysed by cyclo-
oxygenase-1 (COX-1) from macrophages and microglia.283 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-3284 and the rapid local up-regulation of vascular endothelial growth/
permeability factor (VEGF), an event triggered by hypoxia.285-289

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.290-300

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.293,298,308,309

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.5,330,331

It seems that acutely released PAF, TGF-β, TNF-α, ILs and other chemokines, as
well as having beneficial effects on damaged neural tissue, are also directly detrimental,
initiating edema,311 and damaging glia335 and neurons,282,334,336-339 impending apoptosis
that in compromised glia and neurons is signalled by their early expression of Fas and

Table 3. Macrophage and leukocyte-derived cytokines active acutely after CNS
lesion

Cytokine Reference

Tumor necrosis factors (TNF-α Acarin et al321; Leskovar et al332; Le et al276; Nomoto
and TNF-β) et al333

Interleukins (IL-1β, IL-2 and IL-6) Rothwell & Luheshi334; Leskovar et al334

Transforming growth factor-βs Logan et al27,205,327

(TGF-β1 and TGF-β2)

Fibroblast growth factors (FGF-1 Logan et al27; Clarke et al325; Smith et al326

and FGF-2)
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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-β transforming growth factor-
β; TNF, tumour necrosis factor.
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Fas ligand (FasL).329 The first wave of cytokines, and in particular IL-β1, also mediates
a systemic injury response, which is characterised by a rapid induction of changes in
endocrine, metabolic and immune functions.311,334,340

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

Table 4. Cytokines active sub-acutely after CNS lesion

Cytokine Reference

Tumor necrosis factors-α Nomoto et al333; Acarin et al321

Interleukins (IL-1β, IL-6) Acarin et al321

Fibroblast growth factors (FGF-1, Logan et al26; Gomez-Pinella et al351; Gomide &
FGF-2) Chadi352; Clarke et al325; Buytaert et al353; Smith et al326

Transforming growth factor-βs Logan et al27,206; Hughes et al354; Jiang et al355;
(TGF-β1 and TGF-β2) Martinez et al356; Acarin et al321

Connective tissue growth factor (CTGF) Hertel et al359; Schwab et al283

Activin Tretter et al358,359; Hughes et al354

Neuregulin Tokita et al360

Insulin growth factors (IGF-1 and IGF-2) Walter et al268,269; Hughes et al354

Platelet derived growth factor (PDGF) Takayama et al361

Leukemia inhibitory factor (LIF) Sugiura et al362

Ciliary neurotrophic factor (CNTF) Park et al363

Glial derived neurotrophic factor Widenfalk et al364; Bresjanac & Antaver365

(GDNF)

Neurotrohins (NGF, BDNF and NT3) Hughes et al354; Michael et al366; Dougherty et al367;
Dreyfus et al368; Hayashi et al274; Krenz & Weaver369;
Moalem et al370; Otten et al371; Widenfalk et al364;
Liebl et al372
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and astrocytes in the damaged tissues in response to cytokine stimulation.319,341,342,343

NO contributes to the continuing breakdown of the BBB343, 344 and is also thought
to elicit cell membrane damage, mitochondrial dysfunction,345 glial and axonal
degeneration.326, 341

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-1β, IL-2, IL-6, FGFs and TGF-βs
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 cytokines345-349 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.5,26,27,206 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.350

The many neurotrophic factors released during the acute and sub-acute phases,
including NGF, BDNF, NT3, CNTF, GDNF, IGF, LIF, FGF and TGFβ, (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. 372,373 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
Bcls.374 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 VEGF375 and angiopoietin,376 and
reinforced by FGF-2,26 CTGF377 and TGF-β,27 which are all potent angiogenic
factors.

The TGF-β 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.5,26,204,206 Of
these, the TGF-βs, probably acting via up-regulation of CTGF,378-381 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.5,204-
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206 The expression of TGF-β1 and TGF-β2 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.26,204-

206,301,382-384 Thus, between 1-7 dpl significant levels of TGF-β 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.283,357,379 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.5,27,204,206 Hence, the raised levels of these cytokines induce the formation of
a dense fibrous scar within the wound between 5-8 dpl.

Of relevance 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,385-387 membrane type (MT-) MMP1,388 ADAM proteases,389 and PAs,384,390,391

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.268,269 Similarly, released MMPs activate
stores of TGF-β locally.392 The solubilised and circulating IGFs in the wound fluid
are supplemented by TGF-βs and FGFs that are synthesised by the choroid plexus
and released into the CSF.26,27,268,269 All these factors access the damaged neural
tissues via circulating tissue fluids and have gliotrophic and neurotrophic effects.
Production of TIMPs385,388,393 and PA inhibitors390,391 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-βs 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-βs, 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.186,394

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,395 has
been linked to muted gliosis, efficient wound repair and neuronal survival in
neonates.396 Some studies have also suggested that fetal wound healing involves far
lower endogenous levels of the fibrogenic cytokines FGF-2 and TGF-β than the
adult.326, 397 It is reported that absence of scarring in lesioned fetal murine dermal
tissue reflects a relative deficiency of TGF-β1 and FGF-2, but not PDGF within
such wounds,397,398 and the same seems to be true of CNS lesions.326 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 TNFα.309,399 Titres
of endogenous levels of TGF-β and FGF-2 proteins are high in the developing murine
CNS,400,401 and TGF-β levels increase rapidly, but only locally, in damaged tissue
after injury, and are very quickly cleared from the wound.402 Of significance is the
observation that this suppressed TGF-β up-regulation is accompanied by a very
muted increase in FGF-2 expression.326

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.5,398,403,404 For 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-βs 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 & Ackhurst405; McPherron & Lee406; Pratt &
McPherson407 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-βs probably control cell activity in CNS wounds both
directly and indirectly via the ECM. In general, TGF-βs promote ECM formation
and can enhance the response of cells to ECM through alterations in integrin
expression.408,409 TGF-βs stimulate the deposition of several ECM components,
including fibronectins, interstitial collagens (I, III, IV and V), thrombospondin,
tenascin, laminin, and chondroitin/dermatan sulphate proteoglycans.410,411 The
enhancement of ECM protein synthesis increases transcription of ECM genes and,
in some cases, stabilises their mRNAs. In addition, TGF-βs potentiate ECM
production by inhibiting matrix protein degradation, by modulating the expression
of genes encoding proteases and protease inhibitors. Thus, TGF-βs 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.410,411 The net effect of these activities is to promote ECM
deposition. TGF-βs 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.408,409 This modulation of the adhesion cascade
regulates cell migration, thereby influencing fibroblast migration into the wound
from the meninges.412

A role for TGF-ßs 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,27,204-206,382,384,413 post-surgical adhesions,414

hemorrhagic stroke,415-418 and SAH.6,419,420 TGF-βs may also promote plaque
development in Alzheimer’s disease and Down’s syndrome..421-423 In all of these
conditions, the levels of TGF-β are raised in both the CSF and also locally in damaged
neural tissue. For example, whilst TGF-β1 and TGF-β2 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.27,204,206,384 The most direct evidence for a fibrogenic role for TGF-βs 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-βs are correlated with the increased deposition
of scar material in such lesions, whilst immunoneutralisation with TGF-β antibodies
markedly inhibits fibrogenic scarring.204-206

Since its identification,424 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 angiogenesis380 implicates
the peptide as a regulator of fibrotic scarring in CNS and peripheral tissues. Most
importantly for fibrogenesis, CTGF stimulates mitosis, chemotaxis via α5-integrin
expression, adhesion, and matrix production, including collagen 1 and fibronectin,
by fibroblasts. All these activities are strongly reminiscent of those of TGF-β
(reviewed by Grotendorst378; Moussad & Brigstock381). But, whilst CTGF shares
the biological actions of TGF-β on fibroblasts, it does not seem to share TGF-βs
broader growth inhibitory actions, or to modulate immune/inflammatory cells.378 CTGF
also augments the activity of other fibrogenic growth factors like FGF-2,425 as well as
auto-inducing its own expression.426

Sustained CTGF expression is induced rapidly and robustly by TGF-βs.427

Evidence for a functional link between CTGF and TGF-β has come from experiments
blocking TGF-β effects with CTGF neutralizing antibodies or antisense
oligonucleotides428, so that it is now accepted that CTGF can act as a mediator of
TGF-β’s fibrogenic activities, although TGF-β-independent fibrogenic activities are
also reported.379,381,429,430 The potential relevance of CTGF to CNS scarring has
recently been demonstrated in the intact adult CNS,283,357,377 where CTGF mRNA
and protein are expressed in astrocytes and in specific populations of neurons in the
brain and spinal cord.357,431,432 Levels of mRNA and protein are strongly induced in
both cell types in parallel with TGF-β elevation after CNS injury.283,357,377 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.

PROTEASE REGULATION OF SCARRING

Berry et al12 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.433 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.231 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-β neutralizing
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antibodies and TGF-β receptor blockade with decorin, provide no evidence for
enhancement of axon regeneration despite the reduction in scar material, including
CSPG, at CNS lesion sites.205,206,327

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-β and CTGF are primary candidates. Logan et al327 demonstrated that
immunoneutralisation of TGF- β1 in a cerebral wound with an isoform-specific
polyclonal TGF-β1 antibody dramatically inhibited cerebral fibrogenic scarring,
although the inflammatory response was exacerbated. These findings established
the principle of inhibition of fibrogenesis by TGF-β 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-β2 within wounds,
and they markedly reduce CNS scar components, including the inhibitory molecule
CSPG, and inflammation.206 A similar inhibition of scar formation is obtained after
treatment of CNS wounds with decorin, a naturally occurring proteoglycan that is a
pan-TGF-β antagonist.205 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,231 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.

A number of TGF-β antagonists, other than neutralising antibodies, are becoming
available to reduce tissue fibrosis. Transfecting the epithelium of the airway with
DNA, encoding antifibrogenic decorin,205 inhibits bleomycin-induced lung fibrosis434

demonstrating the potential of the delivery of therapeutic genes encoding anti-fibrotics
into injury responsive cells in CNS wounds. Strategies to block TGF-β intracellular
signalling may also prove useful. For example, adenovirus-mediated gene transfer
of dominant-negative Smad4 (a central mediator of the TGF-β signalling pathway)
has been used to block TGF-β activity in pancreatic acinar cells.435 Similarly,
antisense-oligonucleotides inhibit TGF-β expression in human endothelial cells.436

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.437-438

In the future, CTGF- rather than TGF-β-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-βs. Several anti-CTGF neutralising antibodies and antisense
oligonucleotides have been used with some success to limit fibrosis in peripheral
tissues (reviewed by Moussad & Brigstock381)but have not so far been used in the
injured CNS.

It has been suggested that activation of the renal TGF-β system in diabetes may
be mediated through activation of the renin-angiotensin(AT) system (RAS).439-442

Accordingly, AT converting enzyme (ACE) inhibitors and AT receptor antagonists
have been used successfully to inhibit TGF-β receptor expression and collagen/
proteoglycan expression in the diabetic kidney.442,443 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.444 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 brain445 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.446 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.447-450 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;451 (2) the chemokine antagonist vMIPII
decreases the number of hematogenous macrophages invading a cord contusion
wound and reduces neuronal loss and gliosis;452 (3) the anti-inflammatory cytokine,
IL-10, down-regulates TNF-α expression after traumatic spinal cord injury, reducing
lesion volume and improving functional recovery;453 and (4) the thrombin inhibitor
‘argatroban’ suppresses the infiltration of inflammatory cells and gliosis.454 Others
have used a monoclonal antibody to neutralise the expression of the aD sub-unit of
β2, integrin, reducing the post-injury trafficking of hematogenous cells into spinal
cord wounds by blocking their interaction with VCAM-1.455 A similar monoclonal
antibody strategy targeting the leukocyte adhesion molecule, P-selectin, reduces
both leukocyte infiltration and lesion size after brain injury.456 Complement depletion
also seems to be an effective means of reducing infiltration of inflammatory cells.457-
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458 Cyclosporin A is neuroprotective if given within the first 24 hours after injury.459

A neutrophil elastase inhibitor, ONO-5046, is reported to contract lesion size by
blocking the damaging effects of elastase released from activated neutrophils.460

How anti-inflammatory therapeutic strategies fit with the recently reported
neurotrophic effects of post-injury inflammation367,369,461-465 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, 466 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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INTRODUCTION

Loss of ion homeostasis is the cardinal event in the early neuronal response to acute
ischemic and traumatic brain injury.1-3 At short notice, excessive influx of Na+ and
Ca2+ 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 Ca2+ 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, Ca2+ 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.
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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 Ca2+

channels contributes to the detrimental rise in cytosolic Ca2+ and promotes vesicular
glutamate release. At the same time, enhanced glutamate levels of synaptic and
mainly nonsynaptic origin (see below) cause further Na+ and Ca2+ 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
Ca2+ exchanger, which normally uses the Na+ gradient to extrude Ca2+ from the cell,
operates now in reverse mode transporting Ca2+ into the cell. Secondly, a rise in
cytosolic Na+ activates the mitochondrial 2 Na+ /Ca2+ exchanger causing Ca2+ release
from the mitochondria. It has been estimated that about 50% of the sustained rise in
cytosolic Ca2+ during ischemia is attributable to this mechanism.4 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.5

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 Leão6 (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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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 Müller 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,
Ca2+-dependent K+ channels and/or two-pore domain (2P) K+ channels of the TREK/
TRAAK subgroup.9,10 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.

Figure 1. Mechanisms and consequences of Na+ overload during acute brain injury.
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Figure 2. Contribution of voltage-dependent Na+ channels and ionotropic glutamate receptors to hypoxia-
induced depolarization of membrane potential of a hippocampal CA1 neuron in vitro. Voltage traces show
hypoxic spreading depression (SD) under control conditions (A), in low external Na+ solution (B), in the
presence of the non-NMDA and NMDA receptor antagonists DNQX and CPP, respectively (C), and after
further addition of the Na+ channel blocker TTX (D). For explanation, see text. Reprinted with permission
from Müller 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 (INaP )

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.11 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, INaP has been found in
neurons of various CNS regions, including neocortex,13-17 hippocampus,18 entorhinal
cortex,19-21 thalamus,22,23 striatum,24,25 and cerebellum.26,27

The nature and single-channel mechanism of INaP has remained controversial
since the current was first described.12,28 The fact that INaP 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.29

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 that all events arise from an electrophysiologically uniform population of Na+ channels. C: Whole-
cell recording of INaP in the same preparation after pharmacological suppression of voltage-dependent K+

and Ca2+ channels. The sustained inward current (INaP) that remained after inactivation of fast Na+ current
is reversibly reduced by 30 µM phenytoin. D: Dose-response curve for inhibition by phenytoin of INaP

(EC50 34 µM). 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).
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(rare) late openings.30 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.31 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 INaP. 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 INaP are altered during ischemia.
In hippocampal CA1 pyramidal cells, both hypoxia and inhibition of oxidative
metabolism by sodium cyanide produced a significant increase of INaP, while having
little effect on the fast Na+ current.33 This upregulation of INaP appears to result from
the enhanced production of nitric oxide (NO) during ischemia.34 Single-channel
recordings suggest that persistent Na+ channels can directly sense O2 levels, with
the redox reaction involved in increasing Na+ channel activity during hypoxia
presumably occurring in an associated regulatory protein.35 Hypoxic augmentation
of INaP (and of fast Na+ current) was also reported from rat caudal hypothalamic
neurons.36 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 INaP in hippocampal neurons.37

Remember that a rise in extracellular K+ is the earliest ionic deviation after the onset
of hypoxia.2 Whereas these findings suggest that enhancement of INaP 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 INaP (Astman
et al, Soc Neurosci Abstr 25, 288.12, 1999) nor the fast Na+ current in layer V
neurons from rat neocortex.38 Interestingly, hypoxia did enhance INaP 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 CA1 neurons of rat hippocampus.39 This inhibitory effect of hypoxia on
Na+ channel activity was ascribed to an upregulation of PKC. In that study, the
effect of hypoxia on INaP was not directly investigated, but since PKC activation is
known to reduce INaP,40 one would expect a parallel decrease in INaP.



C. ALZHEIMER168

In summary, there is ample evidence that TTX-sensitive, voltage-dependent
Na+ channels giving rise to INaP represent a significant pathway for pathological Na+

loading. It remains to be determined, however, whether ischemia exerts a direct
modulatory action on INaP, 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 INaP

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+/Ca2+ 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 Ca2+ instead of becoming loaded with Ca2+, and a nonsynaptic release of
glutamate into the extracellular space is prevented.

3. With less Na+ entering the cell, release of Ca2+ from mitochondria via the
mitochondrial Na+ /Ca2+ exchanger is diminished, which abates the ischemia-induced
rise in cytosolic Ca2+.

4. Inhibition of Na+ influx attenuates the ischemic depolarization, thereby
promoting the voltage-sensitive block of NMDA receptor channels by Mg2+ and
reducing Ca2+ entry through voltage-dependent Ca2+ 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 INaP 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 INaP 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.41 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.41 In
functional terms, phenytoin helps to stabilize Na+ channels in inactivated states from
which the probability of opening is small.42,43

Since INaP 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 INaP responses in neocortical
pyramidal cells, which were evoked by prolonged depolarizing voltage steps.44 Half-
maximal suppression of INaP was achieved at 34 µM phenytoin (Fig. 3D). Therapeu-
tic concentrations of orally administered phenytoin in epileptic patients might be
well in the range where a considerable reduction of INaP 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,45

and INaP 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.46 Riluzole
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was found to bind selectively to inactivated rat brain IIA Na+ channels (Nav1.2)
expressed in Xenopus oocytes and to inactivated Na+ channels in myelinated nerve
fibers, with only the latter effect occurring in a use-independent fashion.47,48 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 INaP 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 INaP but not fast Na+ current, it seems reasonable to
assume that suppression of INaP contributes to the neuroprotective action of riluzole.

In addition to its action on Na+ channels, riluzole was also found to interfere
with glutamate release.50 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.51 Interestingly, the same concentration of riluzole (20 µM)
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 µM) and lamotrigine (10 µM), 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 Ca2+ influx in the presynaptic
terminal. Why would this only happen at terminals of excitatory, but not inhibitory
fibers? The findings of the above study51 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 51 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



171Na+ CHANNELS AND Ca2+ CHANNELS

concentrations that did not alter excitatory synaptic transmission,52 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.54-56 Although
this issue has not been investigated yet, I would hence predict that these compounds
all act as potent inhibitors of INaP.

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,53,57-59 I 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.60 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 INaP in these cultures, which
predicts that activation of INaP 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.61,62 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.63 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.64,65

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 CA1
neurons.64-66 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.64,67 Very similar results were
reported from rats subjected to tandem occlusion of the middle cerebral and the
ipsilateral common carotid arteries.68 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.46,69

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%.70 BW619C89 (30 mg/kg) was also found to attenuate
the damage produced in a rat model of traumatic brain injury (lateral fluid
percussion).71 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.72 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 Ca2+ 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.68,73

Secondly, in contrast to glutamate antagonists, Na+ channel blockers are also capable
of rescuing axons from hypoxic damage in vitro.74 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,75 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.76 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.

Ca2+ CHANNELS

In a variety of pathological settings including stroke, cardiac arrest and traumatic
brain injury, Ca2+ overload of neurons is generally considered the critical event
triggering the various Ca2+-dependent processes that eventually lead to neuronal
death.77-79 As already illustrated in the schematic drawing of Figure 1, several of the
pathways producing elevated cytosolic Ca2+ levels are directly or indirectly coupled
to excessive Na+ influx, such as reversal of the transmembrane Na+/Ca2+ exchanger,
activation of the mitochondrial Na+/Ca2+ antiporter, and Na+-dependent membrane
depolarization with subsequent opening of voltage-gated Ca2+ channels. Additional
sources of cytosolic Ca2+ rises include Ca2+ entry through NMDA receptors and
non-NMDA receptors lacking the GluR2 subunit, as well as IP3-mediated release of
Ca2+ from intracellular stores following activation of group I metabotropic glutamate
receptors. Finally, the declining activity of Ca2+-ATPases following ATP depletion
impairs the removal of the accumulated cytosolic Ca2+. The various mechanisms of
Ca2+ 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 Ca2+ channels is a promising strategy to abate the consequences of
ischemic insult and traumatic brain injury.



C. ALZHEIMER174

Ca2+ Channel Blockers and Neuroprotection

Once cytosolic Ca2+ had been pinpointed as the pivotal trigger of neuronal death
in various forms of acute brain damage, the availability of organic Ca2+ 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.80-82 Even worse, a recent meta-analysis of published studies revealed
that clinical trials with organic Ca2+ channel blockers all failed to produce positive
effects on several outcome measures in stroke patients.83

Diversity of Ca2+ Channels

To better understand the pitfalls and potential benefits of Ca2+ channel inhibition
in neuroprotection, the diversity of voltage-gated Ca2+ channels has to be taken into
account.

In their basic structure closely resembling voltage-gated Na+ channels (Nav),
voltage-gated Ca2+ channels are large heteromultimeric complexes of four or five
distinct subunits.84 They are composed of a1 as the major subunit, and α2, β, δ and
(specifically for skeletal muscle) γ as auxiliary subunits. The a1 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 Ca2+ channels are determined
by the a1 subunit. The diversity of native Ca2+ channels in excitable tissue is hence

Figure 4. Whole-cell recording from acutely isolated human neocortical pyramidal cell reveals ω-CgTX-
sensitive and nifedipine-sensitive components of high threshold Ca2+ 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.
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mainly attributable to the multiplicity of α1 subunits, which are, in mammals, encoded
by at least 10 distinct genes. A panel of expert Ca2+ channel researchers has recently
proposed that the old nomenclatures should be replaced with one based on the
structural relationships among the various α1 subunits.85 According to this novel
nomenclature, the Cav1 family (Cav1.1-1.4) comprises the subunits α1S, α1C, α1D,
α1F, which give rise to L-type currents, the Cav2 family (Cav2.1-2.3) comprises the
subunits α1A, α1B, α1E, which give rise to P/Q-type, N-type and R-type currents,
respectively. Finally, the Cav3 family (Cav3.1.-3.3) includes subunits a1G, a1H, a1I,
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
Ca2+ current), the remaining Ca2+ currents share the common characteristics that
they require stronger depolarization from rest for activation (high-threshold Ca2+

currents) and inactivate, apart from R-type channels, with much slower kinetics.
Only L-type channels are blocked by organic Ca2+ channel blockers such as

dihydropyridines, phenylalkylamines and benzothiazepines, whereas Ca2+ 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.86 L-type channels are expressed in various types of non-neuronal tissues
as well as in neurons, where they contribute predominantly to somatodendritic Ca2+

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 Ca2+ influx. Figure 4 illustrates the relative contribution of nifedipine-
sensitive L-type current and ω-conotoxin GVIA-sensitive N-type current to the total
high-threshold Ca2+ current of a pyramidal neuron soma acutely isolated from human
neocortex.87 These data are in agreement with immunohistochemical data showing
expression of both L-type and N-type Ca2+ 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.88-90

Selective Blockers of Neuronal Ca2+ 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 Ca2+ channels, a major shortcoming of L-type current
blockers in neuroprotection is their lack of selectivity for neuronal Ca2+ 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 Ca2+ channel blockers in stroke and
brain injury, the development of inhibitors specific for neuronal Ca2+ channels
inspired new hope. In fact, SB201823 and SB206284, two compounds which target
neuronal Ca2+ channels without displaying any particular subtype selectively, showed
substantial efficacy in a number of ischemia models in vivo, lending credence to the



C. ALZHEIMER176

idea that neuroprotective effects of Ca2+ channel antagonists occur independent of
effects on hemodynamic parameters.80

An even more promising candidate is ziconotide (SNX-111), a synthetic ω-
conotoxin MVIIA, which selectively inhibits N-type channels. Unlike most
polypeptide toxins, which act as rather irreversible Ca2+ 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.91 By contrast, neither nifedipine, a dihydropyridine, nor the mixed
neuronal Ca2+ channel blocker SB201823A 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.93 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.94

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.95,96 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 Kd-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.97 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 Ca2+ HANDLING

Rod J. Sayer

ABSTRACT

Intracellular Ca2+ is regulated within three major compartments: the cytosol,
the endoplasmic reticulum and mitochondria. This Chapter reviews the mechanisms
involved in handling of Ca2+ within these compartments with reference to potential
strategies for neuroprotection. In the cytosol, Ca2+ buffering has a major influence
on Ca2+ signals. Cytosolic Ca2+-binding proteins such as CB28 participate in Ca2+

buffering and may have a role in resistance to neurotoxicity. In the endoplasmic
reticulum, a number of proteins are involved in Ca2+ 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 Ca2+ storage and
signaling, and as key players in the processes leading to cell death following Ca2+

overload. An improved understanding of how Ca2+ is controlled within these
intracellular compartments, and how these compartments interact, will be important
for neuroprotective strategies.

INTRODUCTION

The management of Ca2+ inside cells is sometimes referred to as Ca2+

homeostasis, but this understates the dynamic role of Ca2+ as a signaling molecule.
Ca2+ transients encode information about neuronal activity via their amplitude, timing
and subcellular location. This signaling system exploits a steep gradient of
Ca2+concentration ([Ca2+]) between the cytosol (resting level ~100 nM) and the
extracellular fluid and endoplasmic reticulum (ER), in which [Ca2+] is three or four
orders of magnitude higher. The gradients allow generation of rapid rises of cystolic
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[Ca2+], but have energetic costs and carry risks of Ca2+ overload. A complex set of
mechanisms has evolved to allow active Ca2+ signaling while avoiding toxicity.

The impact of  Ca2+ influx through the plasma membrane on the resulting rise
in free cytosolic Ca2+ concentration ([Ca2+]c). Depends upon cytosolic buffering,
the rates of removal from cytosol by sequestration into organelles (mainly ER and
mitochondria), and extrusion from the cell via the plasma membrane. In addition,
Ca2+ that enters may influence subsequent Ca2+ influx by inactivating voltage- or
receptor-operated channels in the plasma membrane, or by activating K+ channels
that reduce membrane excitability, or may affect Ca2+ release from intracellular
stores.

CYTOSOLIC Ca2+ BUFFERING

A consistent finding across many cell types, including neurons, is that the
transient rises of free cytosolic Ca2+ concentration ([Ca2+]c) during Ca2+ influx
represent only a tiny proportion of Ca2+ that enters the cell. The remainder does not
contribute to the signal because it is bound to high-affinity Ca2+ binding sites (buffers)
within the cytosol. Typical estimates suggest that for neurons only one in every 100-
400 molecules of added Ca2+ remains free.1,2 In some neurons such as Purkinje cells
of the cerebellum that are adapted for high Ca2+ fluxes, the proportion that remains
free may be as low as one in several thousand.3

Cytosolic Ca2+ buffering has a major impact on the spatial distribution of Ca2+

signals. Ca2+ diffuses much more slowly in cytosol than in unbuffered media, because
of frequent encounters with Ca2+–binding proteins that are either fixed or of lower
mobility. Its range of messenger action is therefore likely to be short relative to
unbuffered molecules such as IP3.4 Much of the signaling action of Ca2+ probably
occurs via highly localized and steep rises in [Ca2+], for example immediately under
the plasma membrane around Ca2+ channels, or at close associations between ER
and mitochondria.

The cellular constituents that contribute the bulk of the cytosolic Ca2+ buffering
have not been conclusively identified, but a large group of proteins belonging to the
“EF-hand” family are known to be specialized for Ca2+-binding.5-8 Some members
of this family, such as calmodulin, are ubiquitous across cell types and operate
primarily as Ca2+ sensors. These undergo conformational change on binding Ca2+

and thereby regulate the activity of target proteins. Other EF-hand proteins, such as
calbindin28kDa (CB28), parvalbumin (PV) and calretinin, are found in specific types
of neurons and there is evidence that these function (at least in part) as Ca2+ buffers.
In rat dorsal root ganglion neurons, introduction of CB28 or PV reduces the rate of
rise and the peak of the [Ca2+]c transient.9 Pituitary tumor (GH3) cells transfected
with CB28 show smaller increases in [Ca2+]c for a given Ca2+  influx.10 In Purkinje
neurons, which normally contain both CB28 and PV, a fast component of the cytosolic
Ca2+ transient is increased in CB28-null mutant mice.11 CB28, PV and calretinin are
generally regarded as mobile cytosolic buffers, but about one-third of the CB28 and
calretinin in neurons is associated with insoluble cellular structures.12,13
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Ca2+ BUFFERING AND NEUROPROTECTION

The possibility that certain Ca2+-binding proteins might confer neuroprotection
by buffering intracellular Ca2+  has generated considerable interest. CB28 and PV
have received the most attention  because they are expressed only in specific subtypes
of neuron. Questions therefore arose about whether their presence or level of
expression might be associated with resistance to excitotoxic or degenerative
processes.

Several correlative studies indicated that neurons containing CB28 or PV were
spared in some pathological conditions. In the hippocampal formation, the neurons
most susceptible to damage from experimental seizures are the hilar interneurons
and CA3 pyramidal cells, which lack CB28 or PV.14 In Parkinson’s disease, the
subgroup of dopamine neurons in the substantia nigra that express CB28 are relatively
spared.15 The same neurons are resistant to MPTP toxicity in animal studies.16

However, other findings have suggested a more complex picture. In
neurodegenerative conditions such as Parkinson’s, Alzheimer’s and Pick’s diseases,
the loss of neurons containing Ca2+–binding proteins varies across different brain
areas (for a review see ref. 17). Furthermore, within a given region, vulnerability
may depend more on the type of insult than the presence of Ca2+–buffering proteins.
For example, CA3 pyramidal cells do not express CB28 or PV but are more resistant
to ischemia than CB28-containing neurons elsewhere in the hippocampus.18

Findings from investigations in CB28-transgenic mice11 have tended to downplay
or even contradict a neuroprotective role for CB28. Surprisingly, in models of
ischemia CB28 null mutants suffer less hippocampal damage than wild types.19 The
CB28 null mutants are not more vulnerable than wild types to kainate-induced
excitotoxicity in the hippocampus (although heterozygosity confers some
resistance20). Substantia nigra dopamine neurons in the CB28-deficient mice are
not more susceptible to degeneration following MPTP administration; the same
population of cells is lost regardless of genotype.21 Similarly, transgenic mice deficient
in PV, or double knockouts for PV/CB28 or PV/calretinin are no more vulnerable
than wild types to kainate excitotoxicity in the hippocampus.22

As a result of these studies, it has been suggested that a downregulation of
CB28 may be neuroprotective. The loss of CB28 from dentate granule cells that is
associated with seizures may reflect an adaptive response by the neuron to reduce
its vulnerability to further threat.23-25 Indeed a recent electrophysiological study of
human dentate granule cells removed from patients with hippocampal sclerosis
confirmed that loss of CB28 is associated with a reduced Ca2+ influx during trains
of action potentials,25 which would be consistent with a neuroprotective response.

The data from transgenic animals remains controversial, in part because the
life-long lack of the deficient protein may allow the opportunity for developmental
compensation. Therefore a substantial body of work continues to be based on the
premise that some advantage may be gained by increasing the expression of CB28
in vulnerable neurons. Sapolsky’s group, in particular, is reporting success in using
herpes simplex viral vectors to express (or over-express) CB28. In cultured
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hippocampal neurons this confers resistance to hypoglycemic and glutaminergic
insults.26-28 In the whole animal, injections into the hippocampus lead to increased
survival of neurons following kainic acid or 3-acetylpyridine neurotoxicity,29 while
striatal injections promote neuronal survival after middle cerebral artery occlusion.30

Other groups have shown that cell culture lines transfected with CB28 have improved
survival when challenged with NMDA31,32 or that cultured motor neurons rendered
particularly sensitive to glutamate by expression of a mutant Cu/Zn-superoxide
dismutase are protected by coexpression of CB28.33 On the other hand, there have
been conflicting reports about whether hippocampal neurons that naturally express
CB28 in cultures are more robust,34,35 and in one study the over-expression of PV in
mouse neocortical neurons was found to enhance neurotoxicity at some
concentrations of NMDA.36

An alternative approach to the manipulation of intracellular Ca2+ buffering
involves the use of exogenous Ca2+ chelators, e.g., BAPTA and its analogs. An early
study of interneurons in the dentate hilus showed that these neurons, which usually
deteriorated under prolonged stimulation, were protected by injection of BAPTA
via the recording electrode.37 This prompted further investigation into whether cell-
permeant forms of BAPTA and its analogs might have efficacy as neuroprotective
agents. BAPTA-AM and Quin-2 were shown to be taken up by spinal neurons in
vitro and to reduce or delay neuronal death.38,39 In vivo intravenous infusion of
BAPTA-AM resulted in delivery of the chelator to the brain, affected the
electrophysiology of hippocampal neurons as expected for a Ca2+ buffer, and reduced
cortical infarct volume in a model of focal cerebral ischemia.38 DP-b99 (DP-BAPTA),
a variant of BAPTA designed to be preferentially active in lipid environments, is
claimed to show efficacy in animal models and is under commercial development
as a neuroprotective drug for cerebral ischemia (D-Pharm Ltd.; and see http://
www.strokecenter.org/trials/ints/intPage95.htm). However it should be noted that
not all studies have reported positive findings with exogenous chelators. In cultured
hippocampal neurons, BAPTA-AM reduced the peak magnitudes of [Ca2+]c transients
evoked by brief applications of excitatory amino acids, but also slowed the recovery
to baseline. With longer exposure to agonists, the peak [Ca2+]c responses were not
reduced, and excitotoxicity was either increased or similar to controls.40,41

The inconsistency of the above studies indicates that the actions of both
endogenous and exogenous Ca2+ buffers are complex and still poorly understood.
Their neuroprotective efficacy will depend upon many factors that vary with cell
type and circumstance. For example, their accessibility to different subcellular
compartments may be variable so that they buffer Ca2+ entry by some pathways
more than others; they likely influence the mobility of intracellular Ca2+, thereby
affecting the rate and distance of Ca2+ diffusion, and the reduction of transient peaks
of [Ca2+]c needs to be balanced against the consequences of longer durations of
raised [Ca2+]c. Ca2+ buffers may have important actions via binding of other ions,
e.g., Zn2+, and the majority of Ca2+–buffering proteins may well have additional
Ca2+–sensor properties. As the field evolves it will become clearer how these factors
impact on the various animal models and their applicability to human neuroprotection.
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THE ENDOPLASMIC RETICULUM Ca2+ STORE

The ER is an elaborate membrane-enclosed network that extends from the
nuclear envelope to the periphery of the cell, which in neurons includes axons and
synaptic terminals, dendrites and spines. Its functions include the folding and
assembly of newly-formed proteins, lipid synthesis and an important role in Ca2+

storage and signaling. The ER forms a connected network with a continuous lumen
(also continuous with the nuclear envelope), but it does show some regional
specialization; areas most prominently associated with ribosomes, and therefore
protein synthesis, are termed rough ER and the remainder is known as smooth ER.
Although the entire ER is believed to function as a Ca2+ store, some regional variation
has been shown in the distribution of  Ca2+ uptake pumps and release channels, and
also in concentrations of stored Ca2+ (reviewed in ref. 42 and 43).

In neurons, most of the Ca2+ destined for uptake into the ER is probably admitted
into the cell via voltage-gated Ca2+ channels, i.e., influx depends upon electrical
activity of the plasma membrane. However, the importance of another route of Ca2+

entry, studied extensively in non-excitable cells, is not yet apparent for neurons.
Termed capacitative or store-operated Ca2+ entry, this process is activated by a fall
in [Ca2+] within the ER. It is uncertain whether the signal from the ER involves a
diffusible messenger (putative calcium influx factor) or a mechanical linkage at
regions where the ER is closely apposed to the plasma membrane.44 The plasma
membrane channels responsible for Ca2+ entry via this route have been characterized
electrophysiologically in a number of non-excitable cells, and a strong candidate for
the molecular identity of the channel has been reported recently.45 This putative
store-operated Ca2+ channel, CaT1, is a member of the TRP family46 and is expressed
in a number of tissues including brain.47,48 It seems likely that a number of closely-
related channels have similar roles.

Ca2+ is taken up from the cytosol into the ER by sarcoplasmic-endoplasmic
reticulum Ca2+ ATPases (SERCAs). The SERCA family originates from three genes
giving rise to multiple splice variants, with SERCA2b and SERCA3a being expressed
in brain.49 SCRCAa hydrolyze one ATP molecule for every two Ca2+ ions they pump
into the ER lumen, with the different isoforms varying in Ca2+ affinity and rate of
Ca2+ uptake.

Within the ER the majority of Ca2+ is buffered by Ca2+–binding proteins. The
most prominent of these in neurons is calreticulin which binds Ca2+ with low affinity
(Kd ~2 mM) but high capacity (>20 mol Ca2+ per mol protein50,51). Other proteins
that contribute to Ca2+ buffering in the ER lumen include endoplasmin, BiP and
protein disulfide isomerase. These molecules, including calreticulin, have a dual
role in that they also assist with protein folding and assembly. Estimates suggest
that when the ER stores are filled their total [Ca2+] is about 5-10 mM and their free
[Ca2+] is 100-700 µM.52

The two main pathways for Ca2+ release from the ER are via IP3 receptors
(IP3R) and ryanodine receptors (RyR). Both are Ca2+ channels composed of four
subunits. IP3R subunits are encoded by at least three genes (with splice variants),
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and the complete IP3R is activated by IP3 and also modulated by cytosolic Ca2+.
RyR originate from three genes and are gated by Ca2+ and in some cells by cADP-
ribose. For both IP3R and RyR the sensitivity to [Ca2+]c is bell-shaped so that channel
activity is promoted within a certain range; the actual values and degree of sensitivity
vary with the multiple ribosome receptor isoforms. IP3R and RyR show some
differences of distribution within the brain. For example, IP3R predominate over
RyR in cerebellar Purkinje neurons and hippocampal CA1 pyramidal cells, whereas
the reverse is true in the dentate gyrus and CA3 regions of the hippocampus.53

The role of the ER in Ca2+ homeostasis  and Ca2+ signaling in neurons clearly
involves much more than Ca2+storage or uptake so as to maintain low [Ca2+]c. The
properties of the IP3R and RyR endow them with the ability to act as a source of
Ca2+ transients (waves or spikes) within the cytosol. Ca2+ release from the ER can
be triggered by the diffusion of IP3 from distant sites of generation at the plasma
membrane, in response to the activation of phospholipase C by extracellular stimuli.
Alternatively, where the ER is near enough to a source of elevated [Ca2+]c, e.g.,
where it is closely apposed to plasma membrane that contains Ca2+ channels, RyR
or IP3 channel opening is triggered or enhanced in a process known as Ca2+–induced
Ca2+ release (CICR). The Ca2+ released from a localized area of ER may then promote
further release from neighboring regions to form a propagating wave that spreads
along the ER. Thus the ER in neurons should be thought of as an active excitable
organelle that promotes the integration and communication of Ca2+ signals with the
cell.54

Given that the neuron has ample machinery at the plasma membrane to generate
Ca2+ transients, the ER must provide some advantages for Ca2+ signaling. As a source
of Ca2+ signals, it has been suggested that the ER facilitates rises of free cytosolic
Ca2+ deep within the cell, out of the range of the limited diffusion of Ca2+ entering
from the plasma membrane. In addition, the extracellular space immediately
surrounding many neurons may be of such limited volume as to be a poor source of
Ca2+ .56 As a means of terminating Ca2+ signals efficiently, the ER has in its favor a
larger surface area than the plasma membrane and lower energetic costs because
Ca2+ uptake is not opposed by a membrane potential.55

THE ENDOPLASMIC RETICULUM
AND NEUROPROTECTION

A potential link between disturbances of ER homeostasis and pathological
conditions is shown by experiments in which ER Ca2+ stores are artificially depleted.
Agents such as thapsigargin and cyclopiazonic acid, which inhibit SERCA, promote
store emptying. A number of studies have reported that this leads to suppression of
protein synthesis, activation of stress genes, and ultimately apoptosis, a picture seen
in various ischemic/neurotoxic conditions (reviewed in refs. 57-59). It is likely that
both the low [Ca2+] within the ER and the high [Ca2+] associated with excessive or
prolonged store emptying have deleterious effects, which might contribute to a
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pathological scenario. In the ER insufficient levels of intraluminal Ca2+ interfere
with protein processing, at least in part because the chaperone activity of calreticulin
and other ER proteins is Ca2+–dependent.51,60 In the cytoplasm potential targets for
released Ca2+ include proteases, endonucleases, phospholipases and other Ca2+–
sensitive proteins that have been implicated in neurotoxicity.61 Adequate ER
functioning presumably requires an appropriate environment of cytoplasmic Ca2+

within a certain range, which might explain why cellular vulnerability seems to
increase at both high and low extremes of [Ca2+]c.

62

Drugs that influence the Ca2+–handling machinery of the ER might provide
opportunities for therapeutic intervention. For example, dantrolene, which blocks
release of Ca2+ from the ER via RyR, has shown some neuroprotective efficacy in
experimental models. It was reported to reduce glutamate-induced cytotoxicity in
cultured cerebral cortical neurons,63 to prevent seizure-induced cell death in rat
hippocampal slices,64 and to protect against death of hippocampal and cerebral
cortical neurons following brain ischemia in gerbils and rats.65,66

Another approach is to identify proteins that would be potential targets for drugs
because of their role in ER Ca2+  homeostais. For example, calreticulin has been
suggested to have anti-apoptotic properties because inhibition of its expression
increases ionomycin-induced cell death.67,68 Another protein with evidence for anti-
apoptotic activities is Bcl-2. This oncogenic protein resides in the membranes of the
ER and nuclear envelope, and in the outer mitochondrial membrane. Its normal
function in the ER membrane is unknown at present, but alterations in ER Ca2+

homeostasis have been described in cultured cells over-expressing Bcl-2. Transfected
cells, unlike controls, were reported to maintain ER Ca2+  uptake and protein
processing in the presence of thapsigargin,70 to upregulate SERCA71 or (in contrast)
to show reduced loading of ER Ca2+  stores.72 Interpretation of these findings is
currently difficult, and it is unclear how they relate to the actions of the Bcl-2 family
of proteins in mitochondria (see below).

MITOCHONDRIA AND Ca2+  HOMEOSTASIS

Mitochondria receive attention in any consideration of cell death or
neuroprotection because of their key role in energy metabolism and because of the
potentially damaging consequences of the reactive oxygen species that are generated
as a by-product. However in the last few years there has been a change in perspective
so that mitochondria are now seen as increasingly important for their influence on
intracellular Ca2+ homeostasis.73-75

Ca2+ is taken up into mitochondria via a uniporter in the inner membrane driven
by a membrane potential of 150-200 mV (negative inside). The membrane potential
is generated by H+ extrusion associated with mitochondrial respiration. A rise of
inner mitochondrial [Ca2+] activates dehydrogenases in the citric acid cycle, thereby
linking energy metabolism with cellular activity. The relatively low affinity of the
uniporter raised the conundrum that the rise in bulk [Ca2+]c in stimulated cells, peaking
at several µM, seemed insufficient to allow significant mitochondrial uptake.
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Accumulating evidence now points to a close functional relationship between
mitochondria and the ER. At regions where these are in close apposition,
microdomains of high [Ca2+]c are formed by release from the ER, and mitochondrial
uptake becomes significant.74 In addition, the pattern of Ca2+ signals may be important
with uptake being more efficient when mitochondria are exposed to pulses of Ca2+.76

An important question is whether mitochondrial Ca2+ handling goes beyond a
signaling function for regulation of activity within the organelle itself, to additionally
influence signals within the cytoplasm. There is now substantial evidence that this
is the case, although with some variation between cells. Uptake of Ca2+ into
mitochondria appears to be of sufficient rapidity and magnitude to act as a buffer so
that recovery from Ca2+ transients is accelerated. Ca2+ is then released from
mitochondria over a slower time course due to action of the mitochondrial Na+-
Ca2+ exchanger, resulting in a prolongation of the raised [Ca2+]c after the initial
recovery.77 One example of the functional importance of this phenomenon is the
contribution of persistently raised [Ca2+]c in presynaptic terminals to post-tetanic
potentiation.78 Another consequence of mitochondrial Ca2+ release may be a feedback
influence on nearby ER Ca2+ channels, thereby affecting the propagation of cytosolic
Ca2+ waves.74,75

MITOCHONDRIA, NEUROTOXICITY
AND NEUROPROTECTION

An emerging body of evidence implicates Ca2+ overload of mitochondria,
perhaps coupled with other factors such as nitric oxide or reactive oxygen species
production as a crucial factor in the progression towards neuronal death (for detailed
reviews see refs. 75,79-81). It is hypothesized that overloading of the mitochondria
with Ca2+ has two important consequences: (a) loss of the proton gradient across the
inner mitochondrial membrane and therefore cessation of ATP production and (b)
release into the cytoplasm of cytochrome c and other proactive substances, with
subsequent activation of caspases. The degree to which these occur might tip the
balance between necrosis and apoptosis. With intense insult the loss of ATP might
be sufficient to cause rapid necrosis, whereas lesser injuries may allow survival of
enough mitochondria to produce energy for the delayed apoptotic process.

A leading hypothesis states that a key step in the pathological loss of function in
mitochondria involves formation of a permeability transition pore (PTP) across the
inner and outer membranes.79 An abrupt opening of this pore, promoted by Ca2+,
oxidative stress, falling ATP concentration or other factors, is believed to cause
mitochondrial depolarization, loss of proton gradient, and therefore uncoupling of
oxidative phosphorylation. An associated increase in permeability of the outer
membrane allows release of cytochrome c and other substances, e.g., apoptosis-
inducing factor, from the inter-membrane space into the cytoplasm, with subsequent
initiation of the apoptotic cascade. The putative makeup of the PTP is a complex of
at least three proteins that forms at regions of close contact between the inner and
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outer mitochondrial membranes. These are the voltage-dependent ion channel
(VDAC) in the outer membrane, the adenine nucleotide translocase (ANT) in the
inner membrane (which exchanges ADP and ATP), and cyclophilin-D in the
mitochondrial matrix. Whether formation of these components into the PTP occurs
only under pathological conditions or whether transient openings might be important
contributors to Ca2+ signaling73 is controversial.

The hypothesis that the PTP is involved in cell death indicates possible targets
for neuroprotective agents. For example, cyclosporin A is one drug known to bind
to cyclophilin-D and to inhibit PTP opening. Mitochondrial depolarization and cell
death in cultured neurons exposed to glutamatergic agonists are ameliorated or
prevented by cyclosporin A.82-84 Cyclosporin A injected into rat hippocampus has
been reported to reduce the necrosis caused by forebrain ischemia.85 However,
cyclosporin A also binds to cyclophilins in the cytoplasm and ER so definitive
attribution of its site of action awaits analogs that are specific for mitochondrial
cyclophilin-D.75 Another strategy might be to act further upstream by preventing
loading of the mitochondria with Ca2+. In cultured neurons, Stout et al86 showed
that pre-emptive depolarization of mitochondrial membranes with FCCP inhibited
mitochondrial Ca2+ uptake and reduced glutamate neurotoxicity. A further potential
target is the Ca2+ uptake uniporter which still awaits molecular characterization and
development of blockers.

The Bcl-2 family of proteins has emerged as important regulators of apoptosis,
and a major part of their action is proposed to occur in mitochondria (for reviews
see refs. 87-89). Of this group, Bcl-2, Bcl-xL and several others are anti-apoptotic
whereas a number of structurally similar relatives promote cell death. Most members
of the family have a hydrophobic C-terminal segment which localizes them to the
cytoplasmic aspect of organellar membranes. Bcl-2 and Bcl-xL are of particular
interest as potential drug targets because they appear to oppose processes that disrupt
mitochondrial function. When Bcl-2 or Bcl-xL are applied as recombinant protein to
isolated mitochondria, or over-expressed in cultured cells, they inhibit cytochrome
c release in the face of apoptotic stimuli.90-94 Consistent with these findings, over-
expression of Bcl-2 in neuronal cell lines reduce cell death induced by a variety of
factors,95,96 and when over-expressed in transgenic mice, cortical infarcts induced
by middle cerebral artery occlusion are smaller than in wild-type animals.97 The
mechanism of action of the Bcl-2 family of proteins is still uncertain, but it has been
proposed that the anti-apoptotic members, e.g., Bcl-2 and Bcl-xL, associate with the
mitochondrial pore complex and stabilize its normal function in a way that inhibits
pathological PTP activity.

FUTURE CHALLENGES

This short review gives a simplified and rather linear overview of the cellular
machinery involved in Ca2+ handling. By linear, I mean that the components (cytosolic
buffers, ER and mitochondria) are considered in succession, whereas a major task
for the future will be to understand how these function together in a working system.
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The close relationship between ER and mitochondria, for example, appears to be
crucial for mitochondrial Ca2+ uptake, and therefore requires investigation of still
smaller spatial and temporal domains. This makes heavy demands on technological
development and also on our ability to construct useful models of interacting systems.
Further complicating the picture, the majority of components are multifunctional.
For example, Ca2+-binding proteins can have both buffer and sensor actions; ER is
involved in Ca2+ signaling, protein and lipid processing; and Ca2+ mitochondrial
uptake is important for enzyme modulation and for shaping cytosolic Ca2+ transients.
Of course, none of these functions is independent. To add to the picture, there are
other players in the Ca2+ game. Some, such as the Golgi apparatus98 and nuclear
envelope, may have a minor but distinct role; others, e.g., a large fraction of the
buffering capacity of the cytosol, have a major role but are still not clearly defined.
It remains a challenging and worthwhile enterprise for the basic scientist to reveal
and recognize those key components of the Ca2+ handling system that may ultimately
become useful targets for therapeutic intervention.
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ABSTRACT

Metabotropic glutamate receptors form a family of currently eight subtypes (mGluR1-
8), subdivided into three groups (I-III). Activation of group-II (mGluR2 and -3) or
group-III metabotropic glutamate receptors (mGluR4, -6, -7 and -8) has been
established to be neuroprotective in vitro and in vivo. In contrast, group-I mGluRs
(mGluR1 and -5) need to be antagonized in order to evoke protection. Initially, all
neuroprotective mGluR ligands were analogues of L-glutamate. Those compounds
were valuable to demonstrate protection in vitro, but showed limited applicability in
animal models, particularly in chronic tests, due to low blood-brain-barrier
penetration. Recently, systemically active and more potent and selective ligands
became available, e.g., the group-II mGluR agonists LY354740 and LY379268 or
group-I antagonists like MPEP (mGluR5-selective) and BAY36-7620 (mGluR1-
selective). This new generation of pharmacological agents allows a more stringent
assessment of the role of individual mGluR-subtypes or groups of receptors in various
nervous system disorders, including ischaemia-induced brain damage, traumatic brain
injury, Huntington’s and Parkinson’s-like pathology or epilepsy. Moreover, the use
of genetically modified animals (e.g., knock-out mice) is starting to shed light on
specific functions of mGluR-subtypes in experimental neuropathologies.
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INTRODUCTION

The neurotoxicity of excitatory amino acids such as glutamate and some of its
analogs, e.g., kainate and NMDA is well established in the central nervous systems.1

Glutamate, the transmitter of the vast majority of excitatory synapses in the
mammalian brain, activates ionotropic and metabotropic receptors (iGluRs and
mGluRs), which mediate the physiological and the toxic effects of the transmitter.
Activation of iGluRs results in Fast excitatory synaptic transmission via cation
channel gating while mGluRs play a modulatory role by controlling membrane
enzymes and second messengers. Molecular and physiological diversity of iGluRs
was reviewed recently.2,3 The G protein-coupled mGluRs form a family of currently
eight subtypes (mGluR1 to -8), subdivided into three groups (I-III) on the basis of
their amino acid sequence identities, pharmacological profiles and signal transduction
pathways.4-6 Group-I mGluRs (mGluR1 and mGluR5) are positively coupled to the
phosphoinositide/Ca2+ cascade. Group-II (mGluR2 and mGluR3) and group-III
(mGluR4, mGluR6, mGluR7 and mGluR8) receptors are both negatively coupled
to adenylate cyclase in heterologous expression systems. The mGluR diversity is
further increased by variants generated by alternative splicing at the intracellular C-
terminal region. Splice variants for mGluR1 (termed mGluR1a, -b, -c, -d, -e),4,7-9

mGluR4 (a, b),10 mGluR5 (a, b),11,12 mGluR7 (a, b)13 and mGluR8 (a, b)14 have been
cloned and pharmacologically characterized. Little pharmacological or physiological
differences between such mGluR splice variants, most likely generated from the same
receptor gene, are reported to date.

The three groups of mGluRs can be discriminated pharmacologically with the
use of selective agonists. 3,5-DHPG selectively activates group-I mGluRs, while
(2R,4R)-APDC and LY-354740 are examples for group-II selective agonists; L-AP4,
(R,S)-PPG, L-SOP and close analogues are selective agonists for group-III
mGluRs.6,13,15-21

The individual mGluR-subtypes show a wide but distinct regional distribution
throughout the mammalian nervous system. Subtypes of all three groups are highly
expressed in neocortical layers, hippocampus, basal ganglia, thalamus/hypothalamus,
cerebellum and spinal cord. Only mGluR6 appears to be exclusively restricted to
retinal ON bipolar cells, where it couples to a cGMP-phosphodiesterase and amplifies
visual transmission.5 The precise subcellular localization of each individual mGluR
subtype (see Fig. 1) has been studied extensively throughout the mammalian nervous
system, mostly in hippocampus, basal ganglia, cerebellum, spinal cord, and retina.
Group-I mGluRs, as shown by numerous studies, are found postsynaptically with
the highest receptor density at perisynaptic locations outside the postsynaptic
membrane specializations.22,23 Similarly, it was shown that postsynaptic mGluR2/3
staining was also concentrated on the periphery of synaptic specializations.24

However, work by Shigemoto et al23 and Lujan et al25 demonstrated that mGluR2
immunoreactivity was located primarily in the presynaptic terminals; most of the
receptors were found distant from the release sites. mGluR3 is highly expressed in
glial cells,26-28 but the role of these glial receptors is as yet undetermined. The group-
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III receptors mGluR4, -7 and -8 are localized presynaptically in, or near, the active
zones and are thought to mediate presynaptic depression of glutamatergic synaptic
potentials, most likely via inhibition of voltage-gated calcium entry and regulation
of glutamate release.6,23,29

Here we discuss how activation or inhibition of distinct groups or subtypes of
metabotropic glutamate receptors result in neuroprotective effects. Synaptic
localization and signal transduction of the individual receptor subtypes will be
considered to explain possible mechanisms of neuroprotection; and finally we will
discuss the potential use of mGluR-selective compounds in the treatment of acute
and chronic degenerative disorders of the nervous system.

CHEMICAL STRUCTURES AND RECEPTOR PROFILE
OF NEUROPROTECTIVE MGLUR LIGANDS

Group-I Preferring Antagonists

The first generation of selective antagonists described for metabotropic glutamate
receptors were phenyl glycine derivatives, e.g., 4CPG, MCPG, and 4C3HPG (Fig.
2). Those compounds were widely examined in model systems of neurodegeneration/

Figure 1. Glial, Pre-, and Postsynaptic localization of metabotropic glutamate receptor subtypes (mGluR1-
8). Coupling of mGluR1 and -5 (group-I) to postsynaptic phospholipase C (PLC) via G_q protein is
indicated. Group-II mGluRs (subtypes -2 and -3) are found at presynaptic and glial locations and coupling
to adenylate cyclase is mediated by G_o and possibly G_i. Presynaptic expression of group-III mGluR
subtypes -4, -7, and -8 is shown; specific G protein and second messenger coupling is still controversial.
Due to restricted expression in retinal ON bipolar cells, mGluR6 is not shown.
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neuroprotection (see below). A very frequently used compound is MCPG which is
an equally potent antagonist of mGluR1 and mGluR2 (IC50 = 20-500 µM).9,30 MCPG
is less potent at mGluR5 (IC50 = 200-1000 µM), and showed little antagonist activity
at mGluR3, -4, -6, -7, and -8 (IC50 > 1000 µM).9 4CPG is a more potent antagonist
for mGluR1 (IC50 = 20-80 µM) with little effects on mGluR2, -4, -5 (IC50 >500
µM), and no test results available for mGluR3, -6, -7, and -8;9,30 4C3HPG shows a
very similar profile but in addition to the effects of 4CPG it is an agonist at mGluR2
(EC50 = 20 µM).30

The second generation of group-I mGluR antagonists showed higher potency
and/or selectivity. LY367366 antagonizes mGluR1 and -5 (IC50 = 3-6 µM), interacts
with group-II and -III to a lower extent (IC50 > 10 µM) and shows no activity at
iGluRs; the compound LY367385 shows a very similar profile except, it doesn’t
antagonize mGluR5 (Fig. 2).9,31 AIDA is a mGluR1-selective antagonist (IC50 = 4-
200 µM) with little activity at mGluR2, -4, and -5 (IC50 > 1000 µM); tests at mGluR3,
-6, -7 and -8 were not performed.9,30

More recently, amino acid-unrelated compounds with a high degree of selectivity
for mGluR1 or mGluR5 were described. MPEP is a very potent and selective
antagonist at mGluR5 with an IC50 of 32 nM, but it has no activity at all other
mGluRs up to 10 µM; at this concentration it’s also inactive at a broad selection of
iGluRs (Fig. 2).32 CPCCOEt is a very selective antagonist for mGluR1 (IC50 = 6.5
µM) which shows up to 100 µM no activity at mGluR2, -4, -5, -7, and -8 (mGluR3

Figure 2. Chemical structures and abbreviated names of most commonly used group-I mGluR antagonists.
For all compounds shown, neuroprotective effects were reported.
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and -6 were not tested).9,33 Similarly, BAY36-7620 was very recently described as a
highly selective mGluR1 antagonist showing higher potency than CPCCOEt (IC50

= 0.16 µM; Fig. 2).34

Agonists for Metabotropic glutamate receptors

The first mGluR agonist used on neuronal tissue were quisqualate, ibotenate,
and trans-ACPD or its active isomer 1S,3R-ACPD.9 Although important insights
into neuroprotective/neurodegenerative activity of mGluR agonists were gained (e.g.,
activation of group-I amplifies neuronal death),35 more direct evidence for an
involvement of specific groups/subtypes of mGluRs arose via the use of more
selective agonists. The glutamate analogues L-CCG-I and DCG-IV (Fig. 3) were
used to demonstrate group-II mGluRs as potential targets for neuroprotective drugs.36

Both compounds show very potent agonist activity at mGluR2 and mGluR3 (EC50-
values = 0.1-0.9 µM), however at higher concentrations L-CCG-I is also an agonist
at mGluR1, -4, -5, -6, -7, and -8 (EC50-values = 2-9 µM), while DCG-IV antagonizes
all group-III mGluRs (IC50 = 22-40 µM); DCG-IV is also a potent agonist of NMDA
receptors.9,37 Considerably improved compounds were published more recently.
2R,4R-APDC shows agonist EC50-values at mGluR2 and mGluR3 of 0.3-0.4 µM.

Figure 3. Chemical structures and abbreviated names of most commonly used group-II and -III mGluR
agonists. For all compounds shown, neuroprotective effects were reported.
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The compound has no appreciable iGluR activity and doesn’t activate or antagonize
any group-I or -III mGluR up to 100 µM. Thus, 2R,4R-APDC is extremely specific
for group-II receptors.9 The compounds LY354740 and LY379268 show much higher
potency and equally good specificity for mGluR2 and mGluR3 (EC50-values = 3-20
nM), when compared to 2R,4R-APDC (Fig. 3).9,20 NAAG is an interesting mol-
ecule, because it activates only mGluR3 (EC50 = 65 µM) but not mGluR2 (EC50 >
300 µM), and it doesn’t show interaction with group-I and group-III receptors.38

An involvement of group-III mGluRs in neuroprotection has primarily been
demonstrated by the use of the phosphono amino acids L-AP4 and (R,S)-PPG (Fig.
3). Both compounds are selective activators of group-III mGluRs with no appreciable
activity at other mGluRs or iGluRs. The EC50-values of L-AP4 at mGluR4 and -6
were reported to be 0.2-1 µM, 150-500 µM at mGluR7 and 0.06-0.9 µM at mGluR8.
(R,S)-PPG is slightly less potent with EC50-values at mGluR4, -6, -7, and -8 receptors
of 5.2 µM, 4.7 µM, 185 µM and 0.2 µM, respectively.5,9,18,21 The pharmacology of
L-SOP at group-III mGluRs is very similar to (R,S)-PPG, but characterization of L-
SOP at other receptors is not available to date.9

PHYSICO-CHEMICAL AND PHARMACOKINETIC
PROPERTIES OF NEUROPROTECTIVE MGLUR LIGANDS

The investigation of the respective roles of each mGluR subtype in
neurodegeneration and neuroprotection requires the use of ligands which are not
only group- or subtype-selective but which also possess the adequate physico-
chemical and pharmacokinetic properties needed for their use in the different
experimental models.

General Considerations

Glutamate and aspartate are the two acidic representatives among the natural
amino acids. The presence of a distal carboxylic acid enhances their polar properties
in comparison to the other amino acids. These polar properties limit considerably
their capacity to cross membranes by passive diffusion. Therefore, glutamate is
actively transported through biological membranes by specific transporter proteins.
Up to date, almost all mGluR-selective ligands are amino acid derivatives. The only
non-amino acid compounds discussed in this report (see Figs. 2 and 3) are MPEP,
CPCCOEt and BAY36-7620 which are all group-I antagonists.32,34,39,40 All other
structures shown in Figure 2 and 3 share the same functional groups as glutamate,
namely the amino acid functionality and the distal carboxylic acid (or phosphate
moiety in the case of group-III ligands). Despite the structural analogy to glutamic
acid the majority of these molecules fails to be actively transported through the cell
membranes by the specific glutamate transporter systems and as a consequence have
a poor oral bioavailability and do not cross the blood-brain-barrier (BBB). The two
reported exceptions, LY354740 and its derivative LY379268, are orally bioavailable,
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enter the brain and display potent agonist activity at mGluR2, and -3.20,41 In addition,
these two ligands have a good water solubility, which is generally the case for
glutamate analogs and of advantage for the formulation and the use in in vitro

neuroprotection assays. The recently published non-amino acid compounds MPEP
and BAY 36-7620 also demonstrate oral bioavailability and good BBB penetra-
tion32,39,42 in contrast to the earlier published mGluR1 antagonist CPCCOEt, which neither
shows bioavailability nor BBB penetration.

In vivo Dosage and Side Effects

Most glutamate analogs such as MCPG, 4C3HPG and AIDA can only by studied
in animal disease models after central administration (i.c.v.). The relatively low
potency and lack of selectivity of such compounds usually doesn’t allow conclusions
on the side effect profile of antagonizing specific receptors. In contrast, MPEP, the
mGluR5-selective antagonist at in vitro and in vivo conditions can easily be studied
in animal models because it reaches the brain via oral and intravenous application
(p.o. and i.v.).32,42 Furthermore, MPEP shows a large window between the doses
achieving the beneficial effects in animal models for inflammatory pain (10-100
mg/kg, p.o.) or anxiety (1-10 mg/kg, p.o.) and the dose inducing the first side effects
(> 100 mg/kg, p.o.) such as inhibition of spontaneous locomotor activity.32,42,43

In the case of group-II mGluRs, two orally active compounds have been
investigated: LY354740 and LY379268. Both compounds are nanomolar potent
agonists with similar potency at mGluR2 and mGluR3 and the investigations in vivo

show that both compounds penetrate the BBB. In animal models, LY354740 showed
anxiolytic like effects after oral administration (0.5-10 mg/kg, p.o.) without the
sedative or motor impairment side effects of the classical benzodiazepine anxiolytics.
Other group-II agonists, discussed here, are not bioavailable and do not cross the
BBB, therefore have to be centrally administered.

None of the currently known group-III-selective agonists, e.g., L-AP4, L-SOP
or (R,S)-PPG, show oral bioavailability or BBB penetration. Therefore, in vivo

experiments necessitate a central administration of the drugs. The presence of a
very polar acidic moiety such as the phosphate/phosphonate group is certainly a key
element for the poor bioavailability of these molecules. In vivo (i.c.v. administration)
and in vitro investigations using (R,S)-PPG in mGluR4- and mGluR7-deficient mice
showed that mobilization of mGluR4 occurred to achieve neuroprotective effects
(10 nmol, i.c.v.)21,44 whereas activation of mGluR7 produces anticonvulsive effects
(Herman van der Putten et al, personal communication). Interestingly, the sedative
and respiratory side-effects induced by central administration of higher doses of
PPG (200-2000 nmol, i.c.v. in mice)21,45 are also seen in mGluR4- or mGluR7-
deficient animals, clearly indicating that these side-effects are mediated by an
interaction of (R,S)-PPG with target(s) distinct from mGluR4 and mGluR7 (Herman van
der Putten, personal communication).
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GROUP-I MGLURS AS TARGETS
FOR NEUROPROTECTIVE DRUGS

General and Introductory Considerations on Group-I Receptors

The role of mGluR1 and mGluR5 in neurodegeneration/neuroprotection has
been debated for several years because of the contrasting effects of agonists (such as
DHPG) in different in vitro models of neuronal toxicity.46 However, the evidence
that subtype-selective mGluR1 or -5 antagonists are consistently neuroprotective,
suggests that endogenous activation of group-I receptors is permissive to cell death.
mGluR1 and -5 are both coupled to polyphosphoinositide hydrolysis, but they differ
for the kinetics of IP3-induced Ca2+ mobilization. In transfected cells, activation of
mGluR1 induces a single-peaked Ca2+ response, whereas activation of mGluR5
promotes oscillatory increases in cytosolic free Ca2+ due to the PKC-dependent
phosphorylation of a specific threonine residue that is just distal to the 7th trans-
membrane domain of mGluR5.47 Whether or not a similar difference exists under
native conditions is unclear at present. Activation of both receptors regulates the
activity of a variety of Ca2+ and K+ channels and turns on a not-yet-defined voltage-
gated inward current,48,49 with the net effect of enhancing neuronal excitability.
Particular attention deserves the description of a positive modulation of NMDA-
gated ion currents by mGluR5, which provides the most likely substrate for the
permissive action of mGluR5 activators on neuronal toxicity.50-55 Interestingly,
NMDA receptor activation can also potentiate mGluR5 responses by inducing a
calcineurin-dependent dephosphorylation of a PKC phosphorylation site that
participates in mGlu5 desensitization.56,57 The Shank family of postsynaptic density
proteins may cross-link Homer and PSD-95, thus allowing the functional coupling
between mGluR5 and NMDA receptors in the same region of the dendritic spine.58

Studies performed in transfected oocytes suggest that only NMDA receptors
containing NR2A or -2B subunits are positively modulated by mGluR5, whereas
NMDA receptors containing the NR2C (or -2D) subunit are not. This may help
explain why in mature cerebellar granule cells (that predominantly express the NR2C
subunit) activation of group-I mGluRs enhances NMDA responses only when the
NR2C subunit is knocked down by antisense oligonucleotides.59 A question that
awaits a final answer is whether or not group-I mGluR subtypes are presynaptically
localized and modulate neurotransmitter release. This issue is fundamental because
the extent of excitotoxic degeneration is strictly related to glutamate and GABA
release in a number of disorders, such as ischemia-induced neurodegeneration and
temporal lobe epilepsy. A series of studies carried out in the laboratory of J. Sanchez-
Prieto indicate that a first application of group-I mGluR agonists facilitates glutamate
release in cortical or hippocampal synaptosomes,60-65 whereas a second drug appli-
cation inhibits release. This functional change in the modulation of glutamate release
depends on the PKC-dependent phosphorylation of the receptor (presumably
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mGluR5), leading to a switch in the G-protein coupling. A similar scenario is observed
in cultured cortical cells, where a first exposure to DHPG amplifies NMDA toxicity,
whereas a second exposure is neuroprotective.66 As a secondary release in endog-
enous glutamate contributes to the progression of NMDA toxicity, the functional
state of ‘presynaptic’ mGluR5 might be determinant for the final effect of group-I
mGluR agonists on excitotoxic neuronal death. Electron microscopy studies have
shown that group-I mGluRs are preferentially localized in the peripheral portion of
postsynaptic densities rather than in presynaptic terminals.22,23 However, the evi-
dence that mGluR5 is found in the axon when co-transfected with Homer-1a raises
the intriguing possibility that homer proteins regulate the dendritic or axon target-
ing of mGluR5.67 Homer-1a is encoded by an early gene, which is switched on by
neuronal hyperactivity. It will be interesting to examine whether changes in the
subcellular distribution of mGluR5 are associated with synaptic hyperactivity that
occurs during epilepsy or brain ischemia.

Effect of Group-I mGluR Agonists on Excitotoxic Neuronal Death

mGluR1/5 agonists may either amplify excitotoxic neuronal death or produce
neuroprotection, depending on the neuronal type and the paradigm of toxicity.
Possible explanations for contrasting data include (i) the absence or presence of the
NR2C subunit in NMDA receptors; (ii) the existence of an activity-dependent
“switch” between facilitatory and inhibitory mGluR subtypes (see above); and (iii)
a role for glial cells expressing mGluR5. These aspects have been discussed in detail
in a recent review.46 It is noteworthy that excitotoxic neuronal death incorporates
features of necrosis and apoptosis, and that apoptosis by trophic deprivation con-
tributes to the overall neuronal death in brain ischemia.68 One expects that, in
experimental model of brain ischemia, pharmacological activation of group-I mGluRs
amplifies necrotic death by further increasing cytosolic free Ca2+, but supports the
survival of neurons undergoing apoptosis by trophic deprivation through the same
mechanism.69 Therefore one can easily conclude that pharmacological activation of
group-I mGluR subtypes is not valuable in the experimental treatment of acute or
chronic neurodegenerative disorders.

Neuroprotective Activity of mGluR1 Antagonists

A battery of competitive or non-competitive mGluR1 antagonists has been tested
in in vitro and in vivo models of excitotoxic neuronal death. AIDA, LY367385,
4CPG, 4C3HPG, and CPCCOEt protect mixed murine cortical cultures against
NMDA toxicity,31,70,71 and are also effective in in vivo models of excitotoxic
death.31,71,72 LY367385, 4C3HPG and AIDA are also neuroprotective in the gerbil
model of global ischemia and in murine cortical cultures and rat organotypic
hippocampal cultures subjected to oxygen-glucose deprivation.31,73,74 mGluR1 is
preferentially localized in GABAergic neurons and its activation depresses inhibitory
synaptic transmission.22,75-78 Hence, it has been hypothesized that mGluR1 antago-
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nists are neuroprotective by enhancing GABAergic transmission. Initial evidence in
this line has been provided by the observation that local infusion of AIDA increases
the basal output of GABA in the gerbil hippocampus.74 In murine cortical cultures,
neuroprotection by LY367385 or CPCCOEt (but not by MPEP) is occluded by GABA
or by SKF89976A (an inhibitor of GABA transporter), and is abolished by a cocktail
of GABA-A and GABA-B receptor antagonists.71 The same cocktail of antagonists
prevents the protective activity of CPCCOEt against neurodegeneration induced by
NMDA in in vivo studies.71 A role for GABAergic transmission is strengthened by
the evidence that LY367385 and CPCCOEt enable NMDA to enhance GABA release
in the striatum, and that activation of mGluR1 inhibits GABAergic IPSCs in cortico-
striatal slices.71 Taken together, these data suggest that mGluR1 antagonists are
neuroprotective by removing a tonic inhibitory control exerted by mGluR1 on GABA
release. The finding that mGluR1 is localized also on GABAergic nerve terminals
in the striatum is consistent with this hypothesis.78 mGluR1 antagonists might be
beneficial in CNS disorders characterized by an impairment of inhibitory synaptic
transmission, such as Ammon’s horn sclerosis.79 Interestingly, the very recently
introduced mGluR1 antagonist BAY36-7620 was shown to be protective in epilepsy,
stroke and trauma models upon systemic administration.34,39

Neuroprotective Effects of mGluR5 Antagonists

The development of subtype-selective mGluR5-specific antagonists has allowed
to establish that endogenous activation of mGluR5 facilitates cell death in a variety
of models of neurodegeneration. MPEP and its ancestors SIB-1757 and SIB-1893
(which all behave as non-competitive mGluR5 antagonists) are potent and effective
in attenuating NMDA toxicity in culture, and at least MPEP can also reduce
excitotoxic neuronal death in the rat striatum.80 As opposed to mGluR1 antagonists,
these effects do no involve changes in GABAergic transmission71 and might be
explained with the ability of mGluR5 to positively modulate NMDA-gated ion
currents (see above). In cortical cultures, neuroprotection by MPEP, SIB-1757 or
SIB-1893 is observed at concentrations <10 µM, and, therefore, cannot be ascribed
to any non-specific interaction with NMDA receptors.32,42,80,81 In addition, the
neuroprotective action of MPEP is not mimicked by its isomer iso-MPEP, which
fails to antagonize mGluR5 although it shares most of the structural and physico-
chemical features of MPEP.80 No data are yet published on the effect of MPEP in
experimental models of hypoxic/ischemic neuronal death. The expectation is unclear,
because activation of mGluR5 is known to support the survival of developing
neurons,80 and apoptosis by trophic deprivation contributes to the overall neuronal
death in brain ischemia (see above).

A series of studies outlines a potential use of mGluR5 antagonists in the
experimental therapy of chronic neurodegenerative disorders. In cultured cortical
cells, MPEP and its analogs are neuroprotective against β-amyloid toxicity at
concentrations lower than those required for neuroprotection against excitotoxic
death. In these studies, β-amyloid peptide is applied to the cultures in the presence
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of MK-801 and DNQX, thus excluding any involvement of ionotropic glutamate
receptors in the neuroprotective activity of mGlu5 receptor antagonists.80 Interest-
ingly, inhibition of mGluR1 by AIDA does not reduce but rather exacerbates ß-
amyloid toxicity in cortical cells.83 Thus, at least in cultured neurons, endogenous
activation of mGluR5 is required for the engagement of a death pathway in neurons
exposed to ß-amyloid peptide. This encourages the study of mGluR5 antagonists in
animal models of Alzheimer’s disease. Finally, mGluR5 antagonists may be
promising in the treatment of Parkinson’s disease (PD). An optimal antiparkinsonian
drug should combine neuroprotective properties with the ability to relief the cardinal
symptoms of the disease (i.e., bradykinesia, rigidity and tremor). Recent unpub-
lished data show that systemically administered MPEP or SIB-1893 (both at 10 mg/
kg, i.p.) protect nigro-striatal dopaminergic terminals against metamphetamine
toxicity and reduce the amount of reactive oxygen species produced by
metamphetamine in the striatum of freely moving animals (G. Battaglia et al,
manuscript in preparation). On the other hand, activation of mGluR5 induces direct
excitation, and selectively potentiates NMDA currents in neurons of the subthalamic
nucleus.53 As an increased activity of the subthalamic nucleus is implicated in the
pathophysiology of bradykinesia, one can predict that mGluR5 antagonists can
improve parkinsonian symptoms in experimental animals and humans. It will be
interesting to test mGluR5 antagonists in classical experimental models of
parkinsonism, such as the MPTP model in mice or monkeys.

NEUROPROTECTION MEDIATED BY GROUP-II MGLURS

mGluR2/3 Agonists are Protective in Several Experimental
Paradigms of Neurodegeneration

In the last decade several reports have shown that pharmacological activation
of group-II mGluRs is neuroprotective in a variety of models of neuronal
degeneration, including neuronal cultures, brain slices and in vivo models of
excitotoxicity. The non-selective group-II mGluRs agonists, DCG-IV, 4C3HPG, L-
CCG-I and 1S,3R-ACPD, protect neurons against NMDA toxicity in mixed cultures
of mouse cerebral cortex.36,66,84-89 This effect is substantially reduced by the group-
II mGluR antagonists, PCCG-IV or MCCG-I, suggesting that activation of mGluR2/
3 is responsible for neuroprotection and is supported by the finding that the highly
selective mGluR2/3 agonist, 2R,4R-APDC, is neuroprotective in the same model.90,91

DCG-IV or L-CCG-I are also neuroprotective against kainate toxicity in cultured
cortical cells,36 although Gottron et al92 found that, in the same cultures, protection
by DCG-IV is restricted to the small percentage of neurons that respond to kainate
with an enhanced influx of Co2+. Neuroprotection by group-II mGluR agonists has
also been shown in primary cultures of cerebellar granule cells,93 as well as in primary
cultures of mesencephalic neurons,94 challenged with excitotoxins. Recently, the
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potent, highly selective and systemically active group-II mGluR agonists, LY354740,
LY379268 and LY389795, have been shown to prevent excitotoxicity in both rat
and mouse cortical neuronal cultures (see Kingston et al and D’Onofrio et al for
support; but see also Behrens et al).89,95-97 Interestingly, the effect of these compounds
is enhanced by the presence of glial cells, suggesting an involvement of glial mGluR3
in the mechanism of neuroprotection.96 Accordingly, NAAG, an endogenous selective
mGluR3 agonist, protects cultured cortical neurons against NMDA toxicity.38,86

Selective and non selective group-II mGluR agonists exert neuroprotective
activity also in further in vitro models of neuronal injury, i.e., oxygen-glucose
deprivation- and staurosporine-induced neuronal death, in which neurons follow the
apoptotic pathway of degeneration.87,95,98,99

Group-II mGluR agonists have also been shown to be neuroprotective in in
vivo models of neurodegeneration. DCG-IV, infused i.c.v., protects vulnerable
neurons against local or systemic injection of kainate.100 In addition, LY379268,
locally or systemically injected, protects against NMDA-induced striatal GABAergic
neuronal loss in rats.89 Intracerebroventricular injection of 4C3HPG protects
hippocampal CA1 neurons in a gerbil model of global ischemia (BCAO), both when
administered prior to and after the induction of ischemia.101 The same degree of
neuroprotection in hippocampal CA1 neurons, in the BCAO model, has been ob-
served after systemic injection of LY354740 or LY379268.102,103 In contrast, the
infarct size following middle cerebral artery occlusion (MCAO), induced by
endothelin-1 in rat, is unaffected by the drugs, suggesting that group-II mGluR
agonists are likely to have more utility in global than in focal cerebral ischemia.103,104

LY379268 exerts also neuroprotective activity in a neonatal rat model of hypoxia-
ischemia.105

Recently, group-II mGluR agonists have been shown to possess anti-seizure
activity. LY354740 is anticonvulsant in mice when systemically administered in
both the ACPD-induced limbic seizure model and the pentetrazole- and picrotoxin-
induced seizures.20,106,107 Moreover, group-II mGluR agonists attenuate both in vitro
and in vivo models of traumatic neuronal injury, showing an additive effect with
NMDA- and group-I mGluR antagonists.108 In addition, L-CCG-I and 4C3HPG
inhibit excitotoxic phenomena mediated by kainate on spinal cord motor neurons, a
model resembling amyotropic lateral sclerosis.109

Neuroprotection via mGluR2/3 Involves Glial-Neuronal Interactions

The mechanisms underlying group-II mGluR-mediated neuroprotection has been
examined in cultured cortical cells exposed to a brief pulse with NMDA, a model of
excitotoxicity in which the damage is induced by the influx of extracellular Ca2+

through the NMDA receptor channel during the pulse, and is amplified by the
endogenous glutamate secondarily released after the pulse.110 Group-II mGluRs are
preferentially localized in the preterminal region of the axon, far from the active
zone of neurotransmitter release, and their activation inhibits the release of glutamate,
but only in response to high concentrations of glutamate that spread back to the
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most remote region of the axon. Moreover, mGluR3 is also expressed by astrocytes
throughout the brain.

It has been initially suggested that activation of mGluR2/3 is neuroprotective
by reducing the release of endogenous glutamate. However, an additional mechanism
might be responsible for neuroprotection since the protein synthesis inhibitor,
cycloheximide, prevents the neuroprotective activity of group-II mGluR agonists in
cortical cell cultures.85,95,96 Thus, it has been proposed that group-II mGluR activation
triggers a specific program that requires new protein synthesis and that is likely to
occur in glial cells, as the conditioned medium collected from pure cultures of
astrocytes, transiently exposed to DCG-IV, L-CCG-I, 4C3HPG, LY379268 (which
activate both mGluR2 and mGluR3) or to NAAG (a selective mGluR3 agonist), is
highly neuroprotective when transferred to mixed cortical cultures already chal-
lenged with NMDA.85 Moreover, the neuroprotective activity of group-II mGluR
agonists is almost completely lost in the absence of glial cells.95,96 This effect is
likely to be mediated by the production and release from astrocytes of transforming
growth factor-β (TGF-β), induced by the activation of glial mGluR3.86

In recombinanT cells, mGluR2/3 are negatively coupled to adenylate cyclase
through a Gi protein. However, it has been shown that in mixed cortical cultures
exposed to NMDA, neither forskolin nor dibutyril-cAMP counteract the
neuroprotective activity of group-II mGluR agonists, excluding an involvement of
the α subunits of the Gi protein coupled to group-II mGluRs. Therefore, to explain
how activation of Gi-linked receptors leads to the production of neurotrophic factors,
attention has been focused on the intracellular pathways activated by the βγ subunits
released from the Gi protein (Fig. 4). A possible link is represented by the activation
of mitogen activated protein (MAP) kinase and phosphatidylinositol (PI)-3-kinase
which occurs both in primary cultures and in recombinanT cells (Fig. 4).89

Accordingly, blockade of these pathways leads not only to a reduction of the TGF-
β production induced by group-II mGluR activation, but also reverses the
neuroprotective activity of mGluR2/3 agonists, an effect which also occurs in in
vivo models of excitotoxicity.89 MAP kinases, P90rsk and P70S6k, which regulate
gene expression and protein synthesis, could represent the downstream effectors of
the de novo synthesis of TGF-β.

However, the proposed mechanism of glial-neuronal interaction mediated by
TGF-_ production in response to mGluR2/3 activation, observed both in cortical
cultures challenged with NMDA and in rat striatum infused with NMDA, is not
found in hippocampus after BCAO.111 As Gi-linked receptors, such as group-II
mGluRs and A1 adeNOSine receptors, have been shown to induce in cultured
astrocytes the release of other factors, such as nerve growth factor and S-100β protein,
other than TGF-β,112 it cannot be excluded that in different brain regions other factors
modulate the neuroprotective activity of group-II mGluRs.
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mGluR2/3 Agonists and Potential Applicability in Acute and Chronic
Neurodegeneration

Group-II mGluRs may be considered as a potential target for drugs aimed at
reducing the progression of neuronal degeneration (Fig. 4). A safe neuroprotective
drug with a favorable therapeutic window is particularly needed in the experimental
therapy of ischemic brain damage. Group-II mGluR agonists might meet these criteria
because: (i) they are neuroprotective against in vitro degeneration induced by oxygen-
glucose deprivation and in in vivo models of global ischemia; (ii) they do not interfere
with the normal excitatory synaptic transmission, in contrast to NMDA or AMPA
receptor antagonists; (iii) they protect cultured neurons when applied after a toxic
pulse with NMDA, at times at which NMDA antagonists are no longer protective,
and they are even active in vivo when applied after the induction of an ischemic
damage; (iiii) by locally increasing the production of neurotrophic factors such as
TGF-β, they may provide a broad spectrum mechanism of protection, as TGF-β is
known to exert neuroprotective activities against neuronal degeneration induced by
excitotoxins, oxygen-glucose deprivation, β-amyloid peptide and the HIV capside
protein gp120,86,98,99,113-124 and (iiiii) mGluR3 is localized on the vascular side of
astrocytes, in proximity of endothelial cells, so they can be easily reached by drugs
present in the blood stream and able to cross the blood-brain-barrier.

Recently group-II mGluRs have been proposed as targets for the therapy of PD.
Overactive glutamatergic afferents from the subthalamic nucleus could cause both

Figure 4. Neuroprotection via activation of mGluR3. Schematic representation of the cascade of events
leading to TGF-ß secretion by astrocytes. Protein kinases (e.g., TAK1) and SMAD proteins are likely to
transduce TGF-ß signals from cell surface to the nucleus of neurons.
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an excitotoxic loss of dopaminergic neurons in the substantia nigra, and
hyperactivation of GABAergic neurons in the globus pallidus, which leads to a
reduction of motor activity.125 Drugs, which can reduce glutamate release by acting
at presynaptic group-II mGluRs might at one time delay the degeneration of substantia
nigra neurons and improve motor activity.126,127

Furthermore, it’s interesting to add that group-II mGluR agonists could interfere
with the pathophysiology of neuropsychiatric disorders such as anxiety and
schizophrenia, and they may also exert anti-addictive effects. 20,106,128-134

ROLE OF GROUP-III MGLURS IN NEUROPROTECTION

Effects of Group-III mGluR Ligands in Experimental Paradigms of
Neurodegeneration

There are numerous reports that describe activation of group-III mGluRs to be
neuroprotective in vitro, and more recently, several in vivo observations support
these findings. The agonists L-AP4, L-SOP and (RS)-PPG promote survival of rat
cerebellar granule cells and protect cultured cortical and cerebellar neurons against
toxic insults, such as prolonged β-amyloid peptide exposure, transient iGluR
activation or mechanical damage.21,44,98,99,136-138 In rat hippocampal slices exposed
to a severe hypoxic/hypoglycaemic insult, (RS)-PPG improves the recovery of popu-
lation spike amplitude in CA1, a parameter for functional synaptic transmission and
neuronal viability. Such acutely isolated hippocampal slices are only viable for a
few hours, and electrophysiogical recordings can only be performed in a limited
time window after the damaging insult—when most probably excitotoxicity is still
the predominant component in the pathophysiology of hypoxic/hypoglycaemic
neuronal damage.45,139

In a recent study we found (RS)-PPG to be neuroprotective against striatal lesions
induced by local infusion of NMDA or quinolinic acid into the rat caudate nucleus
and, to our knowledge, this provided the first in vivo evidence that activation of
group-III mGluRs is neuroprotective in animal models.21 The use of such in vivo
excitotoxic injury models, to produce neuronal depletion, reactive gliosis and alter-
ations of neurotransmitter levels, has been highly valuable for examining pathological
patterns reminiscent of Huntington’s disease (HD). Even if the primary cause of HD
is unrelated, excitotoxic injury mediated by iGluR activation may play a role in
progressive neuronal depletion.140

Extending the studies to further in vivo models of neurodegeneration, we and
others confirmed neuroprotective effects of (RS)-PPG in rat and also mouse models
of excitotoxicity (in vivo and in vitro), but, neither in focal cerebral ischaemia in
mice, nor in global cerebral ischaemia in gerbils, nor in global cerebral ischaemia in
rats (RS)-PPG had any significant influence on the extent of neuronal damage.44,45
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Neuroprotection via Group-III mGluRs is Mediated by mGluR4
and/or mGluR7 and Involves a Presynaptic Regulation
of Transmitter Release

In contrast to group-II mGluRs that require glial components for neuroprotection,
Group-III agonists are equally protective in mixed cortical cultures (containing
astrocytes and neurons, see Fig. 5) and in pure cultures of neurons. Therefore, this
neuroprotection is not expected to be mediated by glial factors, but rather involves
one or more receptor subtype(s) expressed on neuronal structures. Recently, we
have searched for the identity of the neuroprotective group-III mGluR subtype using
mixed cortical cultures. This model is particularly suitable for the study because
cortical neurons of mixed cultures express all currently known group-III mGluR
subtypes.137 A possible role in neuroprotection for one or more group-III mGluR
subtype(s) was initially suggested by the use of racemic (RS)-PPG in in vitro
neuroprotection paradigms.21 More recently, the stereoisomers of (RS)-PPG were
separated and it was found that all protective activity is harbored in the (+)-

Figure 5. Phase-contrast photomicrographs of cultured cortical cells from CD1 (wild type, wt, A) and
mGluR4-deficient (knock-out, ko, B) mice. Dissociated cortical neurons prepared from fetal mice at 14-
16 days of gestation after 13 days of in vitro culture are shown. Morphology of individual neurons and
synaptically connected networks are indistinguishable between wild type and knock-out cultures. The
cortical cells were plated on a confluent layer of astrocytes (14 days in vitro, not visible on micrographs)
raised from the same mouse genotypes as neurons.
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isomer.44,141 (+)-PPG is neuroprotective against NMDA toxicity with an EC50 value
of about 5 µM. This value coincides with that found for the activation of recombi-
nant mGluR4, but differs by at least 25-fold from the potency of PPG at mGluR7
and -8.21 Furthermore, there is strong evidence for a critical role of mGluR4 in
mediating neuroprotection via the use of cortical cultures prepared from mGluR4
subtype-deficient mice (-/-, Fig. 5B), where all group-III agonists [i.e., L-AP4, (RS)-
PPG and L-SOP] failed to protect against NMDA toxicity. This was in contrast to
the protective effects of group-III agonists in wild type (+/+) and heterozygous
neurons and did not reflect a general refractoriness of -/- knockout neurons to mecha-
nisms of protection, because the group-I/II mGluR ligands 4C3HPG, CPCCOEt
and MPEP, retained their protective activity in those mGluR4 -/- cultures.32,33,44,142

We extended the study to the in vivo model of excitotoxic degeneration by
unilaterally injecting NMDA ± (RS)-PPG into the caudate nucleus of wild type or
mGluR4 -/- mice. This brain region has been selected because it receives an extensive
glutamatergic innervation from the cerebral cortex. Low doses of (RS)-PPG (10
nmol), which should preferentially activate mGluR4 over mGluR7 receptors, were
neuroprotective in +/+ mice, but were totally inactive in mGluR4 -/- mice. In contrast,
the -/- mice were partially protected with higher doses of (RS)-PPG (100 nmol),44

which are expected to recruit mGluR7 (unpublished observations by Herman van
der Putten, based on experiments with mGluR7 -/- mice). The prominent role of
mGluR4 and possibly mGluR7 in mediating group-III agonist-induced
neuroprotection is also consistent with the high expression levels and broad
distribution of mGluR4 and mGluR7 in many regions of mammalian brain, including
basal ganglia, cortical areas and hippocampus.23,143-145

Inhibition of glutamate release by presynaptic mGluR4 and mGluR7 may
represent a common mechanism of neuroprotection in vitro and in vivo. Accordingly,
an enhanced release of endogenous glutamate has been shown to facilitate the
progression of NMDA toxicity in cortical cultures,110 and we have found that cortical
cultures from mGluR4 -/- mice were more vulnerable to low concentrations of
NMDA, and showed higher extracellular glutamate levels, as compared to wild type
+/+ cultures. Moreover, in vivo microdialysis studies showed that intrastriatal infusion
of NMDA increased extracellular glutamate levels to a greater extent in mGluR4 -/-
than in +/+ mice, supporting the hypothesis that the mGluR4 subtype is necessary
for the maintenance of the homeostasis of extracellular glutamate levels.44 In addition
to the regulation of presynaptic glutamate release, an inhibition of NMDA receptors
by postsynaptic group-III mGluRs (hypothetical) via a protein phosphorylation
cascade may also be involved in their neuroprotective effects.146 Furthermore, group-
III mGluRs also exert protection in primary hippocampal neurons by modulation of
the free radical nitric oxide and the cascade of programmed cell death.147 Thus,
activation of group-III mGluRs could open several novel strategies to interfere with
the progressive course of neurodegenerative disorders.
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mGluR4/7 Activators May Become Applicable in Basal Ganglia
Disorders and Other Chronic Degenerative Diseases

The broadest analysis of group-III mGluR activation in animal models of neu-
ronal damage was recently preformed by Henrich-Noack et al.45 The results, as
summarized above, support the notion that group-III mGluR agonists are a quite
valuable class of drugs against pathologies closely related to excitotoxic cell dam-
age, but are most probably not effective enough when damaged brain tissue has
progressed into a multifactorial pathology as it appears after an ischaemic challenge,
e.g., in human stroke. This view is supported by several clinical stroke trials that
have evaluated the potential of glutamate transmission-modifying drugs, and to date,
the results of these attempts have been disappointing.148,149

In amyotropic lateral sclerosis (ALS) and Huntington’s disease (HD),
circumstantial evidence suggests that excitotoxicity may contribute to the pathogenic
process. In fact, it was recently shown that an anti-glutamate drug, riluzole, provides
some therapeutic benefit in the treatment of ALS and clinical trials aiming at
neuroprotection in HD are in progress.148 HD and Parkinson’s disease (PD) are
examples of neurodegenerative disorders where mitochondrial dysfunction may
sensitize populations of basal ganglia neurons to excitotoxicity from synaptic
glutamate, and recent evidence strongly suggests that the group-III receptors mGluR4
and mGluR7 modulate basal ganglia function at multiple sites.143,144 Activation of
mGluR4 and/or mGluR7 may increase viability of selective cell populations, e.g.,
GABAergic projecting neurons in the striatum which are selectively lost in HD.
Alternatively, modulation of group-III mGluR activity may balance basal ganglia
circuits under pathological conditions, for instance in PD where subthalamic nuclei
are overactive.144 Thus, reduction of glutamatergic transmission by group-III mGluR
activation may well be a novel and viable mechanism for experimental therapy of
ALS, HD, and PD.

Evidence for an involvement of group-III mGluRs, or glutamatergic transmission
in general, in Alzheimer’s disease (AD) is more indirect and speculative than for
ALS, HD, and PD. Experimental evidence, however, shows that various group-III
agonists are highly protective against programmed cell death in cultured cortical
cells induced by prolonged β-amyloid peptide exposure.80,98 On the other hand, no
in vivo data from transgenic models of AD has been published to date that would
support a role of group-III receptors in AD.

Finally, it’s very interesting to mention the effectiveness of group-III agonists
in various experimental animal models of epilepsy.21,150-152

CONCLUSIONS AND OUTLOOK

The early in vitro neuroprotection studies with the first mGluR-selective ligands
such as MCPG, 4C3HPG, DCG-IV, and L-AP4 established a major principle:
activation of group-II or group-III mGluRs is neuroprotective while antagonist
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activity at group-I mGluRs generally results in protection. Subsequent in vivo work
was supportive for this principle and laid the ground to define possible target diseases
for mGluR compounds. Based on our current knowledge, human stroke as target for
mGluR ligands has to be considered unlikely due to no, or weak, activity of the so
far tested compounds in focal ischemia models in rodents. On the other hand, a role
for mGluRs in chronic neurodegenerative disorders, such as ALS, HD, PD or AD,
receives increasingly more evidence. Clearly, the gold-standard animal models for
those diseases are generally performed with transgenic mice expressing relevant
disease genes, e.g., expanded trinucleotide repeat-containing huntingtin locus in the
case of HD. Up to date, no studies with the improved and systemically active
pharmacological tools such as LY354740, MPEP, or BAY36-7620 were reported in
those models. Once available, those studies are likely to create excitement towards
clinical neuroprotection trials with mGluR-selective compounds.
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A ROLE FOR GLUTAMATE TRANSPORTERS
IN NEURODEGENERATIVE DISEASES

Davide Trotti*

INTRODUCTION

In the mammalian central nervous system (CNS) L-glutamic acid acts as a chemical
transmitter of excitatory signals. L-glutamate is released in the synaptic cleft and
activates a multitude of highly integrated signaling pathways by binding to an array
of iono- and metabotropic glutamate receptors. The termination of this chemical
neurotransmission occurs via uptake of glutamate by specialized carrier proteins.
The reuptake mechanism is capable of maintaining glutamate at levels below 1 µM
in the synaptic cleft. Cells in the CNS possess unique Na+- and K+-coupled
transporters with high affinity for glutamate.1 These glutamate transporters are distinct
from the recently identified vesicular glutamate transporters, which belong to the
family of Na+/phosphate and sulphate transporters.2,3

Both neurons and astrocytes exhibit high affinity glutamate uptake, although
astroglia appears to be the primary site for glutamate clearance (uptake and
biotransformation).4 At elevated extracellular concentrations, glutamate acts as a
neurotoxin and is capable of inducing degeneration of neurons.5 This event, which
is known as excitotoxicity, contributes to many neurodegenerative disease states
(e.g., Huntington’s disease, amyotrophic lateral sclerosis (ALS), ischemia, status
epilepticus, and some encephalopathies). Downregulation or aberrant functioning
of glutamate transporters may aggravate these pathological states. For example, in
ischemic conditions, when decreased ATP production causes the electrochemical
gradients within cells to collapse, glutamate transporters may contibute to increase
the extracellular concentration of glutamate by functioning in the reversed direction,
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moving glutamate from the cytoplasm to the extracellular space. On the other hand,
excessive uptake of glutamate may cause glutamatergic hypofunction, one of the
suspected pathophysiological mechanisms in schizophrenia.6 The apparent
involvement of glutamate carriers in different neurological disorders, as well as
their capability to attenuate the glutamate neurotoxicity, has led to the identification
of this transport system as a desirable therapeutic target. In this Chapter, I will review
the recent insights into the functional roles, regulation and pathological implica-
tions of the high affinity glutamate transporters.

THE NA+/K+-DEPENDENT HIGH AFFINITY GLUTAMATE
TRANSPORTERS

The identification and molecular characterization of the high affinity glutamate
transporters started in 1992 when three rodent isoforms of these proteins were first
cloned. Using expression cloning and Xenopus oocytes, Kanai and Hediger isolated
a cDNA from rabbit small intestine encoding a high affinity glutamate transporter,
which was named EAAC1 (excitatory amino acid carrier 1).7 A 73 kDa glycoprotein
which exhibited high affinity glutamate transport activity was purified by Kanner
and co-workers to homogeneity from rat brain. An antibody was then raised against
the purified protein and used to isolate a clone from a rat brain cDNA library that
encoded a glutamate transporter, called GLT1 (glutamate transporter 1).8,9 These
three high affinity glutamate transporters share 50-55% amino acid sequence iden-
tity with each other. Later, human homologues and additional members of this novel
transporter family were identified: Using a cloning approach based on PCR-ampli-
fication with degenerate oligonucleotides, Amara and colleagues isolated cDNAs
from human motor cortex which encoded the human glutamate transporter
homologues of the rodent subtypes,10 and renamed them excitatory amino acid
transporter EAAT1, EAAT2 and EAAT3 for GLAST, GLT1 and EAAC1 respectively.
An additional subtype termed EAAT4 was later cloned.11 EAAT4 exhibits 58%,
39% and 51% amino acid sequence identity to the human glutamate transporters
EAAT1, EAAT2 and EAAT3, respectively. A fifth isoform of the glutamate transporter
family (EAAT5) was cloned from a human retina cDNA library using a probe obtained
by PCR-amplification with degenerate oligonucleotide primers of salamander retina
cDNA .12 EAAT5 exhibits 51%, 44%, 48% and 49% amino acid sequence identity
to the human isoforms of the glutamate transporters EAAT1, EAAT2, EAAT3 and
EAAT4, respectively.

The gene names for the human high affinity glutamate transporter are as follows:
EAAT3, SLC1A1; EAAT2, SLC1A2; EAAT1, SLC1A3; EAAT4, SLC1A4; EAAT5,
SLC1A5 according to the human genome database (HUGO). The acronym SLC1
refers to “Solute Carrier family” number 1 and A1 to family member number 1. All
the mammalian glutamate transporters also have significant homology to the H+-
coupled glutamate transporters of Escherichia coli, Bacillus stearothermophilus and Bacillus
caldotenax, and to the dicarboxylate transporter of Rhizobium meliloti with sequence



227A ROLE FOR GLUTAMATE TRANSPORTERS

identities ranging from 27 to 32%. Interestingly, there is no significant homology
with other Na+-coupled transporters such as members of the Na+- and Cl-dependent
GABA/neurotransmitter transporter family or members of the Na+/glucose
cotransporter family.

LOCALIZATION OF GLUTAMATE TRANSPORTERS

Immunohistochemistry has revealed that GLAST and GLT1 are localized in
astrocytes, while EAAC1, EAAT4 and EAAT5 are in neuronal membranes. Detailed
studies have further delineated the localization of glutamate transporters to specific
subcellular compartments. The neuronal transporters EAAC1 and EAAT4 appear to
be localized to plasma membranes in a perisynaptic distribution. The highest density
of these transporters appears to be at the edge of post-synaptic densities, rather than
within the synaptic cleft. To date, most immunolocalization studies have indicated
that the neuronal transporters are localized in a somatodendritic Fashion on post-
synaptic spines and somas. Similarly, the astroglial glutamate transporters have a
polarized distribution. Both GLAST and GLT1 are localized to astroglial membranes
that immediately oppose synaptic cleft regions of the neuropil. In mammalian studies,
it has been demonstrated that GLAST is highly expressed in the molecular layer of
the cerebellum and less in the hippocampus, superior colliculus, and substantia
gelatinosa of the spinal cord. In contrast, GLT1 expression is generally high
throughout all brain regions and the spinal cord but it is largely absent from the
white matter tracts. EAAC1 is selectively enriched in neurons of the hippocampus,
cerebellum, and basal ganglia whereas EAAT4 is largely confined to the soma and
dendrites of the Purkinje cells of the cerebellum, and EAAT5 is located in retinal
ganglion cells (for review, see ref. 1). Glutamate transporters have also been localized
in peripheral tissues. The glutamate transporter GLT1 was found in the liver and
EAAC1 in intestine, kidney, lung and heart.13,14

FUNCTIONAL PROPERTIES, STOICHIOMETRY AND
KINETICS OF THE GLUTAMATE TRANSPORTERS

High affinity glutamate transporters are coupled to the inwardly directed
electrochemical gradients of Na+ and H+, and to the outwardly directed gradient of
K+. This unique coupling stoichiometry allows efficient removal of glutamate from
extracellular fluids such as the synaptic cleft, the cerebrospinal fluid (CSF), the
intestinal lumen and the lumen of renal proximal tubules. Knowledge of the precise
coupling stoichiometry is important because it not only determines the concentrating
capacity of these transporters but it also has pathological implications. The coupling
stoichiometry of high affinity glutamate transporters was originally estimated using
a variety of preparations. However, the initial studies provided ambiguous overall
stoichiometries. Nevertheless, their combined information suggested that high affinity
glutamate transporters link uphill glutamate transport to the cotransport of 2 Na+
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ions, the countertransport of 1 K+ ion , and the cotransport of 1 H+ ion or the
countertransport of 1 OH-.15,16

The question of whether the glutamate transporter-mediated uptake is coupled
to the cotransport of H+ or the countertransport of OH- was later assessed by Zerangue
and Kavanaugh. These authors used voltage clamping techniques coupled with a
pH-sensitive fluorescent dye to monitor electrical currents and pH changes associated
with flux of glutamate mediated by the neuronal glutamate transporter EAAT3. They
demonstrated that, unlike L-glutamate and L-cysteate, transport of an equivalent
amount of L-cysteine, a neutral amino acid substrate of EAAT3,17 did not result in
the marked intracellular acidification. If OH- is countertransported, it would be
expected that the transport of L-cysteine, as well as L-glutamate and L-cysteate,
would acidify the cells. Therefore, it was proposed that H+ is cotransported with
amino acids as a thiolate, sulphate, or carboxylate ion pair, leading to an intracellular
pH change which is dependent on the pKa of the amino acid transported. After
intracellular release, cysteine (pKa = 8.3) remains predominantly protonated, whereas
glutamic and cycteic acids (pKa < 5) release the proton, because the intracellular pH
is around ~7.3.

Zerangue and Kavanaugh also re-examined the coupling stoichiometry of the
human neuronal transporter EAAT3.17 They determined the reversal potential of the
glutamate evoked uptake currents as a function of the concentration of coupling
ions. The studies revealed that 3 rather than 2 Na+ ions are co-transported with each
glutamate molecule (see Fig.1). This implies that 2 positive charges instead of 1 are
translocated with each glutamate molecule. Based on this stoichiometry it was calculated
that the transporters can concentrate glutamate ~106 fold inside the cells under
physiological conditions. Later, Attwell and co-wokers reported an identical coupling
stoichiometry for the glial transporter GLT1 expressed in Chinese hamster ovary
cells.18,19

The functional characterization of EAAT4 has led to the identification of a
substrate gated anion conductance. This feature is also displayed by other glutamate
transporter family members, and the anion permeabilities decrease in the order
EAAT5-4 >>GLAST>EAAC1>>GLT1. The substrate-evoked uptake currents of
EAAT4 expressed in Xenopus oocytes reverse at around -20 mV and consist of two
components: An electrogenic transporter current reflecting translocation of substrate
across the membrane, and a Cl- current. The latter has the characteristics of a substrate-
gated anion channel. Cl- is mainly translocated in the presence of glutamate or related
substrates and the anions movement is not thermodynamically coupled to the substrate
transport. Chloride anions are therefore not necessary for substrate translocation.
These results strongly indicate that EAAT4 itself functions as a Cl- channel.11 One
possible explanation of the anion conductance phenomenon is that the conformation
of EAAT4 when transporting glutamate or aspartate may have a “loose” structure in
which a path for Cl- is created. Consistent with this hypothesis is the observation
that the Cl- conductance is larger when aspartate is transported instead of glutamate,
because aspartate is smaller than glutamate.20 By using rapid applications of glutamate
to outside-out patches excised from GLT1 transfected HEK 293 cells, Otis and
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Figure 1. Stoichiometry of the glutamate transporters. Under normal circumstances, glutamate transport
involves loading of the empty carrier with glutamate-/H+ and 3 Na+, following the translocation of the fully
loaded carrier across the plasma membrane (charge translocation step) and release of the cotransported
ions at the intracellular space. Thereafter, 1 K+ binds to the carrier inside and promotes the relocation of
the empty carrier. This implies that 2 positive net charges are moved inside the cell for each glutamate
molecule taken up. For net uptake of glutamate, the transporters must complete this cycle. If K+ does not
bind, the transporter does not enter the relocation step, binds Na+ and glutamate- at the inside of the cell
and translocates back in the reverse direction. In this case, the transporter behaves like an exchanger. The
net uptake of glutamate is also accompanied by a chloride conductance which is not thermodynamically
coupled to the transport cycle. In other words, glutamate transport can take place also in the hypothetically
absence of chloride anions.
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Kavanaugh demonstrated that both anion and stoichiometric currents display similar
kinetics, suggesting that anion channel gating and stoichiometric charge movement
are linked to early transitions in the transport cycle.21 Thus, glutamate transporters
appear to possess intrinsic structures that can function as chloride channels (Fig.2).

GLUTAMATE TRANSPORTER TOPOLOGY

Although the structure function relationship of glutamate transporters has not
yet been sorted out in detail, several pieces of information are now available from
site-directed mutagenesis and pharmacological studies. The glutamate transporters
have a unique, highly conserved, long hydrophobic stretch near the C-terminus.
Grunewald and Kanner performed cysteine-scanning mutagenesis to examine the
accessibility of amino acid residues in the hydrophobic stretch of the glutamate
transporter GLT1 using sulfhydryl-reactive reagents and cysteine-scanning
mutagenesis.22,23 Based on these studies, the membrane model shown in Figure 2
was constructed. A very similar topology was also deduced from studies of Amara
and colleagues based on extracellular accessibilty of substituted cysteines in the
glutamate transporter GLAST.24,25

The three dimensional structure of glutamate transporters is not available at
present. However, in Xenopus laevis oocytes expressing EAAT3, freeze-fracture
electron microscopy revealed distinct 10-nm particles, which appeared in the
protoplasmic face of the oocyte only after expression of EAAT3.26 The total number
of the 10-nm particles was linearly correlated with EAAT3 maximum carrier-
mediated charge movements, suggesting that the particle represented functional
EAAT3 in the plasma membrane. The cross-sectional area of EAAT3 in the plasma
membrane predicted the presence of 35 ± 3 transmembrane α-helices in the
transporter complex. This information along with secondary structure models (6-8
transmembrane α-helices) suggested that the particles were pentagonal in which
five well-defined domains could be identified. Based on the five-fold symmetry and
the projections from all five domains to the extracellular space, the transporter
complex was predicted to be in the appearance of a penton-based pyramid. It is
speculated that, although the EAAT3 monomer can perform secondary active
transport, the chloride channel mode seen in glutamate transporters is related to the
oligomeric assembly as well as many multimeric ion channels whose subunits
surround and contribute to the lining of the ion permeation pathway.

ROLE OF GLUTAMATE TRANSPORTERS
IN THE EXCITATORY NEUROTRANSMISSION

Glutamate transporters are thought to play important roles in the termination of
glutamatergic synaptic transmission. This idea is based on the evidence that excitatory
synapses possess reuptake systems for glutamate clearance and that the released
glutamate cannot be enzymatically inactivated in the synaptic cleft because of the
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lack of a specific enzyme. Mennerick and Zorumski inhibited glutamate uptake by
glial depolarization rather than with uptake inhibitors27 and they found that inhibition
of glutamate uptake prolongs autoptically-induced NMDA responses known to
exhibit slow or little desensitization, whereas it did not affect the time course of the
excitatory post-synaptic currents (EPSCs) mediated by non-NMDA receptors, which
exhibit Fast desensitization. In contrast, if desensitization of non-NMDA receptor-
mediated responses was slowed down by cyclothiazide, the investigators were able
to show that glutamate transporter inhibition significantly prolonged the time course
of non-NMDA receptor-mediated autoptic EPSCs. Also consistent with these
findings, the non-NMDA receptor-mediated EPSCs recorded in cerebellar Purkinje
cells after parallel fiber stimulation was prolonged by glutamate uptake inhibition
because the EPSCs of Purkinje cells normally exhibits a slower decay time course.
Because of the Fast desensitization of non-NMDA receptor-mediated responses, the
authors concluded that glutamate transporters do not significantly affect the decay
time course of the Fast EPSC. Clements and colleagues empirically estimated the

Figure 2. Membrane topology model of glutamate transporters. The topology shown is based on data
obtained by cisteine scanning mutagenesis on GLT1. The model features 8 α-helical trans-membrane
domains (#1-8), a large extracellular glycosylated loop between transmembrane domains 3 and 4, a
“reentrant loop” between trans-membrane domains 7 and 8 (indicated as A and B) and a “loop” (indicated
as C) which is predicted to extend partially into the “translocation pore” between trans-membrane domains
7 and 8.
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decay time course of the glutamate concentration in the synaptic cleft and con-
cluded that it is slower than that derived from theoretical calculation based on simple
diffusion out of the cleft.28 Consequently, these investigators proposed that the diffusion
of glutamate is restricted by neighboring structures. This indicated that altering the
location, density, and/or the function of glutamate transporters could influence the
time course of the transmitter clearance in the synaptic cleft. Kavanaugh and co-
workers determined the turnover rate of the human glutamate transporter EAAT2
and EAAT1. They found that the time constant for a complete cycle of transport at -
80mV and 22oC is approximately 70 msec for EAAT229 and 20 msec for EAAT1.30

This is significantly slower than the estimated glutamate decay time constant in
hippocampal synapses which is 1-2 ms.28 This difference was predicted to be true
also at physiological temperatures. Therefore, it can be argued as to whether glutamate
transporters really constitute a major mechanism for removing released glutamate.
Binding of glutamate to the transporters, however, exhibits Fast kinetics. By applying
glutamate with a time resolution of 100 microseconds using the laser-pulse photolysis
technique of caged glutamate, steady-state and pre-steady-state kinetics of EAAC1
were analyzed.31 The results indicate that a rapid glutamate-binding step occurrs on
a submillisecond time scale and precedes a subsequent slower electrogenic glutamate
translocation across the membrane within few milliseconds after binding. The
transition to an anion-conducting state is, however, delayed with respect to the onset
of glutamate transport.

Thus, even though the turnover rate is low as indicated by the studies of
Kavanaugh and co-workers, the glutamate binding step itself is thought to be Fast
enough to participate in the removal of the released glutamate from the synaptic
cleft. Consistent with this, Auger and Attwell demonstrated that transporters can
remove glutamate on the same time scale that ligand-gated ion channel are open in
response to released glutamate at the synapse.32 Therefore, instead of merely
maintaining a low glutamate concentration around the synaptic cleft to
promote glutamate clearance by diffusion, glutamate transporters can remove
glutamate with an effective time constant of 0.8 ms at 25 °C or a predicted time
constant of 0.5 ms at 37 °C. This is comparable to the time needed for diffusion of
glutamate away from the synaptic cleft and Faster than the synaptic current decay.32

As Clements and colleagues predicted, the geometry of the synapse is also an
important determinant of the decay of the glutamate concentration at the synaptic
cleft. For example, in the molecular layer of the cerebellar cortex, Purkinje cells and
interneurons receive a common excitatory input from parallel fibers. The AMPA/
kainate receptor-mediated parallel fiber EPSC recorded in Purkinje cells decays
much more slowly than that recorded in interneurons. This slowness of decay does
not reflect the deactivation kinetics of the postsynaptic receptors but results from
the continued presence of transmitter glutamate due to retarded transmitter diffu-
sion around the dendritic spines.33 Thus, both diffusion of glutamate out of the
synaptic cleft and binding of glutamate to glutamate transporters are the major factors
affecting the decay of the glutamate concentration.
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Based on the stoichiometry of glutamate transporters (cotransport of one
glutamate-H+ with three Na+ ions and the counter-transport of one K+ ion) and the
prevailing ionic environment, it can be calculated that glutamate transporters
concentrate glutamate more than 10,000-fold across cell membranes.18 For example,
the glutamate concentration in the cerebrospinal fluid (CSF) is kept at ~1 µM whereas
the intracellular glutamate concentration in neurons is as high as 10 mM. Because
of the high concentrating capacity of the glutamate transporters, these proteins are
thought to play a major role in maintaining the extracellular glutamate concentration
at low levels and to protect neurons from the excitotoxic action of glutamate. The
importance of glutamate transporters in protecting neurons from glutamate
excitotoxicity was experimentally demonstrated by Rothstein and coworkers who
treated organotypic rat spinal cord culture with the glutamate uptake inhibitors threo-
3-hydroxyaspartate (THA).34 They observed motor neuron degeneration which was
characterized by a slow onset and which was gradually progressing. In order to
determine which glutamate transporter subtype was more important to protect neurons
from glutamate excitotoxicity, Rothstein and coworkers used organotypic culture
preparation and incubated the spinal cord explant with antisense oligonucleotides
corresponding to the N-terminal part of cloned glutamate transporters.35 They found
that antisense oligonucleotides corresponding to the glial glutamate transporters GLT1
and GLAST induced similar motor neuron-specific degeneration as was observed
when they used glutamate uptake inhibitors, whereas antisense oligonucleotides for
the neuronal glutamate transporter EAAC1 did not induce neurodegeneration. The
investigators also applied antisense oligonucleotides to the cerebroventricle of alert
rats. Cerebroventricular administration of antisense GLT1 or GLAST
oligonucleotides also resulted in the degeneration of neurons whereas EAAC1
antisense oligonucleotides did not induce neurodegeneration. Thus, primarily the
glial but not the neuronal glutamate transporters protect neurons from glutamate
excitotoxicity. The importance of glial glutamate transporters to protect neurons
form glutamate was also demonstrated in the glutamate transporter knockout
transgenic mice. Consistent with the results from antisense oligonucleotide knockout
experiments, the GLT1 and GLAST knockout mice exhibited increased susceptibility
to glutamate-mediated brain injury, whereas EAAC1- knockout mice did not show
neurodegeneration. An important question arises why only knockouts of glial but
not neuronal glutamate transporters resulted in neurodegeneration. The answer to
this question is related to the different functional role glial and neuronal glutamate
transporters play in the CNS. In neurons, the intracellular glutamate concentration
is up to ~ 10 mM. Considering the low extracellular glutamate concentration of ~1
µM, this results in a steep glutamate concentration gradient across neuronal cell
membranes which is essentially equal to the maximal concentration capacity of high
affinity glutamate transporters. Consequently, under normal conditions, neuronal
glutamate transporters are almost at equilibrium and have little capacity to take up
glutamate. It is therefore not too surprising that the knockout of neuronal EAAC1
did not induce neurodegeneration. In glial cells, however, glutamate is taken up
continuously and is then rapidly converted to glutamine by glutamine synthetase, an
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enzyme present in glial cells but not in neurons. The intracellular glutamate concen-
tration in glia is therefore as low as ~50 µM. Therefore, glial glutamate transporters
are not at equilibrium and keep pumping glutamate into glial cells, which generates
a continuous flow of glutamate from glutamatergic synapse (“source”) to glial cells
(“sink”).

REGULATION OF GLUTAMATE TRANSPORTERS

The glutamate transporter subtypes can be regulated both acutely and chronically.
There is evidence for substrate-induced up-regulation of transporter activity. Long-
term treatment of astrocytes with glutamate upregulates GLAST via activation of
the kainate-preferring glutamate receptors.36 Glutamate also appears to regulate
transporter activity by directly interacting with the transporters. For example,
treatment with glutamate transporter substrates rapidly (within minutes) causes a
redistribution of the glutamate transporter subtype GLAST from intracellular
compartments to the cell surface in astrocyte cultures.37 Similarly, the activity-
dependent translocation of a transporter protein to the cell surface, has been
demonstrated for EAAT4 in the BT4C glioma cell line.38 A different line of evidence
also suggests that neuronal and non-neuronal factors, rather than a single
neurotransmitter, are required for the expression of functionally active glutamate
transporters. A search for the compounds that can mimick the action of neuron-
conditioned media has revealed several soluble (poly)peptides, including hormones,
growth and trophic factors, that are capable of regulating the expression of glutamate
transporters.

GLT1 can be induced in astroglial cultures by pituitary adenylate cyclase-
activating peptide (PACAP), a neuron-derived peptide39 and by epidermal growth
factor (EGF) receptor activation.40 In C6 glioma, the Wnt-1 gene product, an autocrine
and paracrine soluble factor, induces GLT1 expression.41 Growth hormone stimulates
GLT1 expression in mouse placenta, whereas insulin-like growth factor II (IGF-II)
downregulates EAAT4. Physiological concentrations of IGF-II ensure maintenance
of GLT1, GLAST and EAAC1 at normal levels.42 Several growth factors that are
neuroprotective also increase transport activity. For example, platelet-derived growth
factor (PDGF) increases cell surface expression of EAAC1 in C6 glioma cells, but
has no effect on transporter expression levels.43 Activity-dependent neurotrophic
factor (ADNF) enhances basal glutamate transport in neocortical synaptosomes and
attenuates oxidative stress-induced impairment of glutamate uptake, as does basic
fibroblast growth factor (bFGF) and nerve growth factor (NGF).44

The functional activity of many membrane proteins, including various
transporters and receptors, can also be rapidly regulated by changing their expression
at the plasma membrane. This regulated trafficking of proteins is generally
independent of protein synthesis and is not directly related to degradation, but is
instead related to redistribution of receptor, transporter or other protein to or from
the plasma membrane. For example, the signaling through many different types of
receptors is regulated by changing the cell surface expression. Frequently agonist
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binding and receptor activation causes internalization of the receptor and serves to
attenuate receptor signaling. With regard to trafficking of transporter proteins, one
of the best studied examples is the insulin- and PKC-induced increases in cell surface
expression of the GLUT4 subtype of glucose transporter that occurs in adipocytes,
cardiac myocytes, and skeletal muscle (for review, see Czech and Corvera, 1999;
Pessin et al, 1999). This increase in transporter activity is generally assumed to
facilitate clearance of glucose from plasma after ingestion of carbohydrates. In recent
years, several groups have demonstrated that the cell surface expression of most of
the neurotransmitter transporters is also regulated to various stimuli and intracellular
signaling pathways. Recent studies suggest that the cell surface expression of most
of the subtypes of glutamate transporters can also be regulated.

Regulation of the cell surface expression of EAAC1 appears to be controlled
by many of the same signaling pathways that regulate GLUT4. In earlier studies
several groups provided evidence that PKC may regulate the activity of glutamate
transporters. In C6 glioma, a system that endogenously expresses only EAAC1,
phorbol 12-myristate 13-acetate (PMA) doubles glutamate transport activity within
minutes.45,46 This regulation, however, appear to be cell-specific as EAAC1 is
downregulated by PMA in other cell types.47

The cell surface expression of both GLAST and EAAT4 is increased in response
to substrates.38

In addition to growth factors and activation of PKC, glutamate transporters are
regulated by their associating proteins. By means of yeast two-hybrid screening,
Rothstein and co-workers have found distinct proteins interacting with EAAT4 and
EAAC1. Two proteins, GTRAP41 and GTRAP48 (for glutamate transporter
associated protein) specifically interact with the intracellular carboxy-terminal
domain of EAAT4 and modulate its glutamate transport activity.48 GTRAP41 is a
predicted 2,388 amino acid protein and possesses 87% identity with α-spectrin III.
GTRAP48 is a 1,527 amino acid protein with significant homology with p115
RhoGEF and possesses a PDZ domain and some distinctive domains characteristic
of guanine nucleotide exchange factors for the Rho family of G-proteins. The ex-
pression of either GTRAP41 or GTRAP48 resulted in the increase in the Vmax value
of the transport without altering Km value. Therefore, it is speculated that EAAT4
couples to actin cytoskeleton and to a Rho GTPase signaling via GTRAP41 and
GTRAP48.

Interestingly, EAAC1 interacts with a completely different protein.49 Rothstein
and co-workers have also found a protein GTRAP3-18 that interacts with the
intracellular carboxy-terminal domain of EAAC1. GTRAP3-18 is a predicted 188
amino acid hydrophobic protein with four possible transmembrane domains.
GTRAP3-18 possesses a sequence identity (95%) to E18 encoded by a vitamin-A-
responsive gene. In contrast to GTRAP41 and GTRAP48 that activate EAAT4-
mediated transport, GTRAP3-18 reduces the EAAC1-mediated glutamate transport
by decreasing the affinity to the transporter. It was also indicated that retinoic acid
upregulates GTRAP3-18 expression and consequently inhibits EAAC1-mediated
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transport. This effect of retinoic acid is specific to EAAC1, because retinoic acid
had no effect on the GLT-1 or EAAT4-mediated transport.

GLUTAMATE TRANSPORTERS IN DISEASE STATES

The availability of transporter specific reagents has stimulated studies of
transporter expression in animal and human models of disease. Several of these
studies indicate that the glutamate transporters are differentially regulated in various
pathological conditions. Malfunctioning of glutamate transporters can obviously
produce lesions of different severity. Thus, antisense knockdown of glutamate
transporters in vivo reveals a major role in excitotoxicity and prevention of epileptic
seizures.35 Therefore, glutamate transporters have been suspected to play a central
role in pathophysiology of neurodegenerative diseases with excitotoxic components
(e.g., amyotrophic lateral sclerosis, Alzheimer’s disease, epilepsy, etc.). However,
in most cases it is not clear whether the downregulation of glutamate transport
represents a primary defect or an event secondary to the insult, or both.

Ischemia

Reversed operation of glutamate transporters appears to contribute to the rise in
extracellular glutamate and the subsequent excitotoxicity that occurs during an
ischemic insult.50 Because glutamate uptake is driven by the energy stored in the
form of electrochemical gradients across the plasma membranes, the impairment of
the ionic gradients caused by insufficient energy supply which occurs during brain
ischemia results in a decrease in concentrating capacity of glutamate transporters
and favors their reversed operation. Neurons have a much higher content of glutamate
than glial cells, therefore neuronal glutamate transporters are more likely to run in
reverse in ischemia and to contribute to the extracellular rise in glutamate to
excitotoxic levels. Death of hippocampal neurons and a corresponding loss of EAAC1
in gerbils following transient global cerebral ischemia is preceded by a down-
regulation of GLT1.51 This suggests GLT1 dysfunction as a contributing factor for
the hippocampal neuronal death following transient global cerebral ischemia.

Hypoxia-ischemia causes downregulation of neuronal EAAC1 (55%) and
astroglial GLT1 (15%) in newborn piglet striatum, and some neuronal expression of
GLT1 is also observed after the insult.52 The levels of GLT1 mRNA and protein in
rat hippocampal CA1 region are modestly decreased in the postischemic phase53

but the expression of the other glial isoform GLAST and the neuronal isoform EAAC1
were not altered. In contrast, EAAC1 levels are transiently increased both in neuronal
and oligodendroglial cells after transient forebrain ischaemia, and GLAST and GLT
levels in CA1 region and layer V pyramidal neurons of cerebral cortex are not
affected.54 In photochemically-induced focal cortical ischemia, GLAST mRNA levels
changed biphasically, with maximal decrease at 12 hours after the insult, followed
by a steady increase in expression up to 72 hours after the lesion.55,56 After neonatal
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hypoxic-ischemic cerebellar encephalopathy, EAAT4 levels in Purkinje neurons
decrease, while GLAST expression decreases in the molecular level and becomes
detectable in the Purkinje and inner granule cell layers.57 During ischemia, glutamate
transporter function can also be directly regulated by polyunsaturated fatty acids,
particularly by arachidonic acid, and reactive oxygen species (ROS), both of which
are produced and liberated in response to excessive glutamate receptor activation.58-

62 Arachidonic acid reversibly reduces glutamate uptake in astrocytes and synapto-
somes and inhibits purified and liposome-reconstituted rat glutamate transporter
GLT1 directly from the water phase and not via incorporation into the phospholipid
bilayer.63,64 The transport activities of GLT1, EAAC1, and GLAST are equally
inhibited by oxidants applied extracellularly also via a direct action on the transporter
protein.65 Arachidonic acid metabolites may be a source of reactive oxygen radicals
and, vice versa, these radicals may stimulate phospholipase A2, hence production of
arachidonic acid. However, arachidonic acid and free oxygen radicals interfere with
glutamate transporters in an additive manner, apparently via distinct mechanism.66

The mechanism of the ROS-mediated inhibition suggests direct oxidation of cys-
teine sulfhydryl groups and, possibly, nitrosylation and/or nitration of tyrosine resi-
dues, although existence of a supplementary pathway cannot be excluded.67-69

Traumatic Injury

The effects of acute injury on transporter expression have been studied both in
vitro and in vivo. Traumatic brain injury (TBI) induced by controlled cortical impact
significantly decreased GLT1 and GLAST protein levels in rats after the trauma.70

GLT1 and GLAST proteins were quantitated by immunoblotting in the ipsilateral
and contralateral cortex at 2, 6, 24, 72, and 168 h after the injury. Sham-operated
rats served as control. TBI resulted in a significant decrease in GLT1 (by 20-45%)
and GLAST (by 30-50%) protein levels between 6 and 72 h after the injury. Decreased
glial glutamate transporter function may contribute to the increased extracellular
glutamate that may mediate the excitotoxic neuronal damage after TBI. In GLAST-
deficient mice, the volume of edema developing after acute cerebellar injury is
significantly larger than in corresponding controls animals. Thus, GLAST may play
active role in reducing excitotoxic cerebellar damage after acute injury.71

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is an age-related neurodegenerative disorder
of motor neurons in the spinal cord, motor cortex and brain stem. Increased glutamate
levels followed by excitotoxicity has been indicated as one possible pathogenic event
occurring in ALS.72,73 In particular, reduced glutamate uptake has been observed in
motor cortex from post-mortem brains of ALS patients.74 A loss of the glial glutamate
transporter GLT1 has been reported in a subset of sporadic ALS patients.75 Similarly,
a reduction in levels of GLT1 protein are found in the spinal cord of transgenic
SOD1G85R mice as well as elevation of extracellular glutamate levels,76 suggesting
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that glutamate transport impairment is a common component in the pathway to motor
neuron degeneration. The molecular mechanisms leading to GLT1 loss in ALS are
not yet understood. Levels of GLT1 mRNA are unchanged,77 suggesting that the
reduction of GLT1 is not due to decreased transcription of mRNA, but rather to
some irresolute event at the translation or post-translation level. In a subset of sporadic
ALS patients, Rothstein and colleagues found abnormal mRNA editing for GLT1
and the presence of aberrant spliced forms of GLT1, which manifested dominant
negative properties and caused reduced expression of the wild type transporter in
transiently transfected cells.78 However, this finding is controversial. Other
investigators failed to find a correlation between the presence of aberrant GLT1
transcripts and ALS, as these transcripts were also detected in tissue specimens
from control and Alzheimer’s disease subjects.79,80 The case of ALS illustrates the
involvement of glutamate transporters in a neurodegenerative pathology that is also
characterized by oxidative-stress. Studies by Rosen and colleagues81 linked ALS to
reactive oxygen species toxicity, since they showed that about 20% of familial ALS
patients carry missense mutations in the gene encoding Cu2+/Zn2+ superoxide
dismutase (SOD1). Mice and rats made transgenic for SOD1 carrying human
mutations develop selective motorneuron pathology strongly resembling ALS.76,82,83

Signs of oxidative stress have been detected in sporadic ALS tissues as well, sug-
gesting that the etiology of sporadic forms may involve mechanisms similar to the
SOD1-dependent defects of familial ALS. Mutations in SOD1 not only reduce the
capacity to detoxify superoxide, but actually catalyze the formation of more
deleterious oxidants, such as OH°.

Several lines of evidence suggest a link between oxidative stress induced by
SOD1 mutants and glutamate-induced cell death. SOD1 mutant-induced damage
may promote excessive glutamatergic stimulation, owing to insufficient clearance
of glutamate from the extracellular space by the glial glutamate transporter GLT1. A
loss of GLT1 has been observed in post-mortem tissue and in the spinal cord of
transgenic SOD1G85R mice. GLT1 is vulnerable to oxidative stress and is one of
the proteins oxidatively damaged by 4-hydroxynonenal.84 In addition, the mutant
SOD1 proteins directly impair EEAT2 in the presence of hydrogen peroxide, but
have no effect on EAAC1.85 Therefore, it is possible that the loss of GLT1 observed
in ALS may be related to oxidative damage induced by the SOD1 mutation. To
further define the mechanism of this effect, the oxidant-vulnerable site of GLT1 has
been mapped to the carboxyl-terminal domain. The precise site(s) of oxidant attack
within that domain has not yet been defined, but it seems unlikely that oxidation of
a single residue is responsible for the loss of activity. Whether the oxidation involves
intra- or intermolecular reactions or both is also not known. Oxidation does not alter
the mechanistic properties of GLT1 such as affinity for glutamate or the stoichiometry,
suggesting that the oxidized molecules are either non-functional or form a more
rigid structure that impairs the transporter dynamics. Proteins exposed to oxidative
damage have altered structure, and are likely to undergo spontaneous internaliza-
tion and increased proteolytic fragmentation. This process may account for the loss
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of GLT1 immunoreactivity detected in the transgenic model for ALS, as well as in
human patients.

Using single-strand conformation polymorphism analysis of genomic DNA,
Brown and colleagues reported a mutation in the GLT1 gene associated with sporadic
ALS. This mutation substitutes an asparagine for a serine at position 206 (N206S)86

and avoided the glycosylation of the carrier at that site. It was also found that the
GLT1-N206S mutant had a pronounced reduction in the transport rate and a
substantial dominant negative impact on the wild-type activity. The decreased rate
of transport was mainly because of decrease trafficking of the mutated carrier to the
plasma membrane. Moreover, the GLT1-N206S exhibited an increased reverse
transport capability.87 These combined effects significantly impair the ability of GLT1
to clear glutamate at the synaptic cleft of neurons. The evidence that a missense
mutation of GLT1 is present in a patient with sporadic ALS, and that such a muta-
tion may affect the capacity of a cell to regulate the glutamate concentration at
synapses, supports the concept that this mutation may contribute to excitotoxicity
that occurs in ALS.

 Epilepsy

Epilepsy is a multifactorial disease. As the main excitatory neurotransmitter,
glutamate plays a role in the disease. There are observations of elevated levels of
gutamate reported in patients with various forms of epilepsy. It is not yet known if
defective uptake played a role, although reduced expression of glutamate transporters
was shown to cause or be associated with seizures in animal models. Homozygous
knockout mice lacking GLT1 develop spontaneous lethal seizures,88 while antisense-
knockdown of EAAC1 leads to epileptic seizures and mild neurotoxicity.35 However,
EAAC1 deficient transgenic mice develop dicarboxylic aminoaciduria, with no ap-
parent signs of neurodegeneration.89 In an attempt to examine the relationship between
epilepsy and glutamate transporters, the levels of transporter expression have been
examined in several different animal models of epilepsy and in human tissues with
varying results.

Electrical kindling in rat hippocampus CA1 area causes a 60% increase in
EAAC1 4-5 weeks after initiation of kindling, while GLT1 and GLAST levels are
not affected.90 Electrical kindling also increases EAAC1 expression in piriform cortex
and amygdala, but causes a decrease in GLAST expression in these brain regions.91

GLAST and GLT1 mRNA levels are increased in thalamic and cortical structures of
genetically absence epilepsy rat from Strasbourg (GAERS).92 Iron administration
to induce epilepsy causes decreased expression of GLAST mRNA and increased
expression of EAAC1 mRNA for up to 30 days following the first seizure in rat
cortex and hippocampus, while GLT1 mRNA level was only transiently affected.93

In genetically epilepsy-prone (GEP) rats, audiogenic seizures cause a reduction in
GABA and glutamate transporter mRNAs but no corresponding reduction in GLT1
and EAAC1 protein levels.94 Kainic acid-induced limbic seizures cause an increase
in GLAST mRNA in hippocampus, and no change is observed in animals that are
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injected with kainic acid but remain seizure-free, suggesting that this increase is
related to the seizures and not to kainate receptor activation.95 Kainate-induced
seizures in adult, but not in young animals (younger than 21 days), causes a rapid
downregulation of EAAC1 protein and mRNA and an opposite effect on GLT1 in
certain hippocampal regions.96 In temporal lobe epilepsy no differences in transporter
expression are observed in patients with non-hippocampal sclerosis, but astroglial
EAAT2 is decreased in CA1 stratum radiatum in patients with hippocampal sclerosis.
EAAC1 and GLAST are increased in stratum granulosum/pyramidal and CA2/3
stratum radiatum, respectively.97 It appears that increased expression of EAAC1 is
one of the most consistent findings associated with epileptic seizures, but the effects
on EAAC1 and the other transporters may be both dependent on the brain region
and the model being studied. Further studies are necessary to firmly establish the
role of glutamate transporters in epilepsy.

Alzheimer’s Disease

Alzheimer’s disease is a chronic degenerative neurological disorder. Hallmarks
of the disease are accumulation of β-amyloid peptide, a major constituent of the
amyloid plaques characteristic of the disease, as well as widespread oxidative injury.
β-amyloid peptide generates free radicals and lipid peroxidation products which are
able to inhibit glutamate transporters.65,68 In contrast, the secreted form of amyloid
precursor protein (APP) stimulate glutamate uptake both in cultured astrocytes and
in vivo.98 Because the glutamate transporters are the only proteins able to remove
extracellular glutamate, inhibition of these proteins, either by direct action on the
transporters or indirectly through alteration of the electrochemical energy gradients,
may have pathogenic implications. The above reports suggest that inhibition of
glutamate uptake through inactivation of the transporters might aggravate Alzheimer’s
disease, although this has so far not been directly shown. A different study based on
antibodies reported reduced levels of GLT1 protein in frontal cortex of Alzheimer’s
patients but normal levels of GLT1 mRNA as well as of GLAST and EAAC1.99 It is
interesting to note that trangenic mice expressing mutant amyloid precursor protein
appear to have reduced GLT1 and GLAST protein levels.100

Huntington’s Disease

Huntington’s disease (HD) is a late-onset neurodegenerative disease for which
the mutation is CAG/polyglutamine repeat expansion. The R6 mouse lines expressing
the HD mutation develop a movement disorder that is preceded by the formation of
neuronal polyglutamine aggregates. The phenotype is likely caused by a widespread
neuronal dysfunction, whereas neuronal cell death occurs late and is very selective.
A decreased mRNA level of the major astroglial glutamate transporter (GLT1) in the
striatum and cortex of these mice is accompanied by a concomitant decrease in
glutamate uptake.101 In contrast, the expression of the glutamate transporters GLAST
and EAAC1 remained unchanged. These changes in expression occured prior to any
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evidence of neurodegeneration and suggest that a defect in astrocytic glutamate
uptake may contribute to the phenotype and neuronal cell death in HD.

Parkinson’s Disease

Some recent data suggested a possible malfunctioning of glutamate transport-
ers, hence the contribution of glutamate neurotoxicity, in pathogenesis of Parkinson’s
disease. 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a neurotoxin known
to target dopaminergic neurons in Parkinson’s disease, reversibly inhibits astroglial
glutamate uptake in cultured astrocytes.102 Inhibition of glutamate transport also
occurs via oxidation products of dopamine.103

Hepatic Encelophathy

Hepatic encelopathy is a neurological disorder resulting from acute or chronic
liver failure. Hyperammonemic condition appears to be a key factor in the patho-
genesis and seems to be linked to altered glutamate uptake function and expression.
Ammonia speeds up glutamate uptake by increasing cytoplasmic pH.104 The long-
term effect of ammonia, and possibly other metabolites in liver failure, is a reduction
in glutamate uptake and this has been proposed as a reason for the ammonia toxicity.
GLT1 mRNA and protein are decreased in frontal cortex of rats with ischemic liver
failure.105-107 GLT1 mRNA is also downregulated in hyperammonemic rats, and in
rats with thioacetamide-induced acute liver failure. Portocaval anastomosis (PCA)
that leads to liver atrophy, sustained hyperammonemia, and increased brain ammonia,
causes biphasic changes in GLT1, GLAST, and EAAC1 levels in rat cerebellum.109

At least some of these effects may be caused by an accumulation of ammonia that
accompanies liver disease, as ammonia decreases GLAST mRNA expression in
astrocytes.110

Glutamate Transporters and Mercury Neurotoxicity

Sensory disturbance and ataxia were described in the 1950s in Minamata (Japan)
in a number of neurological cases. These neurological symptoms were attributed to
the ingestion of fish contaminated with methylmercury (MeHg).111,112 Poisoning
with elementary mercury (Hg°) vapours was also shown to produce similar neuro-
logical symptoms. Several lines of evidence indicate that glutamate-mediated
excitotoxicity is probably involved. For example, glutamate receptor (NMDA type)
antagonists effectively blocked the neurotoxic action of mercury in cerebral neuronal
cultures.113 MeHg and Hg° would act, at least in part, through the common oxidation
product mercuric mercury (Hg2+). Submicromolar concentrations of Hg2+ were found
to inhibit selectively the uptake of excitatory amino acids in cultured astrocytes.
MeHg mimicked this effect but not other divalent cations.114-116 It was also shown
that mercuric chloride uncouples glutamate uptake from the co-transport of 1 H+,117
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and that micromolar concentration of it is sufficient to induce a dramatic inhibition
of the recombinant glutamate transporters GLT1, GLAST and EAAC1 functionally
reconstituted in liposomes.67

CONCLUDING REMARKS

An apparent involvement of glutamate transporters in the pathophysiology of
many neurodegenerative diseases has led to the identification of this transport system
as a desirable therapeutic target. In recent years, important advances have been made
in understanding basic molecular and cellular mechanisms governing the expression
and regulation of high affinity glutamate transporters. It appeared that most of the
transporter subtypes could be regulated both acutely and chronically. The search for
regulatory mechanisms has led to the identification of several hormones, growth
and trophic factors that are capable of interfering with the expression of glutamate
transporters. Furthermore, several non-transportable inhibitors of glutamate uptake
have been introduced and efforts to synthesize transporter subtype-specific inhibitors
are currently underway. These achievements are expected to facilitate further studies
on the roles of individual transporter subtypes and to develop new strategies for
diagnosis and treatment of diseases associated with malfunctioning of glutamate
transporters.
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PURINES AND NEUROPROTECTION

Trevor W. Stone

ABSTRACT

The activation of adenosine A1, A2 and A3 receptors can protect neurones against
damage generated by mechanical or hypoxic/ischaemic insults as well as excitotoxins.
A1 receptors are probably effective by suppressing transmitter release and producing
neuronal hyperpolarisation. They are less likely to be of therapeutic importance due
to the plethora of side effects resulting from A1 agonism, although the existence of
receptor subtypes and recent synthetic chemistry efforts to increase ligand selectivity,
may yet yield clinically viable compounds.

Activation of A2A receptors can protect neurons, although there is much
uncertainty as to whether agonists are acting centrally or via a peripheral mechanism
such as altering blood flow or immune cell function. Selective antagonists at the
A2A receptor, such as 4-(2-[7-amino-2-{2-furyl}{1,2,4}triazolo{2,3-a}{1,3,5}triazin-
5-yl-amino]ethyl)phenol (ZM 241385) and 7-(2-phenylethyl)-5-amino-2-(2-furyl)-
pyrazolo-[4,3e]-1,2,4-triazolo[1,5-c]pyrimidine (SCH 58261), can also protect
against neuronal death produced by ischaemia or excitotoxicity. In addition, A2A

receptor antagonists can reduce damage produced by combinations of subthreshold
doses of the endogenous excitotoxin quinolinic acid and free radicals. Since the
A2A receptors do not seem to be activated by normal endogenous levels of adenosine,
their blockade should not generate significant side effects, so that A2A receptor
antagonists appear to be promising candidates as new drugs for the prevention of
neuronal damage. Adenosine A3 receptors have received less attention to date, but
agonists are clearly able to afford protection against damage when administered
chronically.
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Given the disappointing lack of success of NMDA receptor antagonists in human
stroke patients, despite their early promise in animal models, it is possible that A2A

receptor antagonists could have a far greater clinical utility.

ADENOSINE

Adenosine is an ubiquitous compound, participating in the formation of ATP
and nucleic acids. As a result of efflux from cells by diffusion or membrane
transporters, and partly as a result of the catabolism of extracellular ATP, adenosine
exists in the extracellular fluid at resting concentrations of 1mM or less.1-6 This
concentration can rise to 30mM or more during and soon after a period of cerebral
ischaemia.7-9 Once in the extracellular space, adenosine can mediate a variety of
effects at both presynaptic and postsynaptic sites which modulate neuronal activity
and, usually, have the overall effect of reducing excitability.

At presynaptic terminals, adenosine can inhibit the release of many
neurotransmitters, including the major excitatory transmitter glutamate,10-12 which
has been increasingly implicated in mediating the neuronal damage which
accompanies cerebral traumatic (mechanical) injuries and strokes.13 Adenosine has
also been shown to induce hyperpolarisation of neurones in the hippocampus14,15

and striatum16-18 and it is possible that such a direct inhibition of neuronal activity
could contribute to neuroprotection. This combination of presynaptic and postsynaptic
inhibitory activity made adenosine a clear candidate for suppressing neuronal activity
and glutamate release resulting from a cerebral infarct, and thus affording
neuroprotection. The identification of the nature of the receptors responsible for
these actions thus became a prime target for the development of purines as
neuroprotectants. Parallel work on the immune system has also yielded data which
could explain many of the protectant effects of purines and could lead to the inclusion
of several peripheral targets in the design of novel compounds.

ADENOSINE RECEPTORS

There are at least four cell membrane receptors able to respond to adenosine in
the extracellular fluid : A1, A2A, A2B and A3. The first of these to receive extensive
study in relation to neuroprotection were the A1 receptors, but more recent work
indicates that the A2A receptors may represent a more therapeutically attractive target.

A1 receptors

The A1 receptors are distributed widely around the brain, though occurring in
their highest density in the hippocampus and neocortex and being found on both
neurons and microglia.19-25 They have a similar distribution in human brain26-28

(Fig. 1). The receptors are found both presynaptically and postsynaptically, distributed
on both the somata and dendrites of pyramidal neurons in all CA regions of the
hippocampus.24,25
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A1 receptors and Neuroprotection

The first experimental indication that A1 receptors could be neuroprotective
was reported by von Lubitz et al29 with the finding that the A1 receptor agonist N6-
cyclohexyladenosine (CHA) protected neurones against damage following an
ischaemic episode in gerbils. Subsequent work has adequately supported this view,
with clear evidence for a neuroprotective action of a variety of selective adenosine
A1 receptor agonists against ischaemic damage.29-37

Protection against systemic kainate-induced neurotoxicity by the A1 receptor
agonist R-phenylisopropyladenosine (PIA) (Fig. 2) was studied using conventional

Figure 1. Autoradiograms showing the localization of binding of [3H] CHA in sections from rat brain.
Above—human (A) and rat (B) hippocampus. Below—human (D) and rat (F) cerebellum. Tissues were
incubated with 3nM [3H]CHA. To the left of the autoradiograms of the cerebellum, the corresponding
tissue sections stained with cresyl violet (C and E) are shown for comparison. DG, dentate gyrus; G granule
cell layer; Mo, molecular layer; Or, stratum oriens; Pk, Purkinje cell layer; Py, pyramidal layer; Rad,
stratum radiatum. Bars = 1mm. (Reproduced with permission from ref. 26).
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histology and the use of the benzodiazepine site ligand PK1119538,39 and extended
previous work by revealing protection in a number of non-hippocampal regions.40

This protection could be prevented by the simultaneous administration of the A1
adenosine receptor antagonist 1,3-dipropyl-8-cyclopentylxanthine (DPCPX),
confirming that the protection involved adenosine A1 receptors. At a dose of 25
mg\kg R-PIA fully protected against kainate induced damage in the basolateral
amygdaloid nuclei, the pyriform cortex and rhinal fissure in 8 of 11 animals in this
group. In these animals the cell groups appeared normal, with no evidence of loss of
structure or organisation, a normal number of neurones, and no sign of reactive
gliosis. The more posteriorly located regions examined—the entorhinal cortex at
interaural line 3.4mm, the posteromedial cortical amygdaloid nucleus and the
amygdalopyriform transition—showed a degree of damage comparable with the
kainate animals, with no apparent protection.

These results are consistent with earlier studies including work from other
laboratories which demonstrated protection by adenosine analogues against toxin
or excitotoxin induced damage.41-43 The ability to protect may even extend to agents
which do not directly activate purine receptors, but which elevate the levels of
endogenous adenosine.9,44

Figure 2. Kainate damage and R-PIA protection in the hippocampal CA3 region. (a) is a line diagram
indicating the approximate area examined. (b) illustrates a section from a control vehicle-treated animal.
(c) illustrates a section from a kainate-treated animal; there is a mixture of normal neurons and necrotic
cells with contracted, darkly staining nuclei and eosinophilic cytoplasm. (d) illustrates a section from an
animal treated with kainate plus R-PIA; the cells here appear normal. Calibration bar = 100µm. (Reproduced
with permission from ref. 40).
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As yet it remains unclear why PIA was able to reduce protection in some but
not all regions of the brain. It is possible that this difference reflects an absence of
adenosine receptors in the resistant areas, or that the mechanisms of excitotoxicity
are different in these regions. These would be important observations to pursue as
they may provide clues as to the mechanisms or neuronal damage, the role of amino
acids and other agents in cell death, and the mechanisms of protection by purines.

An intriguing and very important paper by Lau and Mouradian45 revealed that
the protective activity of an A1 agonist (CHA) was also apparent in mice when
damage was induced by the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), and Ongini et al46 have found reduced damage by MPTP
in mice lacking A2A receptors. This result clearly has implications for Parkinson’s
disease, since an A1 receptor agonist may be of value in this condition if the
mechanisms of disease and MPTP-induced degeneration are comparable. The
mechanism of protection against MPTP, however, remains unclear, although an
interference with oxidative stress and mitochondrial oxidation systems may be
involved. Alternatively, since antagonists at the NMDA receptors are also able to
reduce toxicity caused by MPTP, it is possible that the same mechanisms are operating
for A1 receptor protection against MPTP and against kainate or NMDA receptor
activation.

Time Course of A1 Receptor Protection

It is very relevant to any discussion of the value of purine receptor targeting and
clinical potential, to have a window of therapeutic opportunity such that a drug
could be administered up to several hours after the occurrence of a cerebral insult
and still retain protective activity. It has been shown that A1 agonists such as PIA
can indeed be given up to 2 hours after the administration of kainic acid and remain
neuroprotective (Fig. 3), implying that neuronal circuitry and/or transmitter release
relevant to the neurodestructive process continue over at least this time frame.47

Against ischaemia-induced damage, cyclohexyladenosine (CHA) remains protective
when administered up to at least 30 minutes following the cerebral.29 Similarly an
adenosine-amine congener (ADAC) has been shown to have an acceptable time
window of several hours after cerebral ischaemia in gerbils.48 Since ADAC also
shows fewer of the haemodynamic problems associated with other A1 agonists,49

this compound may prove clinically useful. More recently, it has been shown that
ADAC can be used chronically in low doses and still retain its neuroprotective
efficacy.30 Since most of the other purines examined produce opposite effects after
acute and chronic administration, and many patients may require treating at least
sub-chronically, this observation represents another possible advantage of ADAC
over other known A1 receptor agonists.
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Mechanisms of A1 Receptor Neuroprotection

Suppression of Transmitter Release

 Evidence from a variety of sources indicates the involvement of excitatory
amino acids in several CNS disorders in which the most prominent feature is neuronal
degeneration. The neuronal damage resulting from focal cerebral ischaemia, for
example, can be prevented by agents which block the neurotoxic effects of amino
acid agonists applied into the CNS 50-53.

Studies in which the destruction of afferent pathways reduces kainate induced
excitation and neurodegeneration indicated that intact terminals are required for
kainate excitotoxicity.54,58 This may result from a presynaptic action of kainate to
evoke the release of other compounds such as glutamate and aspartate59-63 which
are primarily responsible for the subsequent degeneration, or it may indicate the
need for such presynaptic factors to exert a permissive action on the effects of kainate.
Since adenosine and its analogues act at A1 nucleoside receptors to suppress the
release of a variety of neurotransmitters including glutamate8,10,64-65

Figure 3. Time course of protection by R-phenylisopropyladenosine (R-PIA) against kainate toxicity. Rats
were injected i.p. with a single dose of 25µg/kg of R-PIA at various times before or after kainate injection.
Clonazepam (0.2mg/kg) was injected i.p. 10 minutes before i.p. kainate injection (t0). Binding is expresses
as a percentage of the same day controls. Columns indicate mean ? s.e.m. V = saline and methanol/saline
vehicle treatments (t0), KA = kainic acid 10mg/kg with methanol/saline (t0). ** P < 0.01; *** P < 0.001
significance versus vehicle control; ++ P < 0.01; +++ P < 0.001 significance versus kainate. (Reproduced
with permission from ref. 39).
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acetylcholine,66,67 dopamine68,69 it may be this activity which could lead to the
blockade of amino acid release induced by kainate and thus cause protection.

Arguing against a mechanism based on inhibiting glutamate release are studies
reporting that the extracellular concentrations of glutamate do not correlate with the
degree of neuronal damage in the hippocampus70 but these studies involved ischaemic
damage, and different mechanisms could be involved in ischaemic and excitotoxic
protection. The systemic administration of R-PIA, CHA or an adenosine uptake
inhibitor was also reported not to suppress the elevation of glutamate levels in brain
which occurs during ischaemia.11,36,71 On the other hand, cyclopentyladenosine (CPA)
decreased ischaemia-induced release of glutamate and aspartate in a rat four-vessel
occlusion model.72 Theophylline increased glutamate release during ischaemia,11

implying a degree of restraint by the high endogenous levels of adenosine which
would be produced by ischaemia. A recent careful analysis of the simultaneous
concentrations of purines, glutamate, neuronal damage and behavioural sequelae
uncovered a significant relationship between these parameters, indicating the expected
correlation between lower extracellular glutamate and decreased cell damage.73 It is
certainly relevant that other agents which can suppress the release of excitatory
amino acids, such as the pyrimidine derivative BW1002C87 (5-2,3,5-
trichlorophenyl)pyrimidine-2,4-diamine-1,10-ethanesulphonate) and kappa opiate
receptor agonists are able to prevent neuronal damage in studies of ischaemia.74,75

Another amino acid which might be modulated by adenosine receptors in an
important way is glycine. The A1 receptor agonist CHA depressed the rise of
extracellular glycine levels observed after cerebral ischaemia in rabbits, even though
there was no parallel change in the levels of glutamate.71 An absence of change of
glutamate levels was also reported by Kano et al.76 In view of the fact that increased
glycine concentrations can enhance the activation of NMDA receptors, it may be
that this effect on glycine is qualitatively as well as quantitatively a significant
contributor to the protection by A1 receptors.

Calcium Fluxes

Another potential mechanism is likely to be the reduction of calcium influx
which has been demonstrated in neuronal and cardiac tissues.33,77-80 This may be
related to the frequently observed ability of A1 receptors to modulate potassium
conductances of several types including the ATP-sensitive potassium channels in
heart and hippocampal neurons.16,81,82 There appear to be neuronal chloride
conductances which are also sensitive to purines, resulting in an increase chloride
influx which should contribute to neuronal inhibition in most areas of the brain.83,84

Adenosine as an Endogenous Neuroprotectant

One question which arises from these reports, but which still cannot be answered
satisfactorily, is whether endogenous adenosine functions as an endogenous protective
agent against cerebral ischaemia and excitotoxic neuronal damage. Certainly, there



T. STONE256

is a massive efflux of adenosine from cells during and following hypoxia or ischaemia,
such that the extracellular concentration of adenosine may rise from the normal
basal levels of around 1mM to 100mM or more.7,85 A strong argument for a protective
role of endogenous adenosine, however, is presented by the several reports that A1
adenosine receptor blockers, such as 8-cyclopentyl-1,3-dipropylxanthine (DPCPX),
are able to increase the degree of neuronal damage resulting from ischaemia or
excitotoxins.86-88 On the other hand, some groups have claimed that doses of DPCPX
sufficient to block the protective activity of exogenous A1 receptor agonists, are not
able to increase toxicity when applied alone.89

These arguments are confounded by the finding that activation of NMDA
receptors suppresses neuronal presynaptic sensitivity to A1 receptor activation90,91

a phenomenon recently confirmed by the use of paired-pulse recordings.92 The
consequence of this would be that the release of glutamate, acting partly on NMDA
receptors, would tend to prevent any protective effect of endogenous adenosine.

A1 Receptor Subtypes and Clinical Value

Although of scientific interest, the possible use of A1 adenosine receptor agonists
as clinically useful neuroprotectants has not been received with much enthusiasm,
largely due to the fact that the administration of A1 receptor agonists can induce a
wide range of systemic effects which could lead to serious side effects and
complications in patients. These effects include a depression of blood pressure,
intestinal motility, exocrine and endocrine secretions and cardiac function, mainly
due to the suppression by A1 receptors of the release of transmitters such as
acetylcholine and norepinephrine and direct effects on ion channels. It is unlikely,
therefore, that A1 receptor agonists will find therapeutic value unless there is a
molecular or functional distinction between those receptors responsible for
neuroprotection and those responsible for potential side effects. There have been
occasional suggestions that A1 receptor subtypes may exist93 but, although there are
undoubted species differences in A1 receptors, there has been little support for
receptor variations within a species until recently.

The synthesis of a novel series of compounds has revealed several which have
clear neuroprotective activity in gerbil and mouse cerebral ischaemia models, but
which exhibit a substantially lower tendency to depress blood pressure than previous
A1 receptor agonists.94 These compounds restore the possibility that A1 receptor
agonists might be found with a neuroprotective selectivity sufficient to enter clinical trials.

Acute v Chronic Administration

Soon after the realisation that adenosine receptors could mediate neuroprotection,
caffeine, a non-selective A1 and A2 receptor antagonist was shown to protect against
ischaemic damage when it had been administered chronically.95,96 Single, acute
injections of selective A1 antagonists including DPCPX exacerbate ischaemic
damage.87,88 Conversely, the chronic administration of these same compounds
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induced increased damage and neuroprotection.88 This result presumably reflects
the compensatory changes of receptor density which follow the prolonged presence
of any receptor ligand, although Traversa et al97 did not detect any changes of A1
receptor binding after chronic administration of antagonists.

A2A RECEPTORS

Several recent reviews have summarised the basic state of knowledge on A2A

receptors in the brain.98-100 A2 receptors are subdivided into A2A and A2B varieties
on the basis of their pharmacology, most notably the higher affinity of the former
for 2-[4-(2-carboxyethyl)-phenylethylamino]-5’N-ethyl-carboxamido-adenosine
(CGS 21680). The A2A receptors are found in highest density in the striatum,
especially on the GABA-releasing striopallidal projection neurons and on striatal
cholinergic neurons,101-104 and limbic areas such as nucleus accumbens and olfactory
tubercle. They are also present within the hippocampus and cerebral cortex,104,105

but the receptors in these latter regions appear to differ pharmacologically from the
classical striatal population.106 Within the hippocampus functional A2A receptors
are localised to the CA1 and CA3 regions. In human brain, A2A receptors were
reported to be confined largely to striatal regions,107 but later work has claimed their
presence more widely.23

A2 Receptor Agonists and Neuroprotection

Agonists acting at A2A receptors afford protection against a variety of insults
including ischaemia87,108 and excitotoxins such as kainate.109,110 The selective A1

receptor antagonist DPCPX (50µg/kg), in combination with CGS 21680 (0.1mg/
kg) showed no significant blockade of the protection afforded by CGS 21680 alone
against kainate, suggesting that A1 receptor activation by CGS 21680 (responsible
for its anticonvulsant effects111) may account for only a small proportion of the
protection afforded by this compound, at the doses used. However, the protection
could be largely prevented by 8-(p-sulphophenyl)-theophylline (8PST), a non-
selective, A1 and A2 adenosine receptor antagonist, which does not penetrate the
blood-brain barrier. The experiments with 8-PST therefore, may imply a peripheral
component to the mechanism of action of CGS 21680. 8-PST alone had been shown
previously to increase the damage associated with kainate,89 presumably by blocking
the peripheral effects of endogenously released adenosine.

In addition, the direct injection of CGS 21680 into the hippocampus failed to
afford protection. Together, these observations suggest that the A2A agonist protection
involves a peripheral site of action, possibly on the vascular system to facilitate the
removal of kainate, or to increase the delivery of nutrients to compromised cells.

A moderately selective agonist, N6-[2-(3,5-dimethoxyphenyl)-2-(2-
methylphenyl)-ethyl]adenosine (DPMA), which is 13-fold selective for the rat brain
A2 receptor versus the A1 site (Ki = 4.4nM),112,113 also significantly decreased neurone
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degeneration in the CA1 and CA2 areas of the hippocampus at a dose of 1.0mg/kg.
CGS 21680 is 140-fold selective for the A2A versus the A1 receptor, with a slightly
lower affinity than DPMA for the A2A subtype (Ki=15nM)114 and has no discernible
activity at the low affinity A2B receptor.101,115

The limited protection which has been reported with another A2A receptor agonist
(APEC)116 may be due more to an affinity for adenosine A3 receptors,117 as both
APEC administration and A3 receptor stimulation result in a very similar pattern of
protection against ischaemia: in both cases chronic, but not acute treatment increases
neuronal survival.116,118

A2 receptor Antagonists and Neuroprotection

The first surprising evidence for neuroprotection by an A2A receptor antagonist
was reported by Gao & Phillis119 using the relatively non-selective A2 receptor
antagonist 5-amino-9-chloro-2-(2-furyl)-1,2,4-triazolo[1,5-c]quinazoline (CGS
15943). It was found that this agent could protect against cerebral ischaemia in a
gerbil model. This result was subsequently confirmed using the compounds 8-(3-
chlorostyryl)caffeine (CSC) and 4-amino-1-phenyl[1,2,4]-triazolo[4,3-a]quinoxaline
(CP66,713)87 and was later replicated and extended using other ischaemic models
and a range of receptor ligands 108,116, 120. Protection has also now been demonstrated
against excitotoxins using the kainate and quinolinic acid models of
excitotoxicity109,110 (Fig. 4). While many of these earlier studies examined protection
against global cerebral ischaemia—a relatively unusual event in humans—protection
has also been demonstrated against focal ischaemic damage.121

The antagonist 4-(2-[7-amino-2-{2-furyl}{1,2,4}-triazolo{2,3-a}-(1,3,5}triazin-
5-yl-amino]ethyl)phenol (ZM 241385), which is 80-fold selective for A2A versus
A2B receptors, and 500-1000-fold selective for A2A versus A1 receptors,122 can protect
the hippocampus against damage produced by kainate to the same extent as the
agonist ligand CGS 21680. When given in conjunction with CGS 21680, the
combination of agonist plus antagonist produced, paradoxically, an additive effect
with total neuronal conservation of all hippocampal neurones,109,110 rather than some
sort of antagonistic interaction. Since both the A2A agonist and antagonist are
neuroprotective in their own right, their mutual potentiation may indicate that the
mechanism by which they achieve protection is different for the two compounds. It
is not likely that ZM 241385 exerts its neuroprotective effects through the A2B or A3
adenosine receptor subtypes, since it has low selectivity and potency at these
receptors.123

There appears to be only a single report claiming that an A2A receptor antagonist
(CSC) increases, rather than decreases the neurotoxic effects of NMDA in the
hippocampus.124 However, confirmation of much of the preceding work using
pharmacological antagonists of A2A receptors has now been obtained using mice
lacking these sites.125,126 In these knockout animals, ischaemic brain injury is
decreased compared with normal mice.
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Mechanisms of A2A Receptor Antagonist Protection

One of the often observed actions of A2A receptor stimulation is the increase of
transmitter release. Although the A2A receptor agonist CGS 21680 does not modify
the resting levels of extracellular glutamate in brain, it has been reported to increase
the efflux of this amino acid in response to ischaemia in the rat72, 127 (Fig. 5). This is
entirely consistent with a growing body of evidence showing an excitatory action of
A2A receptor activation on transmitter release, including glutamate,104,128 an effect
probably produced by increasing presynaptic calcium influx.129 Consistent with this

Figure 4. (A-E) Photomicrographs of the CA3 region of the hippocampus following unilateral
intrahippocampal injections. The excitotoxic damage to the hippocampus is apparent when comparing the
saline treated animal (A) with the same region following the administration of 0.25nmols kainate (B).
While a few damaged cells are present after kainate treatment, the region shows few remaining viable
neurons, while the gliotic reaction to the damage is reflected in the infiltration of the area with the small,
darkly staining nuclei of glial cells. This is also the case for C-E which represent damage following
CGS21680 (2.5nmol) + kainate (0.25nmol) (C), adenosine (2.5nmol) + kainate (0.25nmol) (D) and R-PIA
(0.25nmol) + kainate (0.25nmol) (E), respectively. Protection of the CA3 region by ZM241385 (2.5nmol)
+ kainate (0.25nmol) is shown in (F), where morphology is similar to that in (A). Bar = 50µm. (Reproduced
with permission from ref. 109).
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is the finding that the A2A receptor antagonist CGS 15943 could depress glutamate
release, possibly contributing to its neuroprotective effects by blocking the effects
of endogenous adenosine at A2A receptors.72

An observation requiring further work and explanation is that A2A receptor
activation can increase depolarisation-induced acetylcholine release from the
hippocampus130 but not striatum or neocortex.131 This regional variability may, if it
also applies to the release of excitatory and/or inhibitory amino acids, could have a
significant influence on the sites within the brain at which protection can be mediated
by A2A receptor ligands.

Equally, it must be emphasised that the increase of transmitter release applied
to inhibitory compounds as well as excitatory. Thus, part of the neuroprotection by
A2A receptor agonists may result, for example, from the enhancement of the release
of inhibitory compounds such as GABA from neurons or glia.103,132

Receptor Interactions

One mechanism which may contribute to neuroprotection by A2A receptor
antagonists is the modulation of receptor-receptor interactions. Evidence from

Figure 5. CGS21680 enhance the ischaemia-evoked release of glutamate from the rat cerebral cortex.
Superfusate samples were collected at 10 minute intervals and analysed by HPLC. The duration of four-
vessel occlusion was 20 minutes (box). Basal collection periods (1 and 2) were followed by drug
administration (arrow). The two post-drug basal collections (3 and 4) were succeeded by two collection
periods during the ischaemia (5 and 6) and four collections during the period of reperfusion (7-10).
Significant differences in amino acid release between the control group and drug treatment groups were
determined by one-way ANOVA (*P < 0.05; **P < 0.01). Values are mean ± S.E.M. (Reproduced with
permission from ref. 127).
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biochemical133 and electrophysiological work 134 has supported the concept, first
mooted by Cunha et al,104 that A2A receptors can interfere with activity of A1
receptors. This interaction may possibly be the result of direct, intramembrane
interactions between A1 and A2A receptors. The presence of the A2A agonist CGS
21680 reduces neuronal sensitivity to CPA,134 and induces a low-affinity receptor
site for 2-chloro-N6-cyclopentyladenosine (CCPA),133 the latter effect being mediated
possibly by protein kinase C. A similar interaction has been described by Latini et
al135 in experiments examining the effects of purines on synaptic depression during
a period of artificial ischaemia in vitro. The activation of A2A receptors in hippocampal
slices prevented the depression of transmission mediated by A1 receptors. If this
interaction operates in vivo, then the presence of an A2A receptor antagonist should
release, or ‘unmask’ A1 receptors, and allow the neuroprotective effect of these
receptors to be seen (discussed above).

Thus, in a situation in which the extracellular level of adenosine is substantially
elevated, as it is following kainate administration, adenosine may reach levels
sufficient to activate A2A receptors and inhibit a proportion of A1 receptors. This
may be relevant to the mechanism of neuroprotection by ZM 241385 in that its
effects can be reduced by the A1 receptor antagonist DPCPX, despite the fact that
ZM 241385 has no agonist activity at A1 receptors.109,110 When ZM 241385 is
administered subsequently, its blockade of A2A receptors would effectively ‘release’
A1 receptors and these might then produce protection as was discussed in the opening
paragraphs of this review. The A1 and A2A receptors can co-exist on the same cells
and Correia-de-Sa and Ribeiro136 first showed that at the neuromuscular junction
the action of A2A receptor-facilitated neurotransmitter release predominated over
A1-induced inhibition. Similarly Cunha et al137 concluded that endogenously formed
adenosine preferentially activated A2A receptors in the hippocampus, enhancing
synaptic transmission. Electrophysiological extracellular and intracellular studies
also confirm the view that A2A receptors inhibit A1 receptor activation.134

Interference with Reactive oxygen species

As a result of the compromised mitochondrial function which follows a period
of oxygen deprivation, there is a greatly enhanced generation of reactive oxygen
species (free radicals) such as peroxide, hydroxyl radical, superoxide and
peroxynitrite. These radical species are believed to be responsible for most of the
molecular and cellular disruption which accompanies ischaemia and the calcium
overload which accompanies excitotoxicity.138-141 Adenosine A2 receptors can
decrease the generation of superoxide anion by neutrophils.142,143 In view of the
apparent neuroprotective activity of A2A receptor antagonists it was, therefore, of
interest to know whether A2A receptor antagonists could also modify damage which
involved the presence of reactive oxygen species.

Table 1 summarises results in which hippocampal damage was induced by a
combination of quinolinic acid and reactive oxygen species. Quinolinic acid is a
selective agonist at N-methyl-D-aspartate (NMDA) receptors.144-146 It is also an



T. STONE262

endogenous compound, produced as a major metabolite of tryptophan. At low dose
(50nmols) quinolinic acid did not produce any significant neuronal loss when injected
alone into the hippocampus. This dose is approximately 40% of the dose normally
needed to produce damage. Similarly, a low dose of a mixture of xanthine and
xanthine oxidase, a well-recognised superoxide and hydroxyl-radical generating
system, produced no damage when injected alone. When a combination of both
these compounds was administered, substantial cell loss was recorded (Table 1).

Since quinolinic acid is an agonist at NMDA receptors, neuronal damage can
normally be prevented completely by analogues of the glutamate receptor antagonist
kynurenic acid (another tryptophan metabolite described by Perkins & Stone,147 see
refs. 145,148). The damage produced by the combined use of quinolinic acid and
the free radical generating system was only partly decreased by 5,7-dichlorokynurenic
acid, suggesting that neuronal loss was not caused by a free radical-mediated
enhancement of NMDA receptor toxicity. It would seem more likely that the
interaction is the result of an NMDA receptor-mediated enhancement of free radical
toxicity, or to a completely different mechanism of one or both of the agents.

Interestingly, toxicity produced by the quinolinate/free radical combination could
be suppressed by three different A2A receptor antagonists—CSC, ZM 241385 and
SCH 58261. This result emphasises that A2A receptor antagonists may have a
potentially wide use as neuroprotectants against cell injury in many situations where
damage is produced by either glutamate receptor activation, or oxygen radical
generation, or their combination. It is presumably the latter which account for
neuroprotection during ischaemia, when glutamate and free radical levels are known
to rise.

The functional importance of this interaction is that the kynurenine pathway,
responsible for the generation of endogenous quinolinic acid, is upregulated in glia
and macrophages in response to inflammation or immune activation.146 The cellular
insult imposed by an ischaemic stress or other injury will thus lead to an increased
generation of quinolinic acid together with increased levels of oxygen radicals from

Table 1. Neuronal survival in animals treated with intrahippocampal injections of
quinolinic acid alone or in combinations with a mixture of xanthine and xanthine
oxidase, or S-nitroso-N-acetyl-penicillamine (SNAP)

Treatment Neuronal survival (% controls)

Quinolinic acid 95.5 ± 4.2

Xanthine / xanthine oxidase (X / XO) 102.2 ± 14.5

Quinolinic acid + X / XO 34.4 ± 5.2*

SNAP 114.4 ± 22.0

Quinolinic acid + SNAP 54.4 ± 5.0*

* p < 0.05 compared with quinolinic acid alone.
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these cells. Their mutual potentiation could therefore account for a significant fraction
of the overall cell damage which results.

Anti-Inflammatory Effects

The ability to reduce the toxic effects of oxygen radicals is probably only one
aspect of the anti-inflammatory activity of adenosine which has received much
attention in peripheral organ systems. Adenosine itself suppresses phagocytosis,
free radical generation and cell adherence by blood white cells activated by immune
stimulation142,149-151 and a substantial accumulation of evidence indicates that it is
the A2A receptor which is largely responsible for these effects,152,153 probably via
the unusual mechanism of activating a serine/threonine protein phosphatase.154

Certainly, human neutrophils possess abundant numbers of A2A receptors.155

However, some cells such as neutrophils also possess A1 receptors, and Cronstein
et al156 have shown that these promote chemotaxis and other features of the immune
response. The opposite effects of A1 and A2A receptors may form a feedback loop in
which the normally low concentrations of adenosine, via A1 receptors, are able to
enhance the sensitivity of white cells to immune triggers, whereas at high
concentrations, once the immune response has been activated, A2A receptors act to
limit the degree of activation.156

Adenosine also antagonises the pro-inflammatory activity of TNFα157 and
inhibits the release of this, other cytokines and complement from a range of
cells.158-160 Activation of A2A receptors specifically inhibits the production of IL-
12 by human monocytes but increases the generation of IL-10.161 This, and other
modifications in the relative release of a range of cytokines could hold significant
implications for the effects of adenosine receptor activation on immune and
inflammatory processes, including those concerned with the production of neuronal
damage.

Adenosine Receptors and Glial Cells

A number of purines are able to increase astrocyte proliferation162,163 and promote
the astrogliosis which follows brain injury by activating A2A receptors.164 Whether
this effect contributes to neuroprotection, however, remains to be seen, since an
increased gliosis might be expected to lead to increased local concentrations not
only of anti-inflammatory cytokines, but also of injurious oxygen radicals and
damaging products of the kynurenine pathway such as quinolinic acid.

Clues from the Heart?

A strong argument that purine neuroprotection may involve the anti-
inflammatory actions rather than suppression of glutamate release or direct effects
on neurons arises from the repeated demonstration that purines can also protect the
heart against damage following a period of ischaemia and reperfusion.165,166 Most
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of the purine anti-inflammatory actions can be demonstrated in cardiac tissue,
including the suppression of TNFα expression,167-170 and include modulation of
neutrophil adherence to myocytes.171 In the latter case, the A2A receptors are again
inhibitory while A1 receptors promote cell adherence. However, while the latter
action should in theory increase post-ischaemic damage, Lozza et al172 have claimed
that both A1 and A2A receptor agonists protect against myocardial ischaemic/
reperfusion injury. This is certainly a confused field of research, since Casati et al173

reported that A1 agonists but not A2A receptors, mediated cardiac protection whereas
Cargnoni et al174 claimed precisely the opposite. Both groups agreed, however, that
changes of coronary blood flow were not responsible for the protection they observed.
Consistent with a protective effect is the discovery that overexpression of A1 receptors
is associated with resistance to cardiac ischaemic damage.166

Modulation of Apoptosis

Although necrosis plays a large part in the cell death which occurs with
excitotoxic damage apoptosis, characterised by cell shrinkage, organelle relocalisation
and compaction, chromatin condensation and formation of apoptotic bodies,175 may
account for a substantial proportion of neuronal degeneration.176-178 The excitotoxin
kainic acid induces morphological and biochemical features also suggesting the
occurrence of apoptosis.177,179-181 Kainic acid has been used extensively in
neurobiological research as it preferentially damages neurones in the limbic system,
particularly the hippocampus. Its administration, systemically or centrally is
considered to provide a valuable experimental model for temporal lobe epilepsy
and global ischaemia. Observation of the electrophoresis laddering pattern, indicative
of DNA fragmentation, has been noted in rats in the hippocampus, entorhinal and
sensory cortex at 18 and 72 hours following intraperitoneal injections of 10 mg/kg
kainate.182 Using a higher dose of 15 mg/ kg, Weiss et. al177 observed TdT-mediated
dUTP-biotin nick end labelling (TUNEL) detectable DNA fragmentation in the
thalamus, amygdala, cortex and the CA1 region of the hippocampus. Further TUNEL-
positive staining in the CA3 region was apparent only following seizures. The staining
remained at similar levels for at least 7 days, suggesting a long-lasting, dynamic
process. Kainate has also induced the expression of immediate-early genes such as
c-fos,183 believed by many to be necessary for apoptosis,184 as well as the expression
of target ‘effector genes’.185

When animals were injected with kainate intraperitoneally, TUNEL staining of
sections from these animals revealed apoptotic cells only in the CA1 region.186

TUNEL positive cells were observed only in three animals in which previous
haematoxylin and eosin staining of serial sections had revealed moderate to high
levels of damage in the CA1 region (50-90%) and not in an animal with only 25%
damage. Within the CA1 area, TUNEL-positive cells were the same cells observed
as damaged by haematoxylin and eosin staining. No apoptotic cells were apparent
in the CA3a region (or any other pyramidal region) in any of these animals. A linear
correlation was found in the CA3a region between the percentage of apoptosis and
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neuronal damage, with the amount of apoptosis increasing proportionally with
increased damage. This increase in TUNEL positive staining in the CA1 region was
not observed in animals treated with saline only. The simultaneous treatment of
animals with CGS 21680 or ZM 241385 prevented any occurrence of apoptosis.

After kainate injections directly into the hippocampus, TUNEL-positive cells
were noted only in areas of damage, including the injection tract. Damage in the
CA3a region after kainate injection was near maximal in all animals studied.
Following TUNEL staining many apoptotic cells were also apparent in the CA3a
region. In the CA1 region there was both a lack of damage and TUNEL staining in
all sections. As for kainate alone, animals co-injected with CGS 21680 and kainate
exhibited both 100 % damage in the CA3a region and a high percentage of apoptotic
neurones. Some variation in this pattern of high damage, high TUNEL-positive
staining, was observed in animals treated with ZM 241385 and kainate.

This study also showed that the mechanism of protection observed with the
systemically administered adenosine compounds, did not involve the inhibition of
either necrotic or apoptotic cell death. No increase or decrease in TUNEL staining
was evident. In the CA1 region of animals given an intraperitoneal injection of
kainate, the degree of apoptosis correlated with damage such that there was always
a high proportion of TUNEL staining in areas where damage was observed and low
or no staining in less damaged regions. In conjunction with the experiments with
kainate alone, no co-administered drug induced TUNEL staining within the CA3a
region. This suggests that protection is mediated at a point much earlier along the
neurodegenerative pathway, before cells have undergone necrosis. Ankarcrona et.
al187 suggested that apoptosis only occurs after a population of cells, which failed to
recover mitochondrial integrity, underwent necrosis. If the mechanisms of protection
with any of the above compounds involved reducing this delayed apoptosis, a high
degree of damage would be expected without the presence of apoptotic cells.

This increase in apoptosis is not observed after the injection of ZM 241385 in
the intrahippocampal injection model. This may be due to the lack of involvement
of the inflammatory response in this regimen. That there is a complete absence of
apoptosis in the CA3a region after co-injection of ZM 241385 with kainate, is
suggestive of a role for the A2A receptor in the promotion of apoptosis. The A2A

receptor may, therefore, play an important role in determining the pathway by which
certain neuronal populations die during kainate-induced excitotoxicity, although this
role may be dependent on experimental conditions.

Protection in Neurodegenerative Disorders

Although much of the interest in the therapeutic value of purine receptor ligands
has centred on protection following strokes, there remains the possibility that
overactivation of glutamate receptors may contribute to neurodegenerative disorders
such as Alzheimer’s disease and Huntington’s disease. This possibility is the rationale
for studying the protective effects of agents against excitotoxins. It has already been
noted that A1 agonists and A2A receptor agonists and antagonists can protect against
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kainic acid induced damage.38,109,110 One of the excitotoxins of greatest relevance,
however, is quinolinic acid, a tryptophan metabolite for which the evidence for a
role in some degenerative disorders is substantial (see refs. 145,146 for reviews).
Reggio et al188 have reported that an A2 receptor antagonist, DMPX, can protect
against neuronal loss induced by quinolinic acid injected into the striatum—a
frequently used model of Huntington’s disease.

A2 Receptors and Aging

An interesting observation has recently been reported by Corsi et al13,189 that
the agonist CGS 21680 only increased the spontaneous efflux of glutamate and
GABA in young, but not old rats, although it enhanced potassium-evoked release
similarly in both groups of animals. This may have implications for the utility of
A2A receptor ligands in treating older patients after cerebral ischaemia, since chronic
treatment might show fewer side effects attributable to increased basal release of
glutamate, while retaining neuroprotective activity against the depolarisation-induced
release occurring during and immediately after cerebral ischaemia or trauma.

Acute versus Chronic Treatment

There seems to be a less marked difference, compared with A1 ligands, in the
neuroprotective effects of A2 receptors ligands following acute and chronic
treatments. Evidence to date indicates that the qualitative effects are similar for both
agonists and antagonists after acute or chronic administration, correlating with the
failure to detect changes of receptor properties in vivo116 or in vitro190 in the
maintained presence of these compounds. von Lubitz et al116 found that the A2
receptor agonist APEC, applied acutely, improved post-ischaemic blood flow but
failed to exhibit any protection of neurons, while the antagonist CSC did afford
protection despite having no effect on blood flow. The latter result supports the
evidence from other groups who have used acute administration of drugs almost
exclusively. However, the chronic administration of CSC proved to have opposite
effects to the acute, leading to an increased post-insult blood flow but a lack of
neuroprotection.

Therapeutic Implications

These various findings have aroused great interest in the search for new drugs
which could be used to slow or prevent the neuronal damage which characterises
neurodegenerative conditions such as Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease. That interest is attributable not only to the efficacy of the
compounds available, but also to the fact that they should be relatively free of major
side effects. Whereas the use of A1 receptor agonists would lead to a suppression of
transmitter release at many sites within the central and peripheral nervous system,
A2A receptor antagonists should not be limited in this way. The A2A receptors are
relatively low affinity sites for adenosine, and the levels of adenosine present normally
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in most biological fluids is probably insufficient to activate them. Activation would
only be expected under conditions in which there is a large increase in the generation
and release of adenosine.

In practice this means that A2A antagonists have little effect on heart rate, blood
pressure, or other vital signs under normal conditions. During ischaemia in the brain,
however, the levels of adenosine may rise to levels at which A2A receptors are
activated. Stimulation of A2A receptors is known to increase the release of the
excitotoxic amino acid glutamate,127 which would tend to cause or facilitate the
occurrence of damage. Under these circumstances, A2A receptor antagonists should
reduce the enhanced release of glutamate and thus decrease the extent of neuronal
damage. Their beneficial activity would therefore be restricted to those areas of
brain experiencing ischaemia, with little or no effect on other areas of the body.

A particularly exciting aspect of A2A receptor protection is that it may contribute
to the long-term benefits of treating patients with Parkinson’s disease with A2A

receptor antagonists. It is clear that A2A receptors potently modulate cell sensitivity
to dopamine receptors, accounting for the beneficial effects of adenosine antagonists
in this disease.191-193 This phenomenon has led to clinical trials with A2A receptor
antagonists in Parkinson’s disease with promising, though as yet unpublished, results.
In lower primates, A2A antagonists are certainly effective against toxin-induced
models of the disorder.194,195

A2A Receptor Sub-Populations

In any drug research programme, the identification of receptor subtypes always
raises hopes that novel compounds might be generated able to have more functionally,
or anatomically, selective effects than earlier generation compounds. In the case of
A2A receptors, it now appears highly likely that there are indeed at least two sub-
populations of receptor, one characteristic of the striatum and exhibiting high affinity
for CGS21680, and a second site found in several regions of brain including cerebral
cortex and hippocampus with a lower affinity.196,197 These sites can best be
distinguished by SCH 58261.198 Recent work suggests that the presence of A2A

receptor sub-populations may even be reflected in overt measures of motor behaviour
199 and consistent with the suggestion that the striatal site shows a high sensitivity to
SCH 58261, with the extrastriatal receptor being more sensitive to ZM 241385.

A3 receptors

The A3 population of purinoreceptors has only been known since the cloning
work of Zhou et al,200 and they remain the least well studied. They do occur on
neuronal and glial cells membranes, even in human tissue,201 although with much
lower density in the brain than in peripheral tissues such as lungs and heart. A number
of relatively selective agonist and antagonist ligands have now become available
for affecting A3 sites, and it is apparent that suitable manipulation can lead to
neuroprotection. A note of caution has been introduced into the study of A3 receptors



T. STONE268

by Rivkees et al202 who have recently failed to detect A3 receptors or their
corresponding mRNA in brain tissue, and have also claimed that proposed A3
selective pharmacological ligands show high affinity for A1 receptors. This report,
therefore, implies that results obtained with A3 receptor ligands should be viewed
with caution until any involvement of A1 receptors has been fully excluded.

A3 receptors and Neuroprotection

The evidence to date does suggest that the acute administration of A3 receptor
agonists can induce neuronal death and can exacerbate the neuronal loss produced
by cerebral ischaemia.118 Agonists at A3 receptors also promote neuronal death both
directly and by enhancing glutamate-induced damage, in neuronal cultures.203 As
with the A1 receptor studies, however, chronic administration of A3 receptor agonists
can induce protection. The acute administration of the A3 receptor agonist iodobenzyl-
5’N-methyl-carboxamidoadenosine (IB-MECA) reduced post-ischaemic blood flow
and produced an exacerbation of ischaemic damage in the gerbil brain, whereas
chronic administration of the same ligand resulted in increased restoration of blood
flow and marked neuroprotection.118 The protective effect of IB-MECA has now
been shown to be associated with a preservation of cytoskeletal proteins such as
microtubule-associated protein and an increased presence of glial fibrillary acidic
protein in the damaged areas204 suggesting that both neurons and glia are involved
in the protective activity.

In addition to increasing ischaemic damage, the acute administration of A3
agonists can reduce the protection afforded by an A1 agonist.30 What is not clear is
whether there is any contribution to this effect of A3 ligands acting directly on other
receptors. For example, A3 receptors can induce a loss of sensitivity of A1 receptors
in the hippocampus205 and, since A1 receptors are known to be neuroprotective and
A1 antagonists increase damage (as discussed above), this effect might lead to, or
contribute to, the observed enhancement of neuronal injury by A3 receptor agonists.

Mechanisms of A3 Receptor-Mediated Protection

Agonists at A3 receptors reduce the production of several cytokines from cells,
such as interleukin-10 (IL-10), IL-12, interferon-γ and tumour necrosis factor-α
(TNFα)206 when the generation of these has been elevated in mice suffering
infections. This action seems to represent a powerful anti-inflammatory consequence
of stimulating A3 receptors and, as discussed earlier for A2A receptors, may contribute
significantly to the protection against neuronal damage when this involves the
development of an inflammation-like process. However, the role of A3 receptors
remains controversial. Hannon et al153 could find no contribution of A3 receptors to
adenosine inhibition of the oxidative burst in human neutrophils, whereas Ezeamuzie
and Phillips207 reported that A3 receptors were responsible for suppressing superoxide
generation in human eosinophils. It remains unclear whether this phenomenon is
related to the report that A3 receptors increase the levels of several antioxidant
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enzymes including superoxide dismutase in endothelial cells,208 leading to a reduction
of tissue lipid peroxidation. Sajjadi et al209 reported on pharmacological evidence
that A3 receptor activation was largely responsible for the suppression by adenosine
of TNFα secretion by a human macrophage cell line (U937). Interestingly, the
production of other cytokines such as IL-1β, IL-6 an IL-8 were unchanged. Similar
results, indicating the A3 receptor is capable of suppressing TNFα secretion were
obtained using murine macrophages.210 The inhibition of TNFα secretion was
recently used as part of the screening tests for developing new chemical ligands for
A3 receptors.211

Certainly, the fact that A3 receptor ligands can protect the heart against ischaemic/
reperfusion injury212 indicates that mechanisms for protection operate which must
be independent of glutamate release, and presumably involve calcium movements,
potassium conductances or actions on white cells. A3 receptor agonists depress
neutrophil functions and open ATP-dependent potassium channels, for example,
both mechanisms being potential contributors to protection against ischaemia-
reperfusion injury.213,214

Abbracchio et al215 have reported that the A3 receptor agonist chloro-IB-MECA
induced a number of cytoskeletal changes together with alterations in overall cell
morphology and the expression of the GTP-binding protein Rho, in astroglial cell
cultures. These observations indicate that A3 receptor activation can induce
intracellular modifications which could result in more subtle responses of cells to
injurious or protectant ligands than simply a change of intracellular calcium and the
classical transduction systems.

Modulation of Adenosine Concentrations

Adenosine itself has been used only rarely in studies of neuroprotection, largely
because it is so efficiently removed by uptake processes and the destructive enzymes
adenosine deaminase and adenosine kinase. However, post-ischaemic injury to the
spinal cord has been prevented by the local perfusion of solutions containing
adenosine, the continuous presence of the purine negating the effects of metabolism
and removal.216

Although the emphasis in the preceding discussion has been on agonists and
antagonists acting directly at receptor sites, there is also evidence that modulating
the levels of adenosine in the extracellular fluid may also afford neuroprotection,
presumably by raising the local concentration of adenosine to one at which it is
itself able to activate A1 or A3 receptors. Several inhibitors of adenosine kinase or
adenosine deaminase have been shown to prevent ischaemia-induced neuronal
loss.217-219

In summary, it is clear that purines are potent modulators of neuronal viability
and protection against a range of insults. In the continuing search for new therapeutic
agents to manage the scourge of strokes and neurodegenerative damage in modern
society, purines will remain as potentially valuable agents, especially those, such as
A2A receptor antagonists, which should bring few side effects.
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ABBREVIATIONS

ADAC Adenosine amine congener
APEC 2-[(2-aminoethylamino)-carbonyl-ethylphenyl-ethylamino]-

5’-N- ethylcarboxamido-adenosine
BDNF brain-derived neurotrophic factor
BW1002C87 (5-2,3,5-trichlorophenyl)pyrimidine-2,4-diamine-1,10-ethane-

sulphonate
CCPA 2-chloro-N6-cyclopentyladenosine
CGS 21680 2-[4-(2-carboxyethyl)-phenylethylamino]-5’N-ethyl-

carboxamido-adenosine
CGS 15943 5-amino-9-chloro-2-(2-furyl)-1,2,4-triazolo[1,5-c]quinazoline
CHA N6-cyclohexyladenosine
CSC, 8-(3-chlorostyryl)caffeine
CP 66,9713 4-amino-1-phenyl[1,2,4]-triazolo[4,3-a]quinoxaline
CPX 8-cyclopentyl-1,3-dipropylxanthine (=DPCPX)
DMPX 3,7-dimethyl-1-propargylxanthine
DPCPX 8-cyclopentyl-1,3-dipropylxanthine (=CPX)
DPMA (N6-[2-(3,5-dimethoxyphenyl)-2-(2-methylphenyl)-ethyl]-

adenosine
IB-MECA 2-chloro-N6-(3-iodobenzyl)adenosine-5’N-methyluronamide
KF17837 (E/Z)-7-methyl-8-(3,4-dimethoxystyryl)-xanthine
NECA 5’N-ethylcarboxamido-adenosine hydrochloride
NMDA N-methyl-D-aspartate
PIA ((R)-(N6-phenylisopropyl)adenosine
8-PST 8-(p-sulphophenyltheophylline)
SCH 58261 7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3e]-1,2,4-

triazolo[1,5-c]-pyrimidine
TdT, terminal deoxynucleotidyl-transferase
TUNEL TdT-mediated dUTP-biotin nick end labelling
ZM 241385, 4-(2-[7-amino-2-{2-furyl}{1,2,4}-triazolo{2,3-a}-

(1,3,5}triazin-5-yl-amino]ethyl)phenol
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ABSTRACT

In response to many metabolic disturbances and injuries including stroke,
neurodegenerative disease, epilepsy and trauma, the cell mounts a stress response
with induction of a variety of proteins, most notably the 70 kD heat shock protein
(Hsp70). The possibility that stress proteins might be neuroprotective was suspected
because Hsp70, in particular, was induced to high levels in brain regions that were
relatively resistant to injury. Hsp70 expression was also correlated with the
phenomenon of induced tolerance. With the availability of transgenic animals and
gene transfer, has it become increasingly clear that such heat shock proteins do
indeed protect cells from injury. Several reports have now shown that selective
overexpression of Hsp70 leads to protection in several different models of nervous
system injury. This review will cover these studies, along with potential mechanisms by
which Hsp70 might mediate cellular protection.

INTRODUCTION

It is well known that cells respond to external stress in a highly conserved,
stereotypical Fashion. The stress response results in gene expression following such
environmental challenges such as high temperatures, ischemia, excitotoxin exposure
and other stresses which result in protein denaturation (see recent reviews refs. 1,2).
Heat shock proteins (Hsps) are induced by stressful stimuli and are thought to assist
in the maintenance of cellular integrity and viability. Hsps consist of both stress
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inducible and constitutive family members, as well as members that are associated
with specific organelles. Constitutively synthesized Hsps perform housekeeping func-
tions. They function as molecular chaperones by helping nascent polypeptides assume
their proper conformation by binding to nascent proteins via their C terminal domain.
Hsps are also involved in antigen presentation, steroid receptor function, intracellular
trafficking, nuclear receptor binding, and apoptosis.1,3 However, many are also
upregulated by stress. Inducible Hsps prevent protein denaturation and incorrect
polypeptide aggregation during exposure to physiochemical insults. Hsps may prevent
protein unfolding or aggregation and enhance cell survival.

The 70 kD family of stress proteins is one of the most extensively studied.
Included in this family are Hsc70 (heat shock cognate, the constitutive form), Hsp70
(the inducible form is also referred to as Hsp72), Grp75 (a constitutively expressed
mitochondrial glucose regulated protein), Grp78 (a constitutively expressed glucose
regulated protein found in the endoplasmic reticulum) and heme oxygenase-1 (HO-
1, a stress protein involved in bilirubin metabolism). Other members of this family
include Hsp40, Hsp90, Hsp27 and Hsp chaperone proteins such as the DNAJ
homologs (HDJ-1 and HDJ-2 in humans), the latter being proteins which assist
other Hsps in protein folding. Following a variety of central nervous system insults,
Hsp70 is expressed at especially high levels and is present in the cytosol, nucleus
and endoplasmic reticulum. Because inducible Hsp70 is not usually detectable under
normal conditions and its expression is the most robust of the Hsps, it is often regarded
as a diagnostic marker for stress. The stress proteins of the Hsp70 family function as
chaperones, interacting transiently with many proteins in an ATP dependent man-
ner. Denatured proteins are thought to serve as the stimulus for stress protein
induction. These proteins activate heat shock factors (HSFs) within the cytosol by
dissociating other Hsps that are normally bound to HSFs. Once liberated, HSFs are
phosphorylated and form trimers. The trimers then enter the nucleus and bind to
heat shock elements (HSEs) within the promoters of different heat shock genes
leading to transcription and Hsp translation.3,4 Once expressed, Hsp70 binds to then
quickly releases denatured proteins in an ATP dependent Fashion. (Fig. 1) There
appear to be two main functional domains within Hsp70. The N terminal end contains
an ATP binding domain whereas the C terminal part contains a substrate binding
domain. Substrate binding cannot occur in the absence of ATP binding which is
regulated by an EEVD motif within the C terminus5. Therefore, various stresses
resulting in protein denaturation stimulate Hsp70 expression, which presumably
acts to restore protein structure and function.

In the nervous system, the heat shock proteins are induced in a variety of
pathologic states including cerebral ischemia, neurodegenerative diseases, epilepsy
and trauma. Expression has been detected in a variety of cell populations within the
nervous system including neurons, glia, and endothelial cells.6 Although Hsp70 has
been long thought to protect cells by preserving tertiary protein structure and
preventing protein aggregation, direct evidence has been lacking. Gene transfer
techniques and transgenic animal strain have now made it possible to selectively
overexpress Hsps to better understand the precise role they play in cellular injury.
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This review will focus on recent results that help to elucidate the role of Hsp70 in
neuroprotection.

WHERE AND WHEN IS HSP70 EXPRESSED?

Several groups using various models of experimental nervous system stress
and injury have studied the anatomic and temporal expression of Hsp70. In a model
of global cerebral ischemia (a model which results in cerebral injury similar to that
following cardiac arrest), Hsp70 mRNA was detected in the hippocampus within
hours of ischemia onset and decreased when neurons were lost.4 Protein expression
followed a few hours later7. Brief periods of ischemia (3-8 minutes) resulted in
Hsp70 protein expression within neurons and some glia after 24 hours, but longer
durations of ischemia (10-20 minutes)4,7 showed decreased Hsp70 protein expres-
sion. Following 60 minutes of transient focal cerebral ischemia (a model of stroke),
Hsp70 protein expression was similar patterns were observed with persistent ex-
pression as far out as 7 days.4,8 Hsp70 was observed within neurons and astrocytes
at the infarct periphery, but only endothelial cells expressed it within brain regions
where ischemia was the most severe (striatum)8. With increasing duration of middle
cerebral artery (MCA) occlusion, graded levels of Hsp70 expression are observed
within neurons, microglia and endothelial cells that decreased after the most severe
ischemic insults.4,9,10 It has previously been suggested that glia can transfer Hsp70
to neurons; therefore, neuronal Hsp70 expression may be linked to a potential
protective mechanism from glia.1

In models of excitotoxicity and seizures, kainic acid (KA) administration resulted
in widespread Hsp70 induction, particularly within cortical and hippocampal
neurons.11,12 Hsp70 mRNA was present in dentate granule cells within 6 hours of
KA application and protein was observed by 12 hours, then decreased after 24 hours.11

Protein expression has been observed to be especially prominent within brain regions
known to be resistant to injury in this model, whereas less expression was seen in
degenerating neurons.13 On the other hand, Hsp70 was observed within hippocampal
neuron populations such as CA1, CA3 and dentate granule cells,12 and appeared to
precede and correlate with the extent of neuronal damage assessed a few days later.14

Furthermore, MK801, an antagonist of the N-methyl-D-aspartate receptor, reduced
both Hsp70 expression and KA induced neuronal injury.12

There appear to be similar patterns of Hsp70 expression in different in vivo
models of cerebral stress, with graded expression depending on the severity of the
insult and the cell population. In general, Hsp70 is observed in the brain within
several hours of the insult, and persists for a few days.
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Figure 1. Mechanism of heat shock protein activation. Various stresses result in protein denaturation (1).
Heat shock proteins (Hsp) are normally bound to heat shock factors (HSF) (2), but dissociate in the
presence of denatured proteins (DP). Once dissociated, Hsps are free to bind DPs, followed by rapid
release. These are ATP requiring steps (3). More Hsps are generated when HSFs phosphorylate (P) (4) and
trimerize (5). These trimers can bind heat shock elements (HSE) (6) that are contained within the promoters
of the Hsps and generate more protein (7). Newly generated Hsps can then bind more denatured proteins (8).
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CORRELATIVE EVIDENCE FOR A NEUROPROTECTIVE
ROLE

Stress proteins are increased in resistant cell populations following injury: Whether
Hsp70 serves a protective role against various cerebral insults has been debated. It
has long been known that certain cell populations are less vulnerable than others to
various cerebral insults such as global cerebral ischemia and KA toxicity. Following
ischemia, several groups have reported that Hsp70 protein is expressed only in cell
populations that will ultimately recover from cerebral ischemia10 such as infarct
borders (focal cerebral ischemia) and dentate granules (global ischemia). With
infarction, expression is absent within brain tissue and is restricted to vascular
endothelial cells.10,13 Similar results were observed in the KA model.4,13 These studies
imply that Hsp70 is expressed in cell populations known to be resistant to injury;
therefore, Hsp70 may be responsible for the observed resistance.

In contrast, other data suggest that Hsp70 is expressed in vulnerable cell
populations or is expressed regardless of the fate of the cell.4,15 These contrasting
observations could be limited by the severity of the insults, and whether or not
protein translation has occurred. Dysjunction of Hsp70 mRNA and protein expression
following focal cerebral ischemia has been observed. While Hsp70 mRNA was ex-
pressed extensively, protein was observed only within potentially salvageable peri-
infarct regions.1,4 but not in damaged regions. Therefore, Hsp70 may be capable of
rescuing injured cells provided the protein has been translated.

Hsp expression correlates with protection in tolerance paradigms: Whether Hsp70 is
playing a protective role against various insults could not be addressed in the above
studies. However, Hsp70’s increased expression led investigators to study its potential
role in the protective effect of “induced tolerance”, a phenomenon whereby a prior
sublethal insult leads to protection against a subsequent severe insult. For instance,
thermal or chemical stress protects against excitotoxic insults such as glutamate
exposure in cultured neuronal cells and in whole animal models.16 Prior heat shock,
sublethal ischemia or chemical toxins protect against subsequent ischemia.1,4

Induction of Hsp70 and protection from subsequent injury has been demonstrated
in neuron cultures and in whole animal models of thermal stress, global and focal
cerebral ischemia (Reviewed by Massa  et al4 and Parsell  et al17). The expression of
Hsp70 also correlated with the period within which tolerance was observed, leading
some to believe that Hsp70 may explain the observed phenomenon.18 Interestingly,
the interval of tolerance was associated increases in neuronal Hsp70 and activated
astrocytic Hsp27.19 However, these sublethal insults cause a host of changes in protein
expression and metabolism rather than selectively increasing Hsp70 synthesis, and
the role of Hsp70 in mediating the protective effects has been far from decisive. In
fact, protection in tolerance experiments has been noted even when HSP70 and
other new protein synthesis is blocked,20 suggesting that “induced tolerance” does
not always require protein production.17
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NEUROPROTECTION WITH HSP70 OVEREXPRESSION

To directly test a protective role of Hsp70, cells can be made to selectively
overexpress the protein, or expression can even be blocked. This can now be
accomplished using transgenic animal models, gene transfer or antisense
oligonucleotides. A number of studies have been published where Hsp70 has been
overexpressed in various non-neuronal cell lines, and found protection against
numerous stresses including heat shock,21 oxidative stress,22 apoptotic stimuli23,24

and ischemia like conditions.25,26 In the nervous system, Hsp70 overexpression in
cultured hippocampal27,28 and peripheral29-32 neurons and glia29,30 similarly protected
against insults such as heat shock and metabolic stresses. Hsp70 expression can also
be suppressed with antisense oligonucleotides that inhibit transcription.33 Using this
approach, Sato  et al33 found that the protection from induced tolerance was reversed
with Hsp70 blockade using antisense oligonucleotides. At the in vivo level, a few
laboratories have generated transgenic mice capable of overexpressing Hsp70 from
a constitutive promoter.34-36 In models of myocardial ischemia, these mice were
found to have reduced infarct volume,36 improved recovery of ATP stores35 and
better contractile recovery.34

However, Hsp70 overexpression is not protective in all instances. Using a
defective herpes simplex virus (HSV) vector, Fink  et al28 showed that Hsp70
overexpression protected cultured hippocampal neurons from severe heat shock,
but failed to protect against direct application of glutamate or 3-nitropropionic acid
(3-NP), a mitochondrial toxin. Wagstaff  et al37 showed that Hsp70 overexpression
protected cultured peripheral neurons from thermal and simulated ischemia, but not
apoptotic stimuli. Observations from our laboratory have shown that glial cell cultures
from brains of transgenic mice that overexpress Hsp70 are resistant to hydrogen
peroxide injury, but are less resistant to other injury paradigms.38 Interestingly,
hippocampal neurons were more resistant to certain stresses compared to cortical
neuron cultures. These results suggest that Hsp70 protects against some but not all
kinds of central nervous system injury, and that the protective effects may be related
to the nature and severity of the insults. It has previously been shown that the response
to heat shock and Hsp70 expression can vary depending on the type and age of the
cell;39 therefore, it is likely that the protective effects may similarly be dependent on
such factors.

Hsp protection following ischemia and ischemia like insults: Nervous system ischemia
can be modeled in vitro by exposing cultures to ischemia like conditions such as
substrate and/or oxygen deprivation,38,40 excitotoxin exposure28 or incubation in
simulated ischemic buffers32. Recent work from our group showed that cultured
hippocampal, but not cortical neurons from transgenic mice overexpressing Hsp70
were protected from excitotoxin exposure and oxygen and glucose deprivation.38

Glial cultures isolated from this same mouse strain were also resistant to substrate
deprivation. Higher levels of transgene expression could be attained by using
retroviral vectors which increased Hsp70 protein greater than 10 fold (R. G. Giffard,
personal communication). Xu  et al41 and Papadopoulos et al40 used such retroviral
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vectors to overexpress Hsp70 in astrocyte cultures. Exposure to isolated glucose or
combined oxygen and glucose deprivation led to robust glial survival following
either insult. Conversely, suppression of Hsp70 in hippocampal neuron cultures with
an antisense oligonucleotide worsened injury following heat shock.33

At the whole animal model level, cerebral ischemia models using Hsp70
overexpressing transgenic mice have been reported. Whereas various strains of Hsp70
transgenic mice are protected against myocardial ischemia,34-36 this has not always
been the case for brain ischemia. The reasons for these discrepancies are not clear,
but could be due to strain differences in transgene expression within different organ
systems, or because brain regions have varying susceptibilities depending on the
model studied. A few groups have studied permanent MCA occlusion in various
Hsp70 transgenic mice strains with conflicting results. Constitutive overexpression
of Hsp70 in one strain using a cytomegalovirus (CMV) enhancer combined with a
β-actin promoter resulted in near complete protection determined by overall reduction
in infarct size.42 Another group using a similar model but a different mouse strain
found only improved hippocampal neuron survival by 24 h; however, overall infarct
size was not affected.43 In this latter group, Hsp70 expression was under the control
of a β-actin (constitutive) promoter. In yet a third study, our group38 examined a
third strain of Hsp70 transgenic mice and failed to find any differences between
infarct size or hippocampal neuron survival. These differing results could be due to
background strain differences and the limitations of transgenic animals, such as
developmental alterations in other biochemical systems caused by transgene
overexpression. The extent of Hsp70 expression might also be different between the
transgenic strains, since different promoters were used. The transgenic model
containing the CMV enhancer increased transgene expression by 5-10 fold.42 In
contrast, the model using the β-actin promoter alone resulted in only 2 fold increases.38

Therefore, higher transgene levels could account for the marked protection in the
first study,42 and the less robust or lack of protection in the latter two studies.38,43

Whether lifelong Hsp70 expressing animals have alterations in other systems is
unclear, though the gross phenotype appears normal. Therefore, viral vector mediated
transfer of Hsp70 can be used to study neuroprotection in wildtype animals. Our
laboratories have recently taken advantage of the neurotropic properties of herpes
simplex virus (HSV) to preferentially overexpress Hsp70 in neurons.28 HSV vectors
are capable of transfecting approximately 70% or more cortical neurons following
direct injection into the brain.44 One of the major constraints in overexpressing genes
in vivo has been the relatively low efficacy and efficiency of viral vector mediated
gene transfer. To circumvent this problem, bipromoter vectors were developed which
contained both the genes for Hsp70 and a reporter gene, lacZ.45-47 With this approach,
it becomes possible to identify the subset of transfected cells that also express the
transgene of interest. Following direct intracerebral injection, vector mediated Hsp70
protein and reporter gene (β-galactosidase or β-gal) expression occurred about 9-12
hours later. The number of targeted Hsp70 overexpressing neurons were differentiated
from cells that expressed endogenous Hsp70 by identifying the β-gal positive cells
(Fig. 2A). By counting the number of β-gal positive cells in the ischemic side of the
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Figure 2. Hsp70 protects neurons from a variety of central nervous system insults. Several surviving, beta-
galactosidase (β-gal) positive cells (arrows) which received a Hsp70 overexpressing vector are evident
within an ischemic striatum 48h after 1 hour of middle cerebral artery occlusion (stroke) (A) compared to
one receiving control vector where virtually no surviving cells are seen (B). Following 8 minutes of
forebrain ischemia, more transfected, β-gal positive CA1 neurons are present within a hippocampus given
Hsp70 vector (C) versus control vector (D). Insets show detail of transfected neurons within the hippoc-
ampal CA1 subsector. Brain sections are counterstained with cresyl violet. (C & D are reprinted with
permission from: Yenari MA et al. In: J Krieglstein & S Klumpp (eds), Pharmacology of Cerebral ischemia,
457-472  2000 Medpharm Scientific Publishers; Yenari MA et al. In Slikker W & Trembly B (eds),
Neuroprotective Agents: 5th International Conference, 939:340-357 “2001 NY Acad Sci; Yenari MA et
al. Neurol Res 23:543-552” 2001 Forefront Publishing Group.)

brain and comparing it to β-gal counts from the non ischemic contralateral side, we
found greater numbers of striatal neurons 48 hours after 1 hour of MCA occlusion
when vector was injected 12 hours prior to ischemia onset48 (Figs. 2A-B and 3).
However, overall infarct size was not affected given the limited number of cells the
vectors can target. Similar results were observed against KA induced excitotoxicity
where viral vectors were injected into the hippocampi of animals 15 hours before
systemic KA administration (Fig. 3). Hippocampal dentate neuron survival at 24
hours was improved with Hsp70 overexpression. Hsp70 overexpression also protected
against global cerebral ischemia. Using the HSV vectors, our group overexpressed
Hsp70 within the vulnerable CA1 neurons of the hippocampus (Fig. 2C-D).49 Animals
were then subjected to 8 minutes of forebrain ischemia, and the proportion of
surviving, vector targeted cells compared to sham injured transfected controls were
determined 3 days later. Like the results from the focal cerebral ischemia and KA
models, more Hsp70 transfected CA1 hippocampal neurons remained compared to
control vector transfected (Fig. 349). Another study by Kelly et al50 used adenoviral
vectors to transfer Hsp70 to striata of mice. Following 20 minutes forebrain ischemia
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in their model, they, too, found neuroprotection following intrastriatal injection of
Hsp70 expressing vectors compared to β-galactosidase expressing control vectors.
These data indicate that Hsp70 is protective at the in vivo level in adult wildtype
animals

Hsp protection in neurodegenerative diseases: Hsps also appear to protect against
neurodegeneration in models of polyglutamine expansion disease. Polyglutamine
diseases constitute a heterogeneous set of diseases characterized by the cellular
accumulation of glutamine aggregates. These diseases contain a genetic defect
characterized by repeating trinucleotide CAG motifs. CAG repeats result in expanses
of glutamine which result in misfolded, aggregated protein, leading to toxicity and
cell death. Human “trinucleotide repeat” diseases include Huntington’s disease,
Kennedy’s disease (spinobulbar muscular atrophy), certain spinocerebellar ataxic
disorders and others. Overexpressing various Hsps in cells transformed with
polyglutamine sequences has led to reduction in protein aggregates and less toxicity.
By transfecting cells with genes that express proteins associated with spinocerebellar
degeneration, such as mutant ataxin-151 or ataxin-3,52 protein aggregates could be
observed. Many of these aggregates were associated with Hsps, particularly Hsp70,
indicating that these expanded proteins can themselves elicit a stress response. After
transfecting such cells containing these mutant ataxins, aggregates could be
suppressed by overexpression of the Hsp40 chaperones HDJ-1 and HDJ-2.51, 52 In
similar models of Kennedy’s disease, cell lines were transfected with mutant androgen

Figure 3. Hsp70 overexpression protects against a variety of insults in vivo. Following focal cerebral
ischemia, normalizing counts of β-galactosidase positive neurons within the ischemic striatum to the
contralateral non-ischemic side showed significantly better survival among the group where Hsp70 was
overexpressed (focal). Similar protection was observed when Hsp70 was overexpressed in hippocampal
neurons in a model of excitotoxin exposure due to kainic acid (KA) and in a model of forebrain ischemia
(global) (HSP=Hsp70 vector treated, α4s=control vector treated, *p<0.05).
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Figure 4. Hsp70 protects striatal neurons when delivered after stroke onset. The proportion of surviving
vector targeted neurons is improved even when Hsp70 vector is delivered 0.5 and 2 h post ischemia, but
is no longer protective when administered at 5 h (HSP=Hsp70 vector treated, α4s=control vector treated,
*p<0.05). Percentages represent the number of remaining β-galactosidase positive neurons within the
ischemic striatum compared to counts in the contralateral, nonischemic striatum for each animal.

receptor. Overexpression of Hsp40 and Hsp7053 or HDJ-154 could also suppress
protein aggregates. In a model of Huntington’s disease, these same Hsps could inhibit
the assembly of abnormal polyglutamine containing huntingtin protein into amyloid
fibrils.55 Recently, a murine model of spinocerebellar ataxia-1 (SCA-1) was crossed
with a transgenic mouse model which overexpressed HSP70.56 SCA-1 mice
overexpressing Hsp70 performed better on behavioral tests, and Pukinje cell
neuropathology was improved by Hsp70 overexpression. However, characteristic
nuclear inclusions were not altered by HSP70 expression. Nevertheless, such data
are consistent with the notion that Hsps protect cells from injury through their
chaperone functions, and possibly by preventing protein aggregation.

Hsps and clinical relevance: Whether Hsp70 can protect cells when delivered after
an insult would have obvious clinical implications. Our group recently found that
overexpressing Hsp70 up to 2 hours following middle cerebral artery occlusion
resulted in improved striatal neuron survival.57 When Hsp70 expressing vector was
delivered 5 hours post insult, neuroprotection was lost (Fig. 4). Since the HSV vectors
do not begin to express transgene until 4-6 hours post transfection,45-47 this would
suggest a temporal therapeutic window of 6-8 hours post stroke.

Another potentially clinically applicable approach for utilizing the
neuroprotective properties of the Hsps might be to pharmacologically induce them
in the brain. Geldanamycin, a benzoquinoid ansamycin, is one such compound
currently being tested for cancer therapy.58 It binds to Hsp90, and possibly induces
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other Hsps by releasing HSFs to bind HSEs and increase Hsp70 expression.59 In a
recent presentation by Lu et al,60 geldanamycin induced expression of several Hsps
including Hsp70 and HO-1. Intrathecal and intraperitoneal administration lead to
neuroprotection within hippocampal CA1 when given 6 hours prior to 5 minutes of
forebrain ischemia in gerbils. Whether geldanamycin might protect the brain when
given after the onset of cerebral ischemia is not yet known. However, Xiao et al61

showed that it can prevent glutamate induced oxidative toxicity in hippocampal cell
cultures, even if given 4 hours after glutamate exposure.

POTENTIAL MECHANISMS OF PROTECTION

The mechanism of protection with Hsp70 is believed to be related to its chaperone
functions leading to prevention of protein malfolding and aggregation. Polyglutamine
diseases are known to have accumulations of abnormal protein chains. Following
both focal62 and global63 cerebral ischemia, protein aggregates have been described
within vulnerable cell populations. Hsps appear to interfere with the formation of
such aggregates for some neurodegenerative disease, but has yet to be demonstrated
in ischemia models.

Nevertheless, certain observations suggest that Hsp’s chaperone functions may
play a role in protection from injury through improving function of several different
proteins. For instance, there may be a relationship between stress protein protection
and oxidative injury. Work by Polla and colleagues64 demonstrated that Hsp70
induction correlated best with protection of a cell line from hydrogen peroxide
induced oxidative injury. In cultured glial cells, Xu and Giffard41 noted that protection
with Hsp70 overexpression against glucose deprivation or hydrogen peroxide
exposure was associated with increased glutathione levels, suggesting that Hsp70
may protect cells through an antioxidant mechanism, perhaps by improving protein
stability of endogenous antioxidants. Prolonged expression of Hsp70 mRNA among
Cu-Zn superoxide dismutase (SOD1) transgenic mice was observed following focal65

and global66 cerebral ischemia and kainic acid induced injury.67 The reasons for
these observations are not clear, but might be due to an overall reduction in oxidative
stress, which permits extended expression of Hsp70. Prolonged Hsp70 expression
could then enhance SOD1’s protective effect through its chaperone functions. Another
possibility is that increased levels of SOD1 without compensatory increases in
glutathione peroxidase could lead to an accumulation of hydrogen peroxide, another
reactive species. Consequently, hydrogen peroxide could lead to Hsp70 induction
due to the increased oxidative stress.

Hsps may protect by mechanisms unrelated to their chaperone function as well.
Insults such as ischemia, hypoxia and heat shock are notable for toxic increases in
intracellular calcium that lead to activation of various proteases and endonucleases
and ultimately, cell death. In non-neuronal cell lines, overexpression of Hsp70
attenuates this influx of calcium by desensitizing other ion regulating system such
as the Na+/Ca++ exchanger (reviewed by Kiang & Tsokos3). Hsp70 may also alter
other proteins or genes known to be involved in ischemic and excitotoxic injury and
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inflammation by inhibiting nitric oxide synthase generation and nuclear transloca-
tion of the transcription factor, NF-κB.68,69 Others have shown that prior thermal
stress leads to inhibition of the inflammatory response, and this inhibition was asso-
ciated with increased levels of Hsp70 induction and decreased nuclear NF-κB trans-
location.69,70 It has been speculated that Hsp70 could interact with NF-κB’s inhibi-
tor protein, IκB, and prevent IκB phosphorylation and NF-κB dissociation.68 Anther
possibility is that Hsp70, which can also translocate to the nucleus, could also com-
pete for the same nuclear pore as NF-κB.68,71

Recent studies in non-neuronal cell lines have shown that Hsp70’s protective
effect may also be due to anti-apoptotic mechanisms. Apoptosis, or programmed
cell death is known to occur in pathological states either by activation of specific
death receptors (Reviewed by Ashkenazi & Dixit72), or internally, via mitochondrial
release of cytochrome C (Reviewed by Green & Reed73). Central to mitochondrial
based apoptosis is the assembly of the so-called apoptosome. This occurs when
procaspase-9 binds to Apaf-1 in the cytosol, and becomes activated when cytochrome
C is release from the mitochondria to the cytosol. This release of cytochrome C is
blocked by the anti-apoptotic protein, Bcl-2. Activated caspase-9 then leads to
activation of various effector caspases including caspase-3.

Several papers have now established that Hsps can interfere with apoptosis in
various systems (Fig. 6). Overexpression of Hsp70 in lymphoid tumor cell lines

Figure 5. Hsp70 increases Bcl-2 expression: Cultured hippocampal and cortical neurons transfected with
defective herpes simplex viral vectors express higher levels of Bcl-2 protein. Western blots show increased
Bcl-2 protein in cell extracts of neurons 24 hours after transfection with Hsp70 (HSP) compared to control
vector (α4s) and mock (PBS) transfection (A). Following 4 hours oxygen-glucose deprivation (OGD),
Hsp70 transfected neuronal cultures still express higher levels of Bcl-2 (B). Courtesy of R.G. Giffard and
L.J. Xu, Dept. of Anesthesiology, Stanford University.
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Figure 6. Protection from apoptosis by Hsp70 may have multiple sites of action. In non-neuronal cell
cultures, Hsp70 appears to interfere with several different steps in apoptosis. Following an appropriate
apoptotic insult (e.g., thermal stress, tumor necrosis factor, etc.), the stress activated protein kinase (SAPK/
JNK) pathway is activated. Activated SAPK/JNK phosphorylates (P) various transcription factors. Tran-
scription factor phosphorylation leads to increases in various enzymes (including other caspases) which
cleave inactive (“pro”) forms of various caspases to their active form. Apoptosis can also be activated via
mitochondrial damage leading to cytosolic release of cytochrome C (C). Cytochrome C then activates
complexes of pro-caspase-9 and Apaf-1 (which constitute the so-called apoptosome), leading to activation
of caspase-9. Caspase-9 then activates caspase-3, an effector caspase. Hsp70 appears to interfere with these
pathways: 1) before SAPK/JNK activation, but only when Hsp70 expression is induced,21 2) after SAPK/
JNK activation and before caspase activation,21,74,75 3) by increasing Bcl-2 expression which in turn
inhibits cytochrome C release,49,83 4) interferes with Apaf-1 and preventing recruitment of pro-caspase-
9 into the apoptosome,76,77 and 5) at an as yet unknown point downstream of caspase activation.23
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appears to inhibit apoptosis by blocking caspase activation and activity.21,74,75 It has
recently been shown that Hsp70 could inhibit caspase activation by interfering with
Apaf-1, and prevent the recruitment of procaspase-9 to the apoptosome.76,77 How
this occurs is not yet clear, but has been hypothesized to be due a direct competition
between Hsp70 and procaspase-9 for Apaf-1 binding.77,78 However, Mosser et al21

demonstrated that Hsp70 did not appear to interfere with caspase-3 processing, and
other data suggest that Hsp70 interferes with apoptosis downstream of caspase
activation.23 Yet other studies in tumor cells lines have shown that Hsp70 may block
stress kinase (SAPK/JNK) activation when Hsp70 overexpression is induced,21 but
not when constitutively expressed.21,23,24 However, Hsps do not appear to block Fas
mediated, receptor activated apoptosis.78,79 Together, these studies suggest that Hsp70
probably acts at multiple sites to confer protection in models of apoptosis.

Whether Hsp70 prevents apoptosis from occurring in the brain has yet to be
definitively shown; however, cells with DNA fragmentation (detected by DNA nick
end labeling) following focal cerebral ischemia rarely expressed Hsp70 protein.80

Other related stress proteins have been shown to inhibit apoptosis in the brain. For
instance, Bcl-2, an anti-apoptotic protein, is increased in neurons of mice which
overexpress heme oxygenase (HO-1),81 and GRP78 appears to inhibit caspase
activation in cultured hippocampal rat neurons.82 Our group also found that Hsp70
overexpression also increased levels of Bcl-2 protein. Following viral vector
transfection, Bcl-2 was present in uninjured Hsp70 expressing neurons compared to
control vector transfected cultures (Fig. 5A). Following oxygen glucose deprivation,
Hsp70 overexpression still resulted in increased Bcl-2 levels (Fig. 5B). We observed
similar patterns in vivo where higher proportions of CA1 hippocampal neurons
transfected with Hsp70 also expressed Bcl-2 following 8 minutes of forebrain
ischemia.49 These findings would be consistent with those of others who reported
that Hsps decrease cytochrome C release following hydrogen peroxide exposure.83

In this scenario, it is conceivable that Hsps, by an as yet unknown mechanism,
could increase Bcl-2 expression, which in turn block cytochrome C release and
subsequent effector caspase activation. However, a few reports using in vitro models
showed that Hsp70 and Hsp90 do not protect against apoptotic stress in peripheral
neurons,84 but that Hsp27 does.32 These latter observations might suggest that stress
proteins, though not necessarily Hsp70, do play a role in blocking neuronal apoptosis.

Other mechanisms of protection might also be involved. Hsp70’s protein binding
properties are dependent on ATP;5 however, insults such as ischemia are especially
notable for reduction in metabolic stores despite the observed neuroprotection from
a few different laboratories. Interestingly, Hsp70 variants containing mutations in
the ATP binding domain still protect tumor cells from heat shock.85 Therefore, ATP
independent mechanisms underlying the observed neuroprotection is plausible, but
have yet to be tested in appropriate models.
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CONCLUSION

Recent studies from different laboratories have now established that the stress
response provides the organism with a cellular process for self preservation, and
that stress proteins themselves can directly protect cells from death. The specific
mechanisms underlying this protection are not well understood, but are likely
multifactorial, encompassing a wide range of cellular chaperone functions from the
prevention of protein aggregation to interfering with various death cascades.
Capitalizing on the cell’s natural response to stress is an attractive therapeutic target
for a variety of nervous system diseases.
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SUMMARY

Nerve growth factor was the first identified protein with anti-apoptotic activity
on neurons. This prototypic neurotrophic factor, together with the three structurally
and functionally related growth factors brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT3) and neurotrophin-4/5 (NT4/5), forms the neurotrophin protein
family. TargeT cells for neurotrophins include many neurons affected by
neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis and peripheral polyneuropathies. In addition, the
neurotrophins act on neurons affected by other neurological and psychiatric
pathologies including ischemia, epilepsy, depression and eating disorders. Work with
cell cultures and animal models provided solid support for the hypothesis that
neurotrophins prevent neuronal death. While no evidence exists that a lack of
neurotrophins underlies the etiology of any neurodegenerative disease, these studies
have spurred on hopes that neurotrophins might be useful symptomatic therapeutic
agents. However first clinical trials led to variable results and severe side effects
were observed. For future therapeutic use of the neurotrophins it is therefore crucial
to expand our knowledge about their physiological functions as well as their
pharmacokinetic properties. A major challenge is to develop methods for their
application in effective doses and in a precisely timed and localized fashion.

FROM NEUROTROPHIN PHYSIOLOGY TO THERAPY

The human brain undergoes continuous structural remodeling in response to
signals originating from inside and outside of the body. At a molecular level these
changes can be very subtle and involve minor modifications of synaptic proteins. At
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a cellular level, dendritic spines or nerve cell arborizations are reshaped. Finally,
entire nerve cells are newly generated or removed, even in the mature brain (reviewed
in ref. 1). In the developing nervous system these changes are particularly drastic
and hence are more easily observed and investigated. However, similar or identical
molecular mechanisms are still at work in the adult mature brain.

An intricate molecular machinery comprised of many signaling proteins
including protein growth factors and their receptors implements these changes in
the nervous system. The neurotrophins, a family of protein growth factors, are prime
candidates for molecular mediators of such neuronal plasticity. During embryonic
and postnatal development these proteins regulate survival, differentiation and
specification of neurons (reviewed by ref. 2). In the adult nervous system they
modulate or trigger fast synaptic responses and cause changes in the function of
synapses and in the morphology of neurites. Consequently they influence higher
systemic functions such as behavior, learning, memory formation and cognition
(reviewed in ref. 3).

In view of the important physiological function that the neurotrophins exert in
the brain and in the peripheral nervous system, they are candidate agents for the
treatment of neurological and psychiatric diseases. Hopes in these proteins were
furthered by a large number of pre-clinical studies showing that most of the neuronal
populations affected by neurodegenerative diseases respond to neurotrophins and
express neurotrophin receptors, although there is no direct proof that a lack of
neurotrophins is causally involved in the manifestation of any neurodegenerative
pathology. Neurotrophins could inhibit or delay degenerative processes in neurons
under numerous experimental conditions. Furthermore, the expression levels of
neurotrophins and their receptors are strongly regulated in pathophysiological
situations arguing for their involvement in the cellular responses to pathological
processes.

Unfortunately the high therapeutic expectations in neurotrophins resulted in
insufficient pre-clinical preparations of clinical trials (reviewed in ref. 4). In particular
the need for precisely controlled, timed and localized delivery as well as the potential
side effects have apparently been underestimated. In the following, we first describe
the neurotrophin molecules, their receptors and the signaling pathways triggered by
them. We then briefly summarize the evidence for neuroprotective effects of the
neurotrophins with an emphasis on in vivo studies. In this context we give reference
to the initial clinical trials performed with neurotrophins as well as to the problems
encountered therein. Finally we attempt to point to possible solutions for these
problems as an outlook.

STRUCTURE AND PHYSIOLOGICAL FUNCTIONS
OF NEUROTROPHINS AND THEIR RECEPTORS

During the last decade, the knowledge of how cell survival and death is controlled
has expanded at an ever increasing rate. In each cell, an intrinsic cell suicide program
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exists that is under constant control by cell-intrinsic and extrinsic stimuli.5 Also, the
survival and death of neurons depends strongly on extrinsic signaling by neighboring
or interacting cell types. Many of these signals are soluble growth factors such as
the neurotrophins nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) (Fig. 1). These
neurotrophic factors signal by binding to two different types of transmembrane
receptor proteins on responsive neurons. One class of neurotrophin receptors are the
tropomyosin receptor kinase (Trk) proteins that form a small subfamily of the large
family of receptor tyrosine kinases (Fig. 2). The second molecular entity that mediates
neurotrophin signaling is the p75 neurotrophin receptor, a protein that binds all
neurotrophins and is a member of the tumor necrosis factor receptor (TNF-R) family
(Fig. 3).

Our view of the precise interplay between the neurotrophins and their receptors
as well as of the receptor mediated cellular signals in neurons is still fragmentary. In
order to gain a better understanding of how neurotrophins protect neurons under
pathophysiological conditions it is therefore of central importance to study the
neurotrophin receptors and their intracellular signaling first under normal conditions.
One important and largely enigmatic observation is that the response of neurons to
neurotrophins can be very diverse depending on input from other signaling pathways
and changes during development. Neurotrophin signaling is therefore often referred
to as dependent on the "cellular context". Consequently, results obtained with one
type of neuron cannot reliably (and should not) be extrapolated onto other cells. As
it will be discussed below, such an extrapolation of the effects of NGF on sensory
neurons and of BDNF on spinal motoneurons had a negative impact on the first
clinical studies with BDNF in amyotrophic lateral sclerosis (ALS).

The Neurotrophins

The neurotrophins are four distinct small basic proteins (Fig. 1a). In each case
the active growth factor protein is a homodimer that is formed by identical peptide
chains of about 120 amino acids each. The two monomers cohere by non-covalent
chemical bonds. Highly conserved pairs of cystein residues form a so-called cystein
knot motif within each monomer that stabilizes the conformation of the proteins.6

Whereas the overall structure of the four neurotrophin-molecules is very similar,
differences between them become apparent upon closer inspection (Fig. 1b). Each
molecule is uniquely characterized by a specific pattern of charged basic or acidic
residues exposed on its surface. Differences between the individual neurotrophins
are particularly evident within peptide loops protruding from the core of the molecules
that is itself formed by beta sheets (reviewed in ref. 7). These loops mediate the
main contacts between the neurotrophins and their specific receptors on the surface
of responsive cells. This blend of structural similarities and differences in the structure
of the molecules is reflected by the biological properties of the neurotrophins
(reviewed in ref. 8). The specific molecular differences between the neurotrophins
not only determine their receptor interactions, but also profoundly influence their
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Figure 1. Structure of the neurotrophins.
A) The neurotrophins are a family of protein growth factors with neurotrophic (nerve nourishing) biological
activity. Other growth factor families with similar neurotrophic functions include fibroblast growth factors,
transforming growth factor beta homologues, insulin like growth factors and neuropoietic cytokines (not
shown). The neurotrophin growth factor family consists of four proteins: nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT3) and neurotrophin-4 (also known as
neurotrophin 4/5, NT4/5). The neurotrophins have a characteristic protein structure that distinguishes them
from other growth factor families. The carboxyterminal- biologically active part of the proteins is about
50% identical in all 4 neurotrophins (depicted in yellow). Identities include a characteristic pattern of 6
cystein residues (C) that form three conserved cystein bridges. The aminoterminal half of the proteins is
functional in the biosynthesis of the proteins and includes a signal peptide (red) mediating membrane
transport and a pro-peptide (orange) that appears important for protein folding. The mature monomer is
released from the pro-sequence by proteolytic cleavage at a conserved Lysine (K)/Arginine (R) rich
sequence.
B) In their mature form the neurotrophins form homodimers with a characteristic elongated protein fold
of β-sheets and protruding loops (McDonald and Chao 1995). Ligand-receptor interactions are determined
by binding of the region of the ligands that are specific for each of the four neurotrophins. Colours depict
the charged residues exposed on the surface of the molecules (basic residues in blue, acidic residues in red).
This pattern of negative and positive charges is characteristic for each neurotrophin and determines
interactions with specific transmembrane receptors.
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Figure 2. The Trk family of neurotrophins transmembrane receptors.
All neurotrophins bind to one or more receptor of the Trk protein family. (tropomyosine receptor kinase,
TrkA, B, C) Trk receptors are a small subfamily consisting of three members out of the large superfamily
of several hundred proteins with tyrosine kinase enzymatic activity that also includes receptors for EGF,
insulin, FGF, PDGF and numerous other growth factors. The Trk receptor tyrosine kinases are characterized
by a specific combination of structural motives: In their extracellular domains: three tandem repeat leucine-
rich motives are flanked by two cystein clusters. The main contacts between the Trk receptors and their
ligands occur within two Ig-like C2 type domains. The protein sequences of the intracellular, enzymatically
active, tyrosine kinase domains are highly conserved in the three receptors. The neurotrophins bind to the
Trk receptors with strong (thick arrows) and weak interactions (thin arrows). Both strong and weak (also
sometimes called preferred and non-preferred) interactions are relevant in vivo.
Simplified sketch of Trk receptor signaling. Upon dimerization several tyrosine residues become
phosphorylated (PY) in the intracellular domains of the Trk receptors. This enables association of signaling
molecules, in particular various adaptor proteins to the receptors that in turn trigger different cellular
responses, including differentiation and neurite outgrowth, promotion of survival through blockade of
apoptotic pathways and regulation of activity dependent plasticity. Duration and extent of signaling
pathway activation depends on the type of cell and on the Trk receptor activated. The pathways cross talk
to each other (not shown).
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Figure 3. Protein interaction of the p75 neurotrophin receptor
The second type of neurotrophin receptor is a molecule called p75. This protein, previously also known
under the names NGF-receptor or low-affinity neurotrophin receptor, binds all four neurotrophins. Its
protein structure defines it as a member of the TNF-R/Fas family of transmembrane receptors.
A) Binding of its neurotrophin ligands occurs within the four cystein-rich domains in its extracellular part.
The kinetics of p75 binding is slightly different for all four neurotrophins and is strongly influenced by the
cellular environment. Both binding and functional experiments show that p75 discriminates between its
ligands and triggers intracellular signaling pathways differently dependent on which ligand is associated.
B) p75 forms complexes with itself and with all three Trk receptors. While the functional significance of
the formation of homomeric p75 complexes is currently not understood, biochemical experiments with the
Trk receptors have demonstrated, that p75 association can modulate the interactions between the Trk
receptor and their ligands and Trk receptor auto-phosphorylation.
C) The intracellular domain of p75 remotely resembles the death domain found in several members of the
TNF-R/Fas family. In contrast to the enzymatically active Trk receptor, p75 signaling appears to be
mediated merely by association of intracellular proteins (for a review of the individual molecules see ref.
3). The subsequent signaling events, which are only partly understood, can trigger cell death, cell cycle
arrest and local changes in neurite formation or retraction.
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biophysical and pharmacokinetic behavior. The neurotrophins have a tendency to
stick unspecifically to surfaces, for example to cellular membranes. Their stickiness
depends on a mixture of hydrophobic and hydrophilic interactions and is an important
parameter for their use as therapeutics, since it is a limiting factor for their diffusion
through organs and tissues such as the brain parenchyma. The diffusion behavior is
different for each of the neurotrophins, for example NGF9 shows a higher diffusion
rate compared to BDNF.10,11

Heterodimers of two different neurotrophin monomers can be formed in test
tubes but were not detected under physiological conditions.12,13 The generation and
application of synthetic heterodimers is an interesting pharmacological approach
that might broaden the spectrum of responding neurons. For example, for the
treatment of sensory neurons in the peripheral nervous system heterodimers between
NGF and NT3 might act simultaneously on NGF and NT3 responsive subpopulations
(see below). Another interesting aspect of neurotrophin molecules is that their
biosynthesis and secretion in the mature nervous system is controlled by neuronal
activity. Frequently the neurotrophins seem to be made available to the surrounding
tissue “on demand”. This mechanism enables the neurotrophins to adjust size and
function of nerve cell populations to the precise requirement of the structures they
innervate (reviewed by ref. 14). As discussed in the following sections, it will be
important for the future therapeutic use of neurotrophins to devise strategies for a
similarly controlled exposure of diseased neurons to these factors in order to minimize
adverse side effects, as they have been observed following systemic treatment.

The Neurotrophin Receptors

The membrane receptors for neurotrophins comprise three receptor tyrosine
kinases belonging to the tropomyosin receptor kinases (Trk) family (reviewed by
ref. 15) and p75, a molecule that groups within the large family of TNF-receptor
homologs (reviewed by ref. 16). The molecular interplay between these receptors is
complex and incompletely understood,17 but as a net result it triggers cellular effects,
which are highly ligand and cell type specific. The interactions of neurotrophins
with their receptors are frequently analyzed on cell lines overexpressing neurotrophin
receptors in a recombinant form. In these highly defined in vitro approaches strong
binding interactions and strong activation of intracellular signaling pathways were
observed which reflect in principle the mechanism occuring in primary nerve cells
(reviewed in refs. 15,18). However, it should be kept in mind that the response of
primary neurons to neurotrophins is under the control of fine-tuned cell specific
parameters. In particular the antagonistic view that Trk receptors stimulate survival,
whereas p75 signaling triggers apoptosis is certainly an over-simplified perspective.17

Another context-dependent and variable parameter is the affinity of neuronal receptors
for their neurotrophin ligands, which can vary by several magnitudes between 10-12

M and 10-8M. The frequently expressed statement that Trk receptors form binding
sites of high affinity for their neurotrophin ligands, whereas p75-binding sites are of
low affinity is not correct. It derives from biochemical in vitro studies and is not
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thoroughly backed up by studies with primary neurons. As a matter of fact, data on
the binding properties of defined receptor molecules on neurons in situ are sparse
especially in the CNS. Therefore a precise dose response curve has to be established
for each cell type as a prerequisite for the establishment of treatment paradigms.

The spectra of responsive neurons are distinct and characteristic for each
neurotrophin ligand, but they are also partly overlapping. For example, cholinergic
forebrain neurons respond strongly to NGF and weakly to BDNF, whereas spinal
motoneurons respond strongly to BDNF but are negatively affected by NGF (see
below). Cellular responses to activation of different neurotrophin receptors by the
same ligand can be very diverse: for example NGF can stimulate the survival of
some cell types while it kills others (reviewed by ref. 19). Compared to other growth
factor families, which typically have a much broader range of targeT cells including
numerous non-neuronal cell types, neurotrophins act predominantly on a restricted
number of neuronal populations. This should be an advantage for their therapeutic use.

The interactions between the neurotrophins and their receptors are best analyzed
on the sensory neurons on the dorsal root ganglia (DRG). A large number of
biochemical, cell culture and genetic studies were performed with these cells. The
expression pattern of the Trk-receptors was analyzed in the various sub-populations
of sensory DRG neurons and was compared to the biological effects of their ligand
and the results revealed an excellent correlation between the Trk receptor expression
and responsiveness of subpopulations of DRG neurons. For example, the large sized,
proprioceptive neurons express TrkC and respond to NT3 while small sized
nociceptitive neurons express TrkA and depend on NGF. These findings were most
convincingly corroborated in vivo by the analysis of mice carrying targeted mutations
in receptor or ligand genes (reviewed by ref. 20).

In the peripheral nervous system (PNS), for almost all neuronal subpopulations
expressing Trk receptors, biological functions could be defined for the corresponding
ligands. By contrast, the correlation between Trk receptor expression and
responsiveness is less obvious in the brain. One clearly defined case is that of the
cholinergic forebrain neurons, which, like a small number of non-cholinergic nuclei
express the NGF receptor TrkA.21 Consistently, cholinergic forebrain neurons respond
strongly to NGF.22 By contrast, the BDNF and NT4/5 receptor TrkB is widely
expressed in the mature CNS and is highly developmentally regulated.23 The finding
that the TrkB gene is expressed in various protein isoforms further complicates a
direct correlation between ligand function and TrkB receptor expression. The
individual TrkB variants, such as TrkB.T1, with a truncatation in the intracellular
domain, are generated by alternative splicing of the primary gene transcript and are
regulated independently of each other.24,25 The situation for TrkC is complicated
too. It is expressed in a variety of CNS structures preferentially during early
ontogenetic development and down-regulated in the healthy mature brain.26

The second type of neurotrophin receptor is the p75 neurotrophin receptor, a 75
kDa glycoprotein. Despite having been the subject of a large number of recent studies,
its function has only begun to be understood (reviewed by refs. 27,28). Studying
this receptor is rendered difficult by the lack of a simple and reliable experimental
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read-out system for its activity. This is in contrast to the enzymatically active receptor
of the Trk family, whose activity can easily be assessed by analysis of their tyrosine
phosphorylation. The p75 neurotrophin receptor triggers signaling by non-covalent
binding to intracellular molecules (Fig. 3C). The cellular effects of its signaling
cascade are diverse. In certain biological structures, including neuronal precursor
populations in the retina and spinal cord, p75 can cause the activation of apoptotic
cell death (reviewed in ref. 29). Furthermore, it exerts local regressive effects on
neuritic growth.30 Besides its role as an independently signaling receptor, p75 also
binds to all three Trk receptors and this physical interaction can modify the tyrosine
kinase activity as well as the ligand specificity of the Trk receptors.31 In a reciprocal
Fashion the Trk receptors have a blocking effect on the downstream signaling of
p75.32 The diverse biochemical and functional interactions between the Trk and p75
neurotrophin receptors render them a demanding object for future studies. Yet
evidence is accumulating that the fine-tuning of these ligand-receptor interactions
critically determines the distinct cellular responses. Hence the neurotrophin receptors
should not merely be considered as simple mechanical triggers of intracellular
signaling pathways. Consequently we have to realize, that based on our current
fragmentary knowledge, the response of a cell to neurotrophin treatment cannot
always be predicted, even when the expressed set of receptors has been determined.

Evidently, the biochemical properties of the cellular neurotrophin receptors are
important for neurotrophin therapy. In vivo work has revealed that the effects of
neurotrophins are very dose sensitive and strongly depend on the appropriate
concentration.33 Treatment regimes should be adjusted to these findings, for example
by developing spaced versus chronic infusion protocols.33,34 The underlying
molecular mechanisms remain to be determined. One potential explanation could
be down-regulation of the receptors. In particular the biological effects of BDNF at
supraoptimal doses might be hampered by a specific molecular property of its receptor
TrkB. Exposure to excess BDNF causes rapid internalization of TrkB followed by
subsequent proteolytic degradation of the receptors.35 Consequently the neuron is
desensitized for BDNF after prolonged periods of treatment.36 Desensitization is
observed at different levels for the neurotrophin receptors and depends on so far
unresolved molecular properties.37,38 In contrast to TrkB, TrkA is not downregulated.
Consequently, TrkA phosphorylation is detected for a much longer time period after
NGF injection into the brain and the treatment leads to a prolonged stimulation of
receptor expression.21,39 The difference in cell membrane cycling between the TrkA
and TrkB receptors was attributed to a short peptide stretch in their intracellular
domains.35 Within the brain the truncated T1 isoform of the TrkB receptor appears
to regulate the liquor concentrations of BDNF. It is strongly expressed in the
ependymal cells and mediates internalization of BDNF.40 TrkB.T1 might form a
ligand-specific removal or sequestering system for BDNF and NT4/5, but not for
NGF potentially explaining the differences in diffusion of neurotrophins in the brain.

All neurotrophins interact with more than one functional receptor with different
kinetics and affinities (Figs. 2a and 3a). At low, presumably physiological,
concentrations neurotrophins bind to their preferred receptor and exert very specific
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effects. At elevated doses, their receptor spectrum is changed and consequently the
biological response becomes less defined. Excessively applied neurotrophins can
lead to adverse toxic effects through various receptor dependent mechanisms such
as receptor competition or free radical formation.41-43 The degree of receptor
promiscuity is different for each of the neurotrophins and involves both Trk and p75
neurotrophin receptors. In fact NT3, the most promiscuous ligand, binds to all known
neurotrophin receptors. Yet it would be wrong to call these interactions unspecific
since evidence is accumulating that such non-preferred interactions are indeed
physiological.44,45 Obviously the variety of cellular responses at elevated neurotrophin
concentration emphasizes the need for a precise control of an exposure regime.

Neurotrophin Signaling Mechanisms

Of all trk receptors the signaling cascades originating at the NGF receptor TrkA
are best understood (reviewed by ref. 46), whereas our knowledge about the signaling
of TrkB and TrkC is much less detailed.47 In many aspects Trk receptors are typical
tyrosine kinases. Receptor dimerization upon ligand binding leads to
autophosphorylation of the dimeric receptor complex at several defined tyrosine
kinase residues.48 Three major intracellular signaling pathways originating at TrkA
have been identified in biochemical and more recently in genetic experiments (Fig.
2b). The first pathway leads to the activation of the ERK MAP-kinase signaling
module through a cascade that includes Ras. This pathway is primarily triggered by
the association of Grb2/SOS complexes to phosphorylated adaptor proteins, most
prominently Shc or FRS2. The activation of this pathway initiates predominantly
differentiation and neuritogenesis, but also neuronal survival (reviewed by ref. 49).
The second pathway stimulates predominantly neuronal survival by activation of
protein kinase B (PKB)/AKT, which subsequently leads to inactivation of the pro-
apoptotic protein Bad and to phosphorylation of the forkhead transcription factor.50

This anti-apoptotic pathway is activated by TrkA through its association with the
large multi-adaptor proteins insulin receptor substrates 1 (IRS1) and IRS2, but also
Gab-1.51,52 The IRS proteins then mediate PI3-kinase activation. The third pathway
involves binding of PLC-γ to the carboxyterminal tyrosine residue 785 of TrkA.
Activated PLC-γ stimulates production of the lipid second messenger IP3. The
function of this neurotrophin-induced pathway is less defined compared to the other
two. It appears to be important for synaptic plasticity and neurotrophin mediated
neurotrophin release.53 Furthermore it also provides a potential link between the
signaling of neurotrophins and electrical activity in the CNS through the control of
intracellular Ca2+ levels. Physiological neuronal activity stimulates survival
responses, while lack of activity promotes neuronal cell death. For example, blockade
of preganglionic transmission onto sympathetic neurons increases the number of
dying neurons during development.54 In the CNS, reduced neuronal survival has
been observed in the developing and adult brain following blockade of electric
activity.55 Neurotrophin mediated changes in cortical dendritic morphology also
require neuronal activity.56
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It is important to note that the cellular responses to signaling of the three trk
receptors can be surprisingly diverse although these proteins share extensive primary
sequence identities in their intracellular enzymatic domains.57 Hence, the same
concept of diversity and similarity that applies to the structure and function of the
ligand also is applicable to the receptors. The molecular explanation for the observed
differences of Trk receptor signaling might reside in the differential use of intracellular
adaptor proteins homologous to IRS, Shc or Gab-1. Distinct association kinetics of
these molecules and binding to different consensus sites in the receptors may explain
the observed specificity of Trk receptor signaling.

Our knowledge about the intracellular signaling mechanisms of the neurotrophin
receptor p75 remain largely elusive. Recent data indicate that p75 mediates local
effects on neurite outgrowth via interference with the activity of the small GTPase
RhoA.30 Another p75-triggered pathway leads, via ceramide production by
sphingomyelin hydrolysis,58,59 to the activation of the transcription factor NFκb.60

This pathway might serve as an anti-apoptotic signal balancing the activation of cell
death cascades.61,62 That p75 activation can also actively kill cells is an important
consideration for potential therapeutic use of neurotrophins as neuroprotective
agent.63,64 The precise composition of the cell death pathway triggered by p75 remains
to be established. Biochemical and genetic evidence involves several of the recently
identified protein interactors (reviewed by ref. 3). Downstream effects may include
caspase 3 activation,65 activation of the JNK MAPK- module66 as well as activation
of p53 and p73.67,68

Cellular Neuroprotective Mechanisms

It may be expected that neurotrophins would have two beneficial effects in
neurodegenerative diseases. First, these proteins might enhance long term survival
of damaged neurons and second, they might maintain or re-induce the physiological
functional status of affected neurons.

A core problem for the treatment of neurological diseases is the incomplete
knowledge about the underlying pathophysiological processes. It appears that neurons
are killed by both necrotic and apoptotic mechanisms (see reviews in refs. 69,70).
Interestingly, the same neurotrophic extracellular stimuli that regulate ontogenetic
cell death and survival appear to be re-activated under pathophysiological situations
in the mature nervous system. Therefore neurotrophins are valuable experimental
tools for the study of neuroprotective mechanisms. They not only exert their activity
on specific neuronal populations, they also prevent apoptotic or excitotoxic neuronal
death by activating multiple signaling pathways. In various models of disease
neurotrophins activate the tyrosine kinase receptors TrkA, TrkB and TrkC in order
to prevent degeneration of injured mature CNS neurons in models of chronic
degenerative diseases as well as in lesion paradigms. However, in many experimental
conditions it is currently not known whether neurotrophin treatment interferes with
apoptosis, necrosis or even directly with specific neuropathological mechanisms
such as the generation of reactive oxygen species or excitatory cell death.71,72 For
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neurodegenerative diseases it remains a matter of debate to which degree the bcl2/
caspase3 mechanism of apoptosis that regulates ontogenetic cell death is also causing
pathophysiological neuronal death.73,74 The neuroprotective action of neurotrophins
on neurons damaged by excitotoxins, toxic chemical agents or injury indicates that
these factors also interfere with necrotic mechanisms (reviewed by ref. 75). Hence
it appears that neurotrophins activate different cellular mechanisms to protect neurons
in a cell specific manner.

Neurotrophins have broader biological effects on neurons than just regulation
of cell death. They also regulate subcellular processes underlying neuronal plasticity
and maintenance of structural neuronal integrity. Since neurodegenerative diseases
are accompanied by substantial structural damage and reactive plasticity, neurotrophic
therapy might be advantageous also in this regard. As outlined above, the effects of
neurotrophins on survival and neuronal morphology are mediated by distinct
intracellular signaling pathways and consequently these effects can be separated in
animal models of neuronal cell death in vivo.76,77 In the cerebral cortex neurotrophins
stimulate both growth of and retraction of dendritic branches indicating that the
effect of neurotrophins on neuronal morphology is not invariably growth promoting.78

Again this observation emphasizes the necessity to further study the role of
neurotrophins in maintenance and refinement of neuronal structures and at the same
time it argues against systemic neurotrophin treatment, since the potential of
interference of exogenously applied neurotrophins with functional cortical circuitries
has to be a major concern (see below). In this context it is of interest to note that
neurotrophins are themselves expressed in many neuronal subtypes and their
production and secretion is itself regulated by exogenous neurotrophin supply.79-81

Transneuronal induction of neurotrophin gene expression is well documented in the
autonomous nervous system and fulfills physiological functions there.82 Similar
phenomena are likely to exist also inside the CNS, for example in the corticospinal
tract.83 The possibility of transneuronal signaling also argues against systemic
neurotrophin treatment.

NEUROTROPHINS IN ANIMAL MODELS
OF PATHOLOGICAL SITUATIONS
AND CLINICAL TRIALS

Much of the hope that neurotrophins might be useful therapeutics is based on
the dynamically regulated expression of these factors and their receptors in animal
models of neurological diseases. Neurotrophins strongly inhibit or delay degenerative
processes in a variety of in vivo and in vitro models of human neurodegenerative
disease such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis
and peripheral sensory neuropathy. Consequently neurotrophins have been used for
clinical trials with the rationale that these proteins would inhibit degeneration of
nerve cells and lead to re-establishment of lost synaptic connections. However, despite
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the convincing success in animal models of disease, clinical trails with neurotrophins
were initially disappointing.

Cortical and Hippocampal Neurons

Strong neuroprotective effects have been observed with neurotrophins in models
of acute neuronal injury. BDNF and TrkB are up-regulated as a part of the endogenous
response to cerebral ischemia adjacent to the lesion84,85and the infarct size is reduced
by application of BDNF or NT4/5.86-88 Neurotrophins and their receptors are strongly
and differentially regulated after induction of seizures89-91 and soluble TrkB fusion
proteins inhibit kindling development.92 In lesion models, BDNF protects neurons
of the corticospinal tract93 and NT3 potentiates the axonal growth promoting effect
of the IN1 antibody after corticospinal tract lesion.94

Cholinergic Forebrain Neurons

All major neuronal subpopulations affected by Alzheimer’s disease, in particular
cholinergic cells in the basal forebrain, but also neurons of the hippocampus, cerebral
cortex and the locus coeruleus, respond to at least one neurotrophin. The cholinergic
deficit in the CNS might represent an ideal target for neurotrophin therapy, since
most of the cholinergic neurons of the Nucleus Meynert complex respond very
selective to NGF.95 The NGF receptor TrkA is expressed in most cholinergic neurons
in the forebrain and a limited number of neurons in other non-cholinergic nuclei.96,97

In experiments with rodents and subsequently with primates, a protective effect of
NGF against atrophy was demonstrated on cholinergic neurons after fimbria-fornix
lesion.98 NGF prevents cholinergic atrophy not only if experimentally induced by a
lesion, but also in aged animals. These cellular effects are paralleled by behavioral
improvements of aged animals, whereas in normal younger animals NGF surprisingly
had an adverse effect.99-101 A comparison with other growth factors shows that NGF
is the most efficacious neurotrophin acting on cholinergic neurons.102-104 However
BDNF and NT4/5 also exerts significant neuroprotective effects on cholinergic
forebrain neurons.105,106 Interestingly, BDNF gene expression levels are reduced in
Alzheimer patients, concomitant with a loss of cholinergic basal forebrain neurons,
although the causal relation to neurodegeneration remains open.107 NGF levels are
increased in Alzheimer patients. Most likely it accumulates in the cortex as a
consequence of the reduction in retrograde transport and removal by cholinergic
fibers. There has been an initial report that mice with a partial p75 gene deletion
scientific have a higher number of cholinergic neurons in the medial septum. This
report caused a scientific dispute and later on had to be retracted.108,109 Recent results
obtained with a novel mutant p75 mouse line generated in our laboratory indicate
that p75 signaling can cause the death or atrophy of developing cholinergic neurons
in the medial septum. A careful anatomical and histochemical analysis of ChAT-
immunoreactive neurons revealed that mice in which the p75 gene is completely
inactivated have a highly significant increase in cell number at postnatal day 15.
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Many of the surplus neurons are maintained for at least 3 months (T. Naumann, E.
Casademunt, personal communication). It will be interesting to see, whether this
increase in ChAT positive neurons leads to detectable behavioral changes in these
animals.

Two studies report on the effect of NGF applied by intraventricular injection to
patients suffering from Alzheimer’s disease. In both reports some beneficial effects
were observed, which were opposed, however, by adverse side effects such as weight
loss and induction of painful sensations.110,111 Hence it appears that this form of
NGF application is not well suited for treatment of Alzheimer’s disease.

Mesencephalic Dopaminergic neurons

BDNF and NT4/5 support the survival of dopaminergic neurons isolated from
the substantia nigra in cell cultures and protect them against 6-OHDA and MPP+

toxicity.112,113 However, in lesion experiments in adult animals no protection by
neurotrophins against the loss of dopamine was observed following MPTP
application.114 On adult axotomized cells BDNF and NT3 promote survival and
differentiation of dopaminergic neurons.115 In unlesioned animals chronic injection
of BDNF into the substantia nigra lead to conflicting results with either hypo- or
hyperfunction of the dopaminergic system indicating complex interactions and a
potential for significant side-effects.116,117 Furthermore, the expression of the BDNF/
NT4/5 receptor TrkB expression is low under physiological conditions in the cells
of the substantia nigra.118,119

Spinal and Facial Motoneurons

Spinal motoneurons express the BDNF receptors TrkB120 and mice with a
targeted deletion of the TrkB gene have less motoneurons.121 These results are in
conflict with the analysis of mice carrying a targeted deletion in the TrkB ligands.
Mice carrying a targeted mutation in the genes encoding BDNF and NT4/5 show no
reduction in motoneuron number.122,123 Motoneuron axotomy increases BDNF and
TrkB gene expression in motoneurons.124 In neuronal cell cultures, motoneuron
survival is mediated by both NT4/5 and BDNF.125 In vivo pharmacological
administration of BDNF rescues embryonic motoneurons from naturally occurring
death and axotomized neonatal motoneurons are also rescued by BDNF in vivo.126-128

Most notably, adult rat motoneurons in the facial nucleus can be rescued with BDNF
after axotomy, indicating that mature neurons maintain their responsiveness to this
neurotrophin.129 The common neurotrophin receptor p75 is expressed on embryonic
motoneurons and on mature cells after injury.130,131 During early development p75
triggers cell death of some immature neurons in the spinal cord.132 Therefore, it
should be considered that neurotrophins promote not only cell survival but also
could trigger regressive phenomena on motoneurons as described above for
cholinergic neurons in the basal forebrain. In newborn rats increased cell death is
observed after application of NGF.126 This NGF mediated cell death is dependent
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on p75 and likely to be caused by ligand competition for the binding to functional
Trk receptors.42 The effect of the absence of p75 receptor on the regeneration of
adult axotomized facial motoneurons has recently been tested in our complete knock
out animals. No differences were observed in neuronal survival and speed of axonal
regeneration (A. Gschwendtner, G. Raivich, personal communication), which is in
contrast to a previous report that describes improved motoneuron regeneration in
the absence of full-length p75.133

No indication exists that the degeneration of motoneurons in the anterior horn
and in the brainstem in amyotrophic lateral sclerosis is linked to a lack of trophic
support. Nevertheless the strong response during development and in lesion
paradigms of spinal motoneurons to growth factors such as insulin-like growth factor
1 (IGF1), glial cell line derived neurotrophic factor (GDNF), ciliary neuronotrophic
factor (CNTF) and in particular BDNF renders ALS a good candidate disease for
neurotrophic therapy.134 However, a clinical phase III trial of systemically applied
BDNF in ALS was recently abandoned. It is questionable whether therapeutically
effective concentrations of BDNF have reached the soma of spinal motoneurons in
this clinical trial. Motoneurons of all central neurons were considered attractive
targeT cells since their axons in the periphery were thought to have free access to
growth factors applied systemically. Subsequently those factors could be retrogradly
transported and exert their activity on the cell soma in the spinal cord. The hypothesis
of such a retrograde activity of BDNF is mainly based on the findings that sensory
and sympathetic neurons effectively take up and transport the neurotrophin NGF.135

However, the retrograde transport of NGF might be strongly facilitated by some of
the specific properties of peripheral NGF-responsive neurons, which are characterized
by unmyelinated fibers and free nerve endings. By contrast the BDNF-sensitive
motoneurons have thickly myelinated fibers and synapses deeply buried in the muscle.
While BDNF is effectively retrogradely transported by motoneuron axons upon
injection into the sciatic nerve,136 motoneuron endplates are very poor entry points
for systemically applied BDNF. Intraventricular injection of BDNF provides an
alternative application route and work with rodents has demonstrated that adult facial
motoneurons were equally rescued by BDNF administered intraventricularly and
systemically.129 However the pre-clinical studies performed in rodents are difficult
to compare with the situation in humans, where the distances between peripherally
applied factor and the cell soma are considerably longer. Therefore, large animals,
such as sheep, which have diffusion distances comparable to human beings, have
been employed in pre-clinical studies.11 Unfortunately the planned clinical trials
based on these experiments are now in jeopardy after the disappointing result with
systemically applied BDNF.137

Peripheral Neurons

Peripheral sensory neurons represent the best-investigated targeT cells for
neurotrophins. Basically all embryonic and most adult sensory neurons express Trk
receptors often in combination with p75. Of special interest are cells in the dorsal
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root ganglia.138,139 Surprisingly, adult, but not embryonic sensory neurons survive
in culture in the absence of neurotrophins, while they maintain their neurotrophin
responsiveness.140,141 These findings indicate a role of neurotrophins in the regulation
of specific functional properties of adult sensory neurons. This is corroborated by in
vivo results with application of neurotrophins or blocking antibodies directed against
them.142 In axotomized cells the expression of genes encoding neurotrophins and
their receptor are downregulated and the expression is restored by neurotrophin
treatment.143 In patients with diabetes neurotrophin levels are increased in skin under
neuropathological conditions.144 NGF primarily acts on adult nociceptors
characterized by small fiber diameter and substance P expression (reviewed by ref.
145). NT3 acts preferentially on large-fiber neurons, prevents demyelination of Fast
proprioceptive fibers under pathological conditions and reverses the characteristic
electrophysiological slowing down of conduction velocity.146 Furthermore it protects
rat sensory neurons from cisplatin-induced toxicity.147 Another potential peripheral
target for neurotrophin treatment are the structures of the auditory system.
Interestingly not only the auditory and vestibular neurons, but also the hair cells
depend on neurotrophin support during development.148 Both BDNF and NT3 have
strong protective effects against ototoxic treatment.149,150 Finally NT3 acts potently
on the neurons of developing enteric nervous system151 and TrkC is expressed on
mature enteric neurons152 suggesting this factor as a potential treatment for gut
diseases.

Recombinant human nerve growth factor has been tested in phase II and phase
III clinical trials for the treatment of patients with small fiber neuropathies. In a
phase II trial with AIDS patients NGF-treatment caused significant relief of
deafferentiation pain.153 The trials with patients suffering from diabetic
polyneuropathy gave rise to variable results. A first phase II trial initially indicated
beneficial effects on sensory neurological scores,154 a result that could not be
corroborated in a subsequent phase III trial.155 In all studies NGF caused mild myalgia
and injection pain as an adverse effect.156 The underlying cellular mechanism for
these painful sensations is not fully elucidated. But it is well documented that NGF
treatment up-regulates Substance P expression in sensory neurons and induces mast
cell degranulation.157 Recently it was shown that NGF activates the capsaicin receptor
through TrkA mediated activation of phospho-lipase C.158

Topical application of NGF has substantial beneficial effects on ulcer healing,
potentially in an indirect manner as a consequence of its activity on sensory
innervation. In a study with patients suffering from corneal keratitis local NGF
application restored corneal integrity in all cases159 and wound healing was induced
in rheumatoid arthritis patients with foot ulcers.160
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NON-NEUROPROTECTIVE AND SIDE EFFECTS
OF NEUROTROPHINS

Besides their cellular neuroprotective function, the neurotrophins influence also
higher brain function and modulate the functions of non-neuronal organs, in particular
the immune and the vascular system. While these effects on non-neuronal cells might
well be exploitable for therapies such as autoimmune diseases, they could give rise
to adverse side effects during treatment of neurodegenerative diseases.

Changes in Monoaminergic Brain Functions and Behavior

In addition to their neuroprotective role, neurotrophins are also potent regulators
of neuronal gene transcription. In the serotonergic system BDNF regulates the
expression of serotonergic markers including tryptophan hydroxylase and the
serotonine transporter SERT, but not neuronal survival.161,162 Similarly, neurotrophin
induced changes of neurotransmitter function might occur on many nerve cells,
including noradrenergic neurons,163 dopaminergic and cholinergic neurons. BDNF
infusion alters serotonin levels and serotonergic axonal sprouting in the brain164,165

and modifies firing patterns of serotonergic and dopaminergic neurons.166,167

Therefore neurotrophin treatment might result in psychogenic or behavioral effects.
BDNF intraventricular infusion indeed induces behavioral changes in mice.168

Heterozygote BDNF mutant mice are hyperaggressive and hyperphagic.169,170

Conversely, infusion of BDNF into normal animals causes abrupt weight loss.164

Taken together these findings indicate that satiety and locomotor nuclei in the
hypothalamus are controlled by BDNF.

Effects on Memory Formation and Mental State

Neurotrophins change the shape and functional properties of central neurons in
numerous ways. For example, already milliseconds after applications of BDNF to
slice cultures, ion channel properties are modified and action potentials are
triggered.171 After seconds and minutes the release of neurotransmitter is facilitated
and biochemical modifications of synaptic components are observed, such as
phosphorylation of synapsins.172,173 After days to weeks axons and dendrites change
their shape.78,174,175 Experiments with knockout mice have demonstrated that in
hippocampal neurons the activity of TrkB and BDNF are required for long term
potentiation (LTP) of synapses, a molecular mechanism associated with memory
formation.176,177 Furthermore, hippocampal mechanisms of pathological depression
might be controlled by BDNF.178,179 In animal models of depression BDNF infusion
had antidepressant effects.180 For cortical neurons it is predicted that their exposure
to excess neurotrophins leads to more and stronger synapses, for example in GABA-
ergic inhibitory neurons responding to BDNF (reviewed by ref. 181). These changes
may result in unbalanced local neuronal circuitries in several brain areas including
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in particular the neocortex. Indeed, neurotrophins effectively change the induction
phase of the kindling model of epilepsy.182-184

Stimulation of Non-Neuronal Cells

While neurotrophins exert their activity pre-dominantly on neurons, there are
also effects described on non-neuronal cells. Schwann cells express large amounts
of the p75 receptor and are known targets for neurotrophins. In particular, NGF
activates the transcription factor NFκB in Schwann cells60 and leads to changes in
Schwann cell migration.185 Following NGF treatment in vivo Schwann cell
hyperplasia has been observed.186 Another glial target for neurotrophin actions are
oligodendrocytes. NT3 is a mitogen for oligodendrocyte precursor187 and both BDNF
and NT3 stimulate oligodendrocyte proliferation during axonal regeneration.188 In
contrast, NGF kills cultured mature oligodendrocytes via a p75-mediated
mechanism.63 A similar pro-apoptotic effect of NGF was also recently described for
Schwann cells.189

In the immune system NGF is an autocrine survival factor for memory B cells190

and stimulates IgG4 production of human B cells.191 NGF also mediates profound
anti-inflammatory effects on T cells and antigen presenting cells such as macrophages
and microglia. Recently, we demonstrated that NGF suppresses the inducibility of
MHC class II on microglial cells.192 Furthermore, NGF directly acts on monocytes
and inhibits their trans-endothelium migration into the cerebrum.193 The role and
the effect of NGF in experimental autoimmune encephalomyelitis were analyzed in
several studies. Intraventricular application of NGF protected marmosets against
EAE.194 T cells overexpressing NGF inhibited the clinical symptoms and reduced
the infiltration of monocytes in EAE193 (Fig. 4).

Another tissue responsive to neurotrophins is the cardiovascular system.
Recently, BDNF was identified as a potent survival regulator of endothelial cells in
the heart.195 Therefore its systemic application might change the properties of mature
large vessels. We have recently analyzed the vascular system of p75 null mutant
mice and found that the walls of the large elastic vessels in embryos lacking p75 are
thinner compared to wild type animals with a corresponding strong tendency to
form hemorrhages (von Schack et al, unpublished observation). NT3 mutant mouse
embryos display severe heart malformations.196 Neurotrophins and their receptors
are expressed under pathophysiological conditions in adult blood vessels.197 Taken
together these results strongly indicate a role for the neurotrophins in the development
and maintenance of large blood vessels. Hence cardiovascular problems after systemic
application of neurotrophins need to be considered as potential side effects.

POTENTIAL IMPROVEMENTS
OF NEUROTROPHIN THERAPY

The physiology of neurotrophins and their receptors is complex and, as outlined
above, the list of observed and potential side effects is steadily growing. It appears
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Figure 4. T lymphocytes as a therapeutical vehicle of neurotrophins into the CNS
A) Cultured T cells were retrovirally transduced with the NGF gene. The NGF-transduced T cells produce
substantial amounts of NGF, which can be detected in T cells by confocal laser scanning microscopy after
immunolabeling with an antibody directed against NGF. Double labeling with the antibody directed
against CD4 identified the T cells. Scale bar: 5mm.
B) NGF-transduced T cells were used for therapy of experimental autoimmune encephalomyelitis, an
animal model of multiple sclerosis. The disease was experimentally induced in rats by autoreactive (MBP-
specific) T cells that stimulate brain inflammation. The NGF-transduced T cells migrate into the brain and
release their therapeutic load, the NGF molecule. The NGF-transduced T cells improved the clinical signs
(data not shown) and reduced the number of T cells and macrophages invading the spinal cord. Data are
presented as mean +/- SD.
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that this complexity has been underestimated during the first clinical trials. At the
same time it has become apparent that systemic neurotrophin treatment is not very
effective. New methods of local application and means to control adverse side effects
should be developed.

Modification of Neurotrophins and their Pharmacology

The interactions between neurotrophins and their receptors can be modulated
by the generation of mutant growth factors by recombinant DNA technology. In one
approach mutated neurotrophin proteins have been developed that bind to multiple
Trk receptors and to p75.198-200 Mutant growth factors with enhanced receptor
specificity compared to the naturally occurring proteins have also been generated.201

In order to solve the problem of the short half-lives of neurotrophins in vivo, new
agents are required which are more resistant to proteolytic degradation.202 These
could, for example, consist of synthetic peptides or antibody agonists for neurotrophin
receptors.203,204 The potential use of heteromeric neurotrophins combined from two
different monomers has already been mentioned above.205 In addition, conjugation
of neurotrophins with other proteins such as the transferrin receptor might enable
their passage through the blood-brain barrier.206 However, the existing conjugates
cross the blood-brain barrier only very inefficiently.

Stimulation of local endogenous neurotrophin synthesis or release with small
molecular weight compounds has to be considered as an alternative to the more
invasive application of exogenous growth factors (reviewed by ref. 207). Endogenous
neurotrophin production and release is part of the response of the nervous system to
injuries. In the brain, the mechanism that links neuronal activity to the expression of
the BDNF gene has begun to be understood.208,209 However the neurotrophin genes
have multiple promoters and are expressed in tissue specific transcripts indicating a
complex network of gene regulatory mechanisms.210 Correspondingly multiplex
regulatory mechanisms appear to determine the expression of the Trk receptor
genes.211 One advantage of activating the endogenous neurotrophin receptor
expression or activity might be the stimulation of autocrine loops. Improved
responsiveness to neurotrophic factors can be expected to strengthen existing
connections or to generate additional ones. This might lead to increased overall
electric activity, which in turn stimulates neurons to produce and secrete endogenous
neurotrophins by increasing intracellular Ca2+ levels.53 Consequently such an
autocrine or paracrine cellular system, within limits, might stabilize itself.

Alternative Application Methods and Growth Factor Cocktails

Neurotrophins, like other large polypeptides, can only poorly cross the blood-
brain barrier unless it breaks down in diseases such as ischemia.212 Alternative
methods of neurotrophin application in the CNS must therefore be developed. Current
approaches to solve this problem include gene therapy using different viral vectors
such as adenoviruses, adeno-associated virus, and lentiviruses.213-215 Activated and
genetically engineered T-cell lines, which secrete recombinant neurotrophins after
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transmigration into the brain parenchyma, have been experimentally used as
therapeutic vehicles.216 For example, T cells retrovirally transduced with the NGF
gene migrate into the brain of a rat with experimental autoimmune encephalomyelitis
improving the disease and inhibiting immune cells infiltration into the brain tissue
(Fig. 4). Other strategies include implantation of gelfoam pledgets from which
neurotrophins are slowly released217,218 or insertion of small capsules containing
neurotrophin secreting cells.219,220

An important therapeutic concept for future studies will be to exploit synergistic
mechanisms between the signaling cascades of neurotrophins and other growth
factors. This appears to be particularly important for CNS neurons, which typically
depend on more than one growth factor for their survival. In long term it seems
likely that combinations of neurotrophins and other growth factor families with
neurotrophic activity, such as IGFs, GDNF-like molecules, FGFs or neuropoietic
cytokines, in particular CNTF, will be more effective than a single growth factor.
Cocktails of growth factors can be designed in which each growth factor is present
at suboptimal concentrations, which would limit receptor availability and
consequently side effects. Such cocktails have already been shown to act
synergistically on motoneurons.221-223 It might also turn out to be desirable to block
adverse effects of endogenous cytokines, which act antagonistically to
neurotrophins.224 Thus, blocking action of TNF or CD95 with neutralizing antibodies
might be a useful therapeutic approach to support neurotrophin effects.

Neurotrophins and Cell Replacement Therapy

Apart from the immediate use of the neurotrophins as therapeutic agents, it is
also likely that one or more of the neurotrophins will be an integral part of treatment
protocols for stem cells with the aim to differentiate them into specific neuronal cell
types for cell replacement therapy.225-227

From the rather disappointing results of the clinical trials performed so far the
conclusion can be drawn, that systemic and probably also intraventricular infusion
of neurotrophins are rather ineffective and prone to give rise to severe side effects.
One alternative approach could be to combine cell replacement therapy with
neurotrophin gene transfer into stem cells prior to transplantation.228,229 This approach
appears particularly attractive since neurotrophins have the potential to not only
prevent or slow down neurodegeneration, but also to foster the establishment of
synaptic connections of stem cell derived neurons. Stem cells can be transplanted to
defined brain structures and even more importantly they can be engineered to produce
neurotrophin transgenes under exogenous control dependent on the absence or
presence of small molecular weight substances such as doxycycline, ecdysone or
tamoxifen.230 Such an approach would warrant localized expression and at the same
time allow to interrupt the therapy as soon as side effects are observed. However, in
light of the current excitement about the great potential of cell replacement therapies
for neurodegenerative diseases, it is recommended to take a look back on the clinical
trials with neurotrophins. They also have been prematurely advertised as miracle
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drugs. As desirable as it would be, it cannot reasonably be expected that cell
replacement therapies will escape the phases of experimental problems and frustration
that the neurotrophins went through.
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FIBROBLAST GROWTH FACTORS
AND NEUROPROTECTION

Christian Alzheimer1 and Sabine Werner2

INTRODUCTION—FIBROBLAST GROWTH FACTORS
(FGFS) AND FGF RECEPTORS

The FGFs comprise a large group of structurally similar polypeptide mitogens which
currently includes 22 different members. The first members of this family, FGF1
(acidic FGF, aFGF) and FGF2 (basic FGF, bFGF), were described in 1986 by Jaye
et al1 and Abraham et al.2 In the meantime, 20 other FGFs have been discovered
which were designated FGF3—FGF23. FGF19 has so far only been described in
humans and FGF15 only in mice, and it has been suggested that FGF19 is the human
ortholog of mouse FGF15. All members of the FGF family range in molecular weight
from 17 to 34 kDa in vertebrates, and some of them are glycosylated (for review see
ref. 3).

Most of the FGFs have a classical aminoterminal signal sequence and are,
therefore, efficiently secreted via the endoplasmic reticulum-Golgi secretory pathway.
FGF9, 16 and 20 lack an obvious amino-terminal signal peptide, but are nevertheless
secreted. FGFs11-14 are thought to remain intracellular, and secretion of these FGFs
has not yet been observed. Although FGF1 and FGF2 lack a signal sequence and are
normally located in the cytoplasm or in the nucleus, they can be found on the cell
surface and within the extracellular matrix. They are either released from damaged
cells or secreted by an alternative exocytotic mechanism that bypasses the
endoplasmic reticulum-Golgi pathway (for review see refs. 3,4).

FGFs have been shown to interact with three different types of binding partners:
heparan sulphate proteoglycans,3-5 a cysteine-rich transmembrane FGF-binding
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protein which appears to be involved in the regulation of intracellular FGF
trafficking,6 and four high-affinity transmembrane FGF receptors of the tyrosine
kinase family which are responsible for signal transduction.7 The FGF receptors,
FGFR1—FGFR4, are transmembrane protein tyrosine kinases with either two or
three immunoglobulin-like domains and a heparin binding sequence in the
extracellular part of the receptor. Alternative mRNA splicing generates receptors
with different carboxyterminal halves of the third immunoglobulin-like domain,
designated IIIb or IIIc isoforms. This alternative splicing event is regulated in a cell-
and tissue-specific manner, and has been shown to dramatically affect ligand-receptor
binding specificity.7 The different members of the FGF family bind to the receptor
splice variants with different affinities. Most FGFs bind to a specific subset of FGF
receptors. FGF1, however, binds to all known receptors, and FGF7 specifically
interacts with the IIIb isoform of FGFR2.8

A characteristic feature of FGFs is their interaction with heparin or heparan
sulphate proteoglycans. These interactions stabilize FGFs and may limit their
diffusion and release into interstitial spaces. Most importantly, the interaction of
FGFs with heparin or heparan sulphate proteoglycans is essential for the activation
of the signaling receptor.3,5

Most members of the FGF family have a broad mitogenic spectrum. They
stimulate proliferation of a variety of cells of mesodermal, ectodermal and also of
endodermal origin.3,4 The only known exception is FGF7, which seems to act only
on epithelial cells, at least in the adult organism.9 FGFs are not only mitogenic, but
they also have the capacity to regulate migration and differentiation in vitro and in
vivo. Finally, some of the FGFs have been shown to be cytoprotective (see below).3,9

FGFs and their receptors are expressed at multiple sites in the developing and
adult animal, suggesting important roles of FGFs in development and tissue
homeostasis. This hypothesis was confirmed by the wide variety of phenotypic
abnormalities observed in FGF and FGFR knockout animals.3 Finally, abnormalities
in FGF/FGF receptor signaling are associated with human disease, including cancer
and various genetic disorders.

DISTRIBUTION OF FGFS IN ADULT BRAIN

The brain is a rich source of various FGFs. While the expression pattern of
FGF2 has been studied in detail (for review, see refs. 10,11), data on the mRNA
expression and the immunoreactivity of the other FGFs is relatively sparse. Both
FGF1 and FGF2 have been localized to glial cells and neurons of the CNS. Notably,
high levels of FGF1 were found in neurons of brain regions that are at high risk for
neurodegenerative diseases such as Alzheimer´s disease (magnocellular forebrain
cholinergic neurons), Parkinson´s disease (substantia nigra neurons) and amyotrophic
lateral sclerosis (motor neurons).11 Most, if not all astrocytes of the brain express
FGF2, whereas a prominent neuronal localization appears to be confined mainly to
neurons in the CA2 region of the hippocampus.12 In both astrocytes and CA2 neurons,
FGF2 immunoreactivity is localized primarily in the nucleus and to a lesser extent
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in the cytoplasm and the processes of stained cells.13 Fgf5 mRNA is widely distributed
at low levels in the brain, with several loci of Fgf5 expression found in the cerebral
cortex, hippocampus and thalamus. At least some of the Fgf5 expressing cells appear
to be neurons.14 Fgf7 mRNA could not be detected in any of the postnatal brain
regions examined so far.15,16 Fgf9 mRNA is moderately to weakly expressed in
widespread regions of the brain, with some preference to brain regions involved in
motor control (red nucleus, parts of cerebellum, oculomotor nucleus). The cellular
localization of Fgf9 mRNA indicated that this FGF family member is mainly produced
by neurons.17,18 Expression of the Fgf10 gene is spatially restricted to some regions
of the brain, including hippocampus, thalamus, and several nuclei in midbrain and
brainstem, with a preferential expression in neurons rather than in glial cells.15

Interestingly, with its predominant expression in the CA1 and CA3, but not in the
CA2 region of the hippocampus, the spatial distribution of Fgf10 mRNA is just
opposite to that of Fgf2 mRNA, which is largely confined to the CA2 region,
suggesting that the two FGFs have distinct functions in the hippocampus. Finally,
Fgf14 mRNA was recently detected in the brain, with FGF14-1b as the predominant
isoform. The developmental expression pattern suggests that FGF14 plays a signifi-
cant role in cerebellar development.19

All FGF receptors are expressed in the brain. The Fgfr1 gene is significantly
expressed in select neuronal populations, but also in astrocytes and
oligodendrocytes.20,21 FGFR2 and FGFR3 are predominantly found in astrocytes
and oligodendrocytes,22,23 whereas FGFR4 is almost exclusively expressed in neurons
of the medial habenular nucleus.24

FGFS AND NEURONAL DEVELOPMENT

FGFs and their receptors (FGFRs) have been implicated in many aspects of
neuronal development, where they promote proliferation, differentiation and axonal
branching. For example, FGF8 regulates growth and patterning of the midbrain and
the anterior forebrain,25,26 FGF3 plays an essential role in the development of the
inner ear,27 and FGF8, FGF14, FGF15, FGF17, and FGF18 are expressed in the
developing cerebellum.19,28 Demonstrating the significance of FGFs for appropriate
cerebellar development, a phenotype displaying gait defects was observed in FGF17-/-

and FGF8∆2,3n/+ mice, albeit with low penetrance.28 FGF2 appears to be intimately
involved in cortical development (for review see refs. 29,30). It supports the survival
of neurons from many regions of the fetal rat brain, including hippocampus, cortex,
thalamus and striatum.31,32 In addition to its neurotrophic effects, FGF2 acts as a
mitogenic factor, stimulating the proliferation of neuronal progenitor cells. Most
interestingly in the context of this chapter, FGF2 is capable of activating a latent
neurogenic program in neural stem cells from diverse regions of the adult brain and
of stimulating neurogenesis in the mature CNS.33-35 FGF2 is present in the
telencephalon as early as E9.5 and high levels are found in the cerebral cortex
throughout neurogenesis and into adulthood.10 FGF2 appears to exert a dual function
on early phases of cortical neuroectoderm cell proliferation and later phases of dif-
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ferentiation. Since astrocytes appear to be the predominant source of FGF2, with
only few neuronal populations displaying FGF2 immunoreactivity (see above), glial
cells might provide trophic support to neuronal cells.12 Despite accumulating evidence
from in vitro studies, which strongly implicate FGF2 as a neurotrophic factor, it was
not before the generation of mice lacking FGF2 that the issue of whether endogenous
FGF2 is essential for survival of cortical neurons was settled. Neurohistological
analysis of FGF2 knockout mice revealed abnormalities in the cytoarchitecture of
the neocortex, combined with a significant reduction in neuronal density, most
pronounced in layer V.36,37 It was concluded that one important role of FGF2 during
cortical neurogenesis may be to amplify the progenitor pool for pyramidal projec-
tion neurons.38 Data from several developmental studies indicate that FGF2 also
acts as a target-derived factor that promotes axon branching of cortical neurons.
Specifically, FGF2 may induce the formation of collateral axon branches by its effects
on the morphology and the behavior of the primary growth cone.39 The strong effect
of FGF2 on neurite morphogenesis has been linked to the increase by FGF2 of
L-type Ca2+ channels in fetal neurons.40

UPREGULATION OF FGFS AFTER BRAIN INJURY

The expression of many neurotrophic factors in CNS neurons is regulated by
physiological stimuli, such as afferent synaptic activity, suggesting that these factors
participate in functional and/or morphological changes associated with neuronal
plasticity. More dramatic alterations in the expression pattern of many neurotrophic
factors are induced by several forms of acute brain injury.41 Since the late 1980´s,
numerous publications have accumulated evidence for a pronounced upregulation
of FGFs in the cellular response to acute brain injury. Among the FGF family
members, FGF2 clearly emerged as the central player in acute CNS damage, and we
will hence focus the following section on this factor. FGF2 upregulation was
demonstrated after mechanical brain injury,42-48 after ischemic insults,49,50 and after
convulsive seizures.51-54 Three days after mechanical cortical injury, macrophages
are the predominant FGF2 immunoreactive cells at the lesion site. A second phase
of increased FGF2 expression, which peaks at about one week post-lesion, is mediated
by activated astrocytes and microglia, particularly at the border between the neuronal
and scar tissue. Although multiple cells within the lesioned CNS, including astrocytes,
microglia, neurons and vascular endothelial cells, might all be able to express FGF2,
glial cells appear to be the primary source of the newly synthesized FGF2. In sup-
port of this notion, the gradual fall in FGF2 levels one week after injury parallels the
concomitant decrease in reactive glia.45 Interestingly, an increase in the intensity of
FGF2 immunoreactivity was also detected within the extracellular matrix surrounding
the lesion, suggesting that FGF2 was released from astrocytes and becomes available
to neurons.46 A similar time course of induction of glial FGF2 synthesis was observed
after transient forebrain ischemia.49 In contrast to the slow, but sustained upregulation
of FGF2 in traumatic or ischemic lesion models, a faster and transient response was
induced by epileptic convulsions not associated with neuronal loss. For example,
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seizures induced by microinjection of the GABAA receptor antagonist, bicuculline,
in the deep prepiriform cortex lead to a significant increase in Fgf2 mRNA in the
entorhinal cortex, the hippocampus and the olfactory bulb within 5 hours of epileptic
activity.51 However, if seizure activity was severe enough to produce neuronal loss and
reactive astrocytosis, a long-term induction of Fgf2 gene expression for up to 2 weeks
was observed in the damaged region.53 Although astrocytes appear to represent the
main source of FGF2 in seizure models, elevated Fgf2 mRNA signals were also observed
in select neuronal populations.54,55

Upregulation of FGF2 also has been implicated in the protective effect of cortical
spreading depression (SD) against subsequent ischemic damage.56,57 Cortical SD is
a rapid and nearly complete, but reversible depolarization of a large population of
neurons, which propagates in a slow wave-like fashion through the gray matter (for
review see ref. 58 and Chapter 5 of this book). The protective effect of SD against
ischemic insults might last for several days suggesting that some kind of sustained
downmodulation of neuronal vulnerability is initiated. Right now, it is not clear
whether the upregulation by SD of FGF2 is a pivotal mechanism affording enhanced
protection against subsequent stroke. However, with the generation of FGF2 defi-
cient mice (see above), this intriguing issue should be resolved in the near future.

NEUROPROTECTIVE EFFECTS OF FGF2

Among the various growth factors and cytokines studied so far, the
neuroprotective and neurotrophic profile of FGF2 is best documented (reviewed in
ref. 59). If administered during or within hours of acute injury, systemic or
intracerebroventricular (icv.) FGF2 reduces infarct size after stroke,60-66 diminishes
histopathologic damage associated with fluid percussion injury,67 affords
neuroprotection against N-methyl-D-aspartate (NMDA) and kainate
receptor-mediated excitotoxicity, 60,68,69 and prevents the death of axotomized CNS
neurons.70-74 It is worth noting that FGF2, which is highly neuroprotective against
seizure-induced long-term behavioral deficits, might also act as a convulsant at higher
concentrations.75 If administered 1 day after focal cerebral infarction, intracisternal
FGF2, although no longer reducing infarct size, is still capable of enhancing
behavioral recovery.76 Correspondingly, blockade of FGF2 by neutralizing antibodies
retarded recovery of forelimb manipulatory abilities after unilateral suction lesion
of the motor cortex.77 Further support for a beneficial role of FGF2 in acute brain
injury comes from a study in which mice expressing a bovine FGF2 transgene in the
brain showed increased resistance to hypoxemic-ischemic cerebral damage.78 The
finding that intravenous FGF2 rapidly crosses the blood brain barrier in adult brain,
with the levels in blood plasma and cerebrospinal fluid rising in parallel, bears
particular significance for the application of this factor in a clinical setting.34,78A As
a result of the outstanding benefits of FGF2 in various animal lesion models and its
high cerebral bioavailability after intravenous injection, clinical trials of intravenous
FGF2 (Fiblast) in acute stroke were conducted. In a North American phase II/III
trial, 302 patients suffering from acute ischemic stroke were enrolled between August
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1997 and May 1998, when enrollment was halted by the Data Safety Monitoring
Committee following an interim analysis, which revealed an unfavorable
risk-to-benefit ratio in stroke patients treated with FGF2 versus those treated with
placebo (information according to the Internet Stroke Center at
www.strokecenter.org).

Data on the possible neuroprotective potential of other FGFs is sparse. Several
studies found beneficial effects of FGF1 (acidic FGF) in animal models of acute
ischemic or excitotoxic brain damage.79-83 A recent study demonstrated that FGF7
(keratinocyte growth factor) prevents ischemia-induced delayed neuronal death in
the hippocampal CA1 region of the gerbil brain.84 Finally, FGF8 was shown to
protect cultured hippocampal neurons from oxidative insult.85

FGFS AND GLIA

Given that FGF2 is mitogenic for oligodendrocytes and astrocytes, and stimulates
migration and functional differentiation of astrocytes, one might wonder whether,
in addition to its neuroprotective effects, FGF2 may also have the undesirable side
effect of promoting scar formation (for review see ref. 86 and Chapter 4 of this
book). Although the involvement of FGF2 in scar formation appears minor compared
to that of other potent fibrotic agents such as TGF-β1, several reports lend credence
to the notion that FGF2 is not an innocent player in the glial response to acute brain
injury. For example, the reactive gliosis following mechanical or electrolytic lesions
in the neonatal and adult brain was significantly augmented and accelerated by FGF2
injected into the lesion site just after the lesion was performed.87-89 Along the same
lines, FGF2, if injected into various regions of the noninjured adult rat brain, produced
a glial reaction that resembled the reactive gliosis seen after brain injury.89 Supporting
its involvement in extracellular matrix remodeling after injury, FGF2 was found to
increase the production of tenascin-C mRNA and protein in cultured hippocampal
astrocytes.90 It should be pointed out, however, that the effects of FGF2 on glial
cells might also indirectly promote survival of select neuronal populations, as FGF2
(and FGF1) were found to stimulate nerve growth factor (NGF) synthesis and
secretion by astrocytes.91 Since intercellular communication between astrocytes
through gap junctions is essential to many of their functions, the finding that FGF2,
FGF5 and FGF9 downregulate astroglial gap junctions and functional coupling in a
brain region-specific fashion is of particular interest.92 It is well documented that
acute brain injury is associated with downregulation of connexin 43, the predomi-
nant component of astroglial gap junctions. One might thus speculate whether the
lesion-induced upregulation of FGFs is causally linked to the uncoupling of
astrocytes.
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NEUROPROTECTIVE MECHANISMS OF FGF2

Ionotropic glutamate receptors

The seminal study by Mattson et al93 in cultured hippocampal neurons provided
compelling evidence that FGF2 raises the threshold for glutamate neurotoxicity and
reduces the rise in intracellular Ca2+ associated with glutamate receptor activation.
Since then, a number of studies by Mattson and coworkers and other groups have
elaborated on the mechanisms underlying the protective effect of FGF2 against
excitotoxic damage. For example, FGF2 was found to exert differential effects on
glutamate receptor subtype expression: Whereas it selectively increases the
AMPA-receptor subunit GluR1 in hippocampal neurons,94 a functional 71kDA
NMDA receptor that mediates Ca2+ influx and neurotoxicity is downregulated by
FGF2 in the same preparation.95 In functional terms, this differential effect of FGF2
on glutamate receptor expression translates into an increase in AMPA
receptor-mediated, but a decrease in NMDA receptor-mediated Ca2+ elevations, with
the latter serving as a significant excitoprotective mechanism.94 Providing further
insights into the mechanisms underlying the inhibitory effect of FGF2 on NMDA
receptor-mediated Ca2+ influx, a recent study demonstrated that chronic treatment
(hours to days) of cultured hippocampal neurons by FGF2 potentiates Ca2+-dependent
inactivation of NMDA receptor currents through a calcineurin-dependent
mechanism.96 In marked contrast, short-term exposure of acutely dissociated
hippocampal neurons to FGF2 produced a selective enhancement of NMDA
receptor-mediated increases in cytosolic Ca2+.97

Ca2+ Homeostasis, Mitochondrial Dysfunction
and Reactive Oxygen Species

In addition to reducing Ca2+ influx through NMDA receptors, FGF2 also operates
on a second line of defense against the loss of Ca2+ homeostasis and the concurrent
mitochondrial dysfunction. For example, FGF2 increases the synthesis of calbindin
D28k,98 a Ca2+-binding protein thought to exert an excitoprotective role in CNS
neurons.99 Perhaps even more importantly, FGF2 increases the activity of antioxidant
enzymes, such as superoxide dismutase and glutathione reductase.100,101 Extending
the beneficial effects of FGF2 into the range of chronic neurodegenerative diseases
such as Alzheimer´s disease, Mattson and coworkers recently demonstrated that
FGF2 also attenuates oxidative stress and mitochondrial dysfunction induced by
amyloid peptide Aβ 102 and mitigates the enhanced neuronal vulnerability to
excitotoxicity in cultured hippocampal neurons from presenilin1 mutant knock-in
mice.103
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Apoptosis and Neurogenesis

Two recent studies, one performed in vitro and one in vivo, implicated FGF2 in
anti-apoptotic pathways. In cultured hippocampal neurons, FGF2 prevented apoptosis
induced by NO donors. Whereas NO donor-induced apoptosis was typically
associated with downregulation of Bcl-2, upregulation of Bax and subsequent
caspase-3-like activation, pretreatment with FGF2 abrogated the changes in Bcl-2
and Bax protein levels as well as the caspase-3-like activation.104 Somewhat similar
findings were found in an animal stroke model in which permanent occlusion of the
right middle cerebral artery (MCAO) causes focal cerebral infarction. In animals
receiving intravenous infusion of FGF2 for 3 h, beginning at 30 min after MCAO,
FGF2 prevented the reduction of immunoreactivity of the anti-apoptotic protein
Bcl-2, which is typically observed in untreated stroke animals. In contrast to the in
vitro study mentioned above, FGF2 did not alter immunoreactivity to the
pro-apoptotic proteins Bax, caspase-1, and caspase-3. Nevertheless, FGF2 produced
a substantial decrease in apoptotic neurons, especially in the border (“penumbra”)
of the infarct, which is exactly the zone predominantly spared by FGF2 treatment.105

With respect to the neuroprotective effect of FGF2 in stroke models, it is worth
noting that upregulation by FGF2 of endothelial NO synthase (eNOS)106 and subse-
quent increase in cerebral blood flow (CBF)107 is not the predominant protective
mechanism because FGF2 retains its infarct-reducing efficacy in eNOS deficient
mice, in which CBF is not increased by FGF2.108

In addition to preventing lesion-induced apoptosis, FGF2 was also reported to
promote neurogenesis in the adult dentate gyrus in response to injury.109 The dentate
gyrus belongs to the hippocampal formation and contains into adulthood
neuroprogenitor cells that are able to divide and differentiate into granule cells.110,111

Whereas kainate injection or MCAO induced appreciable neurogenesis in the dentate
gyrus of adult control mice, the number of newly generated neurons, as indicated by
bromodeoxyuridine (BrdU) incorporation into nuclei of dentate granule cells, was
significantly decreased in FGF2 deficient mice, but could be restored to control
levels after icv. injection of a herpes simplex virus-1 amplicon vector carrying the
FGF2 gene.109 These data suggest that the lesion-associated upregulation of FGF2
not only promotes survival of neurons exposed to various forms of acute damage,
but plays also a critical role in neuronal repair.

Interaction Between FGF2 and Activin A

In a collaborative study between our laboratories, we made the intriguing
observation that induction of activin A, a member of the transforming growth factor-β
(TGF-β) superfamily (see next chapter), is essential for the neuroprotective action
of FGF2 in vivo.112 Like the other members of the TGF-β superfamily, activins are
dimeric proteins, consisting of two βA subunits (activin A), two βB subunits (activin
B) or a βA and a βB subunit (activin AB). In addition, βC, βD, and βE subunits have
been identified, although the corresponding proteins have not been characterized in
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detail. The βA and βB subunits can also dimerize with a homologous α subunit,
leading to the formation of inhibin A (αβA) or inhibin B (αβB). Previous findings
from our and other laboratories already pointed to a possible involvement of activin
A in the early neuronal response to injury.113-117 Since activin A promotes survival
of midbrain and hippocampal neurons in vitro,118,119 reduces ischemic brain injury
in infant rats,120 and protects striatal and midbrain neurons against neurotoxic
damage,118,121 we speculated that the lesion-induced upregulation of activin A might
serve an excitoprotective function. A first indication for a possible interaction between
FGF2 and activin A came from a comparison between the activin βA mRNA
expression pattern in lesioned and in FGF2-protected hippocampi. In our lesion
model, exogenous FGF2 abolished the neuronal damage in the CA3 region of the
ipsilateral hippocampus which is typically seen after intracerebroventricular (icv.)
application of this excitotoxin (Fig. 1A). Unexpectedly, FGF2 also produced a
strikingly stronger upregulation of βA mRNA than KA injection alone (Fig. 1B).
FGF2 substantially augmented βA mRNA expression on the ipsilateral side at 6h
and 24h post-lesion, without appreciably influencing the time course of signal
elevation. Two independent sets of experiments corroborated the hypothesis that
activin A is crucially involved in the neuroprotective effects ascribed to FGF2. First,
recombinant activin A was as effective as exogenous FGF2 in preventing excitotoxic
neuronal loss (Fig. 1C). Second, the activin-binding protein follistatin, which neu-
tralizes activin in vitro and in vivo,122,123 consistently abrogated the beneficial action
of FGF2 in the KA lesion model (Fig. 1D). Control experiments dispelled concerns
that follistatin caused neuronal damage by a mechanism other than its
activin-neutralizing action. A different type of interaction between FGF2 and the
TGF-β superfamily was reported from cultured midbrain dopaminergic neurons, in
which the neurotrophic effect of FGF2 was mediated by TGF-β1-3.124 In contrast to
activin A, which is of neuronal origin in lesioned hippocampus, the effect of the
TGF-βs was mediated by co-cultured glial cells.

The main neuroprotective mechanisms of FGF2 are summarized in Fig. 2. As it
is becoming evident that induction of activin A is an essential step in the signaling
cascade affording neuroprotection after application of FGF2, it remains to be
determined which of the effects, originally attributed to FGF2, are directly mediated
by this growth factor, and which require upregulation of activin A.

SUMMARY AND CONCLUSIONS

Several members of the FGF family, in particular FGF2, are intimately involved
in neuronal protection and repair after ischemic, metabolic or traumatic brain injury.
Expression of Fgf2 mRNA and protein is strongly upregulated after neuronal damage,
with glial cells as the predominant source. Given its survival-promoting effects on
cultured neurons, exogenous FGF2 was tested in several animal models of stroke
and excitotoxic damage, in which it consistently proved protective against neuronal
loss. FGF2 affords neuroprotection by interfering with a number of signaling
pathways, including expression and gating of NMDA receptors, maintenance of
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Figure 1. Induction of activin A is an essential step for the neuroprotective action of FGF2 (bFGF) in an animal
model of select excitotoxic neuronal loss. A: Intracerebroventricular (icv.) injection of FGF2 prevents the loss
of hippocampal CA3 neurons (lower micrograph), which is typically seen in the ipsilateral CA3 region after
icv. kainic acid (KA). Box in upper microphotograph indicates site of lesion in this Nissl-stained hippocampal
section. B: RNase protection assays were performed using ipsilateral (ipsi) and contralateral (contra)
hippoccampi from mice receiving an icv. injection of the excitotoxin kainic acid (KA) or from mice co-injected
with KA and FGF2. FGF2 strongly enhanced the lesion-associated induction of activin βA mRNA. C:
Continuous icv. application of exogenous recombinant activin A by means of an osmotic minipump protected
hippocampal CA3 neurons against excitotoxic KA lesion (right micrograph). Arrowheads in left micrograph
(control with solvent) indicate area of neuronal loss. D: The protective action of icv. FGF2 (left micrograph)
was abrogated in the presence of the activin-neutralizing protein, follistatin (arrowheads in right micrograph
indicate area of neuronal loss). Reprinted with permission from Tretter et al, Nature Med. 2000; 6:812-815.
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Ca2+ homeostasis and regulation of ROS detoxifying enzymes. FGF2 prevents
apoptosis by strengthening anti-apoptotic pathways and promotes neurogenesis in
adult hippocampus after injury. The protective action of FGF2 has been linked to its
augmenting effect on the lesion-induced upregulation of activin A, a member of the
TGF-β superfamily. Despite the well-documented benefits of FGF2 in animal mod-
els of stroke, there is currently no clinical development in stroke, after a phase II/III
trial with FGF2 in acute stroke patients was discontinued because of an unfavorable
risk-to-benefit ratio. As the molecular targets of FGF2 are going to be unraveled
over the next years, new therapeutic strategies will hopefully emerge that enable us
to influence the various protective mechanisms of FGF2 in a more specific fashion.
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TGF-βββββS AND THEIR ROLES IN THE REGULATION
OF NEURON SURVIVAL

Klaus Unsicker1 and Kerstin Krieglstein2

ABSTRACT

Transforming growth factor-βs (TGF-βs) are a still growing superfamily of cytokines
with widespread distribution and diverse biological functions. They fall into several
subfamilies including the TGF-βs 1, 2, and 3, the bone morphogenetic proteins
(BMPs), the growth/differentiation factors (GDFs), activins and inhibins, and the
members of the glial cell line-derived neurotrophic factor family. Following a brief
description of their general roles and signaling in development, maintenance of
homeostasis, and disease, we shall focus on their distribution in the CNS and their
involvement in regulating neuron survival and death.

INTRODUCTION

TGF-βs are now widely recognized as a prototype of multifunctional and
contextually acting growth factors in the regulation of key events of development,
disease, and repair.1-3 Although they were discovered more than 20 years ago, their
functions in the CNS have only more recently started to be elucidated.4-6 The term
“transforming growth factor (TGF)” alludes to the capacity to “transform”, i.e., to
induce anchorage-independent growth of normal rat kidney cells and fibroblasT
cells lines.7,8 Soon, it became apparent that the transforming capacity of the “factor”
was in fact the result of the combined actions of at least two molecules that were
named TGF-α and TGF-β. A host of additional functions of TGF-βs were discov-
ered over the past years including important roles in cell cycle control, regulation of
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early development, differentiation, extracellular matrix formation, hematopoesis,
angiogenesis, chemotaxis, and immune functions. TGF-β is the prototypic molecule
of a growth factor superfamily presently comprising more than 50 members. Other
prominent members in the TGF-β superfamily include activins, bone morphogenetic
proteins (BMPs), and the glial cell line-derived neurotrophic factor (GDNF)
subfamily. A common structural feature of these molecules is the cystine knot motif,9

which is also shared by other cytokines including the neurotrophins and platelet-
derived growth factor (PDGF).

To recognize TGF-β as an important factor for CNS functions took almost a
decade. We know now that TGF-β holds key roles in regulation of neuron survival10,11

and orchestration of repair processes in the nervous system.12 A number of excellent
reviews exist illuminating TGF-βs and TGF-β subfamilies in general,13-16 TGF-β
signal transduction,17 and TGF-βs, particularly TGF-β1, in neurodegenerative dis-
eases and ischemic injury.12,18-20 This review intends to provide information on the
role of the TGF-βs proper (i.e., TGF-β1, -β2, and -β3) in the developing and adult
nervous system with regard to the regulation of neuron survival and death, but will
also briefly touch on the regulation of neuron survival by other members of the
TGF-β superfamily.

TGF-βββββS: A BRIEF OVERVIEW OF THEIR MOLECULAR
BIOLOGY, BIOCHEMISTRY AND SIGNALING

According to sequence similarities TGF-β proteins have been grouped into four
subfamilies including the glial cell line-derived neurotrophic factor (GDNF)-family,
the TGF-β family, activins, and the Dpp and Vg1-related (DVR) group, which is
often referred to as the BMP family. Furthermore, the TGF-β superfamily harbours
several distantly related members, e.g., the inhibin α-chain and Mullerian inhibiting
substance (MIS).

The TGF-βββββ Family

Until now, five TGF-β isoforms have been isolated. TGF-β1, -β2, and -β3 are
mammalian isoforms;21-23 TGF-β4 and TGF-β5 represent the chick- and Xenopus-
homologues, respectively, of TGF-β1.24,25 TGF-βs are expressed in numerous tissues,
such as mesenchyme, connective tissues, endothelium, platelets, immune and bone
cells.1 Effects of distinct isoforms largely depend on the type and differentiation
state of targeT cells and on the presence of other cytokines.6,26

Activins and Inhibins

Activins are formed by homo- or heterodimerization of two inhibin-β subunits.
Inhibins arise from dimerization of one β-subunit with the inhibin-α subunit.
“Activins” and “Inhibins” were termed based on the antagonistic activities observed
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in several biological systems. While activins stimulated synthesis of follicle-
stimulating hormone (FSH) in pituitary gonadotrops,27 inhibins blocked FSH
production.28 Activins and inhibins also regulate steroid hormone synthesis by
granulosa and placental cells29 and are important in erythroid differentiation30 and
induction of mesoderm in embryonic Xenopus explants.31

DVR Group

The DVR group (also referred to as the family of bone morphogenetic proteins,
BMPs) is the largest family within the TGF-β superfamily, with about 30 members
identified in vertebrates and invertebrates. Although initially named by virtue of
their osteoinductive capacity,32 BMPs exhibit a much wider spectrum of functions
ranging from sculpting the body plan to regulating development of many organs
including the nervous system.33 In addition to numerous mammalian growth/
differentiation factors (GDFs), the subfamily includes the Drosophila proteins 60A,
Decapentaplegic (Dpp) and Screw, and several molecules isolated from Xenopus.
Dpp organizes dorso-ventral patterning in Drosophila.34 Vegetal 1 (Vg1) is encoded
by a maternal mRNA localized to vegetal blastomeres in Xenopus embryos.35 Local
post-transcriptional activation of the Vg1-precursor protein leads subsequently to
formation of axial mesoderm.36 In mouse embryos the gene nodal is important for
mesoderm formation and organization of axial structures.37

GDNF Family

GDNF is the founder member of a distant TGF-β subfamily, which comprises
GDNF, Neurturin, Persephin, and Artemin/Neublastin.38-42 GDNF was first isolated
from a glial cell line (B49) conditioned medium as a survival factor for cultured
midbrain dopaminergic neurons.38 In the presence of TGF-β the molecule is a potent
trophic factor for many populations of peripheral and CNS neurons.10,11,16 Although
GDNF and its congeners exhibit the typical structural features of TGF-βs, they do
not signal through TGF-β serine/threonine kinase receptors, but employ a receptor
complex, which consists of the tyrosine kinase c-Ret and a glycosyl-
phosphatidylinositol (GPI)-anchored α-receptor.16,43

Divergent Genes

These include, amongst others, Mullerian inhibiting substance (MIS), a product
of embryonic Sertoli cells that induces regression of the Mullerian duct in male
embryos.44 Two TGF-β related factors have been identified in C. elegans: UNC-129
is required to guide pioneer motor axons along the dorsoventral axis of the
nematode.45 DAF-7 controls C. elegans larval development by transducing
environmental cues promoting recovery from dauer state.46
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Molecular Structure of TGF-βββββs

TGF-βs are typical secreted molecules consisting of (i) an aminoterminal signal
peptide and (ii) a pro-domain of variable length involved in correct folding,
dimerization of subunits, and regulation of factor activity.3 Dibasic cleavage sites
(RXXR-motifs) serve the cleavage of the pro-domain from the mature part of the
protein generating a carboxyterminal fragment of 110 to 140 amino acids. Homo- or
heterodimerization of these C-terminal domains generates the biologically active
molecules. Based on crystallography studies and NMR analysis, respectively, of
TGF-β2,47,48 BMP-7,49 and TGF-β1,50,51 the common structural motif of the TGF-β
superfamily comprises seven characteristic cysteine residues within the mature
domains of the monomeres. Six cysteines form three intramolecular disulfide bonds,
which form the so-called ”cystine knot”. Two of these disulfide bridges form an
eight-membered ring, which is traversed by the third cystine bond. The seventh
cysteine makes the intermolecular cystine bridge that links the two monomers into a
functional dimer. This bond provides additional stabilization of hydrophobic
interactions that are the main driving force for dimerization. The cystine knot motif
is the common feature of a structural superfamily of growth factors including
neurotrophins, members of the PDGF family and glycoprotein hormones.52 Both,
the six cysteines forming the cystine knot, and the four antiparallel β-strands of
NGF, PDGF, and TGF-β are located at topologically equivalent positions suggesting
that these molecules arose from a common monomeric ancestor. However, similarity
of the proteins is restricted to the architecture of the protomeres. In contrast, although
all types of cystine knot growth factors are dimeric, the active molecules differ in
orientation of the monomeric subunits and in the dimerizing interfaces. Consequently,
the polypeptide families employ different types of kinase receptors resulting in diverse
biological capacities of the ligands.

TGF-βββββ Receptors

TGF-β binds to several cell surface proteins termed type I (53 kDa), type II
(70-100 kDa), and type III receptors (200-400 kDa) according to their approximate
sizes.53 The type III receptors, betaglycan and endoglin, supposedly modulate ligand
access to the signalling receptors,54,55 while receptors I and II (TβR-I and TβR-II)
are responsible for signal transduction. TβR-I and TβR-II represent serine/threonine
kinase receptors; they serve signal transduction of all TGF-β family members, except
for GDNF and related factors. Although both types of receptors have functional
extracellular ligand-binding and cytoplasmatic kinase regions, physical and functional
interaction between the two receptors is required for signal transduction. Receptor I
requires receptor II for ligand binding, and receptor I and the kinase activity of
receptor II are required for signalling.56 By first binding to the type II receptor,
TGF-β triggers recruitment of the type I receptor into the complex, which provides
the basis for downstream signaling. This mode of sequential ligand binding is
characteristic for TβR-II, ActR-II, ActR-IIb, and AMR-II, which are able to bind



357TGF-βββββS

ligand on their own.17 The alternative cooperative binding mode is typical of BMP
receptors, which only bind ligand with high affinity when expressed together.57,58 In
view of the dimeric structure of the ligands, the receptor complexes are probably
tetrameric structures of two receptor I and two receptor II molecules.59

The mechanism of receptor activation is well established for TGF-β receptors
and has been extended to activin receptors.60,61 Phosphorylation of serine and
threonine residues in the GS box, a conserved glutathione- and serine-rich sequence
in the juxtamembrane region of TβR-I by the constitutively active TβR-II is an
essential event in TGF-β signaling.62,63 This results in activation of the TβR-I kinase
and allows receptor I to propagate the signal to downstream elements.

The GDNF family occupies a special position among TGF-βs with regard to
signaling. Its members employ a heteromeric receptor complex consisting of the
receptor tyrosine kinase Ret,64,65 and a GPI-linked α receptor. Until now, four different
α-receptors have been identified in mammals.43,66,67 Individual GFR-αs differ in
their affinities to different GDNF family members and act as adaptor molecules for
presenting ligands to the receptor kinase.16

TGF-βββββ-Mediated Signal Transduction

The discovery of Smad proteins has been a breakthrough in the understanding
of TGF-β-mediated signal transduction. The Drosophila gene “Mothers against
decapentaplegic” (Mad), which constitutes a central component in Dpp signal
transduction,68,69 has led to the discovery of three homologous proteins in C. elegans,
called Sma-2, -3, and -4.70 After the founder members Sma and Mad, vertebrate
homologues were named Smads. The Smad family can be subdivided into three
subgroups. The receptor-regulated Smads (R-Smads) are direct substrates of specific
type I receptor kinases and act in a pathway-restricted fashion. While Smad-1, and
possibly Smad-5, and -8 specifically interact with BMP type I receptors,71,72 Smad-
2 and -3 associate with type I receptors of activin and TGF-β.73-75 The second
subfamily contains the common mediator Smads (Co-Smads); they associate with
activated R-Smads forming heteromeric complexes that translocate to the nucleus
and activate transcriptional responses. Smad-4, originally identified as the product
of the tumor suppressor gene “Deleted in Pancreatic Carcinoma Locus 4” (DPC-
4)76 is the only representative of this class in vertebrates and binds to different path-
way-specific Smads.74,77 The third class comprises the inhibitory Smads (anti-Smads)
that counteract the activity of Co-Smad/R-Smad complexes. Smad-6 and -7 are the
most divergent mammalian Smad proteins antagonizing TGF-β and BMP receptor
signalling at three different levels.78 Inhibition is achieved by specific, stable
association with activated type I receptors, preventing binding and activation of R-
Smads,79,80 by competition for binding to Smad-4, 17 or by repressive functions of
putative target genes prior to signal-induced transcriptional activation.81

The molecular pathway of TGF-β signaling from cell membrane to the nucleus
can be illustrated by Smad-2. Upon activation of the heteromeric receptor complex
and phosphorylation of serine residues within the GS-box of TβR-I or Act-RI, Smad-
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2 is transiently recruited into the activated receptor complex. The process is mediated
by chaperones like SARA 82 and terminated upon Smad phosphorylation by the
type I receptor.83 Phosphorylation is a key step in Smad activation and involves
serines in conserved carboxy-terminal SSXS-motifs that are restricted to the group
of R-Smads.84 Mutation of these carboxy-terminal residues prevents downstream
signalling.85 Released Smad-2 associates within the cytosol with Smad-4, and the
heteromeric protein complex translocates into the nucleus, where it associates with
DNA-binding subunits such as FAST-1 and modulates transcription of specific target
genes.86 Likely, the cell type specific repertoire of interacting transcription factors
as well as recruitment of co-activators and co-repressors decides which genes are
activated upon stimulation with a given ligand.87,88 The signalling function of Smad-
2 is terminated by conjugation with ubiquitin and degradation by the proteasome.89

EXPRESSION OF TGF-βββββS AND TβββββRS IN THE NERVOUS
SYSTEM

TGF-β2 and -β3 immunoreactivities and sites of their synthesis are widely
distributed in the developing and adult CNS and peripheral nervous system (PNS)
of mouse, rat, and chick.4,90-92 Three aspects are of special importance, (i) the virtual
ubiquity of TGF-β in all areas of the CNS as well as in the the PNS, (ii) consistent
co-expression of TGF-β2 and TGF-β3 in neurons, astroglial, and Schwann cells,
and (iii) the almost complete lack or low levels, respectively, of TGF-β1 in the
unlesioned nervous system.

Development

A comprehensive immunocytochemical study has revealed the earliest,
prominent stainings in mouse embryos at E12.5 to E13 along peripheral nerves, in
radial glial cells, and along CNS axon tracts.4 At these early stages, nerve cell bodies
do not show detectable levels of TGF-β immunoreactivity suggesting that cells
accompanying axon bundles are the earliest sites of TGF-β storage. At E15 TGF-
β2/β3 become detectable in brain, spinal cord, and peripheral neurons. Although
TGF-β immunoreactivity is prominent in radial glia from very early stages of
development onwards, it is not detectable in the ventricular zones throughout the
CNS suggesting that TGF-β may not be involved in the control of cell divisions and
fate of neural progenitors in this area. Following the onset of migration of neuronal
cells, the subventricular zone, subplate, and lamina I of the telencephalic cortex
stain intensely for TGF-β. As they arise astroglial cells also start to be immunoreactive
for TGF-β2/β3.4,91,92 Comprehensive in situ hybridization studies on TGF-β and
TβR mRNA expressions in the developing mammalian brain have not been
performed. TβRII mRNA is apparently widely distributed in the CNS;93 localization
by in situ hybridization has revealed TβRII mRNA in the embryonic rat hindbrain at
E14 along radially extending structures, which may represent radial glial cells.94
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The distribution of TGF-β mRNA and protein in the embryonic chick PNS and
CNS largely matches that seen in the mammalian nervous system.95 Thus, TGF-β3
mRNA as well as TGF-β2 and -β3 immunoreactivities are not detectable in the E3
neural tube, although both TGF-β2 and TGF-β3 are highly expressed in notochord,
dermomyotome and wall of the dorsal aorta. At E5 and later, TGF-β3 synthesis is
clearly visible in the presumptive white matter of spinal cord and brain. Again, both
immunocytochemistry and in situ hybridization suggest expression of TGF-β2 and
-β3 in radial glia at this period of development, particularly in midline radial glia.
Together, these data suggest that the possibility for transfer of TGF-β from
perineuronal glia (radial glia, astroglia and Schwann cells) to neurons, as docu-
mented in epithelial/mesenchymal systems, should be investigated.

Adult Nervous System

TGF-β immunoreactivity in the adult rat nervous system is widespread. 90 TGF-
β1 is restricted to meninges, while TGF-β2 and -β3 occur in both neurons and in
glial cells (astrocytes and Schwann cells, not oligodendrocytes). With regard to
neurons, levels of immunoreactive TGF-β2 and -β3 vary greatly depending on neuron
type and brain regions. Highest proportions (<80%) of TGF-β-immunoreactive
neuronal cell bodies are in cortical layers 2/3 and 5, in the hippocampus, piriform
cortex, retina, and ventral spinal cord.90 Other regions, as most thalamic and hindbrain
areas, except for motoneuron and aminergic nuclei, are largely devoid of TGF-β-
immunoreactive neuronal cell bodies. TGF-β2 mRNA has been demonstrated for
the postnatal and adult mouse hippocampal, dentate gyrus, and Purkinje neurons.96

TGF-β3 mRNA is also widespread in the adult CNS, but at much lower levels than
TGF-β2 mRNA.

Several reports suggest that TGF-β immunoreactivity in the human brain is less
pronounced than in adult rat brain.97,98 There is faint neuronal staining for TGF-β2
in human neocortex, hippocampus, and entorhinal cortex. TGF-β3 also occurs in
neurons in several brain regions. Glial cells exhibit only weak (TGF-β2) or no staining
(TGF-β3) in the human brain.

The chromaffin cell, a model neuron, is probably the most thoroughly studied
cell in the nervous system with regard to TGF-β synthesis, storage, and release.
Chromaffin cells are derivatives of the neural crest and its sympathoadrenal lineage,
closely related to sympathetic neurons, and concentrated in the adrenal medulla,
from where they can be easily isolated in large amounts for biochemical
studies.10,99,100 Adrenal medullary chromaffin cells synthesize, store, and release all
three isoforms of TGF-β. Carbachol, a cholinergic agonist, induces release of TGF-
β (assayable by the mink lung epithelial cell assay) that can be partially blocked
with verapamil.10 Together with the visualization of TGF-β immunoreactivity in
chromaffin cells both in situ and in culture this suggests that TGF-β can be liberated
from chromaffin cells, at least in part, by the regulated pathway of secretion. Whether
the regulated mode of release also applies to other types of neuronal cells is currently
being investigated.
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TGF-βββββS AND THE REGULATION OF PROLIFERATION,
SURVIVAL AND DIFFERENTIATION OF NEURONS

Consistent with its wide distribution in the nervous system, TGF-β has been
shown to exert multiple effects on neurons and glial cells both in vitro and in vivo.
Since this review focuses on the implications of TGF-β in the regulation of neuron
survival and death, readers interested in TGF-β functions in glial cells are referred
to a recent review.101

TGF-βββββ Controls Proliferation of Neuronal and Neuroendocrine Cells

Although TGF-β has not been detected in the ventricular zones of the developing
brain and may therefore not be implicated in the regulation of neural stem cell
proliferation, there are several examples showing that TGF-β may act as an inhibitor
of neural cell proliferation in certain populations of neural cells. Cerebellar granule
cells have an unusual history in that they undergo two subsequent waves of prolif-
eration and migration. They express TGF-β2 at high levels which peak at postnatal
day 10. In culture, they release TGF-β into the medium. Granule cell proliferation is
significantly decreased by TGF-β consistent with an antimitogenic role of TGF-β in
the generation of this cerebellar neuron population.96

Chromaffin cells, neuroendocrine cells of neural crest origin, proliferate
throughout their whole lifespan, in contrast to sympathetic neurons, to which they
are closely related. Several factors have been identified that suppress chromaffin
cell divisions in vitro, including glucocorticoids and TGF-β.102 While glucocorticoids
do not seem to have an in vivo relevance, as shown in glucocorticoid receptor-
deficient mice,103 neutralization of TGF-β using systemically applied pan-TGF-β
antibodies markedly increases numbers of adrenal chromaffin cells and BrdU
incorporation in chick embryos suggesting an in vivo role of TGF-β in the regula-
tion of proliferation of this neuroendocrine cell type.104 Interestingly, numbers of
sympathoadrenal progenitor cells, the common progenitors for sympathetic neurons
and chromaffin cells, do not seem to be affected by neutralisation of endogenous
TGF-β, as shown by antibody treatments of quail embryos between E2.5 and E4,
i.e., prior to migration of SA cells into the adrenal anlagen.105

TGF-βββββ in Neuronal Survival and Death

TGF-β has Neurotrophic Effects in vitro Under Very Complex Culture Conditions

Martinou and co-workers106 and Chalazonitis et al107 were the first to describe
survival promoting effects on cultured motoneurons and sensory neurons,
respectively. However, culture systems employed were very complex. Thus,
motoneurons were grown on a feeder layer of astrocytes and sensory neurons in the
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presence of non-neuronal cells. In another highly complex culture system of midbrain
dopaminergic neurons all three mammalian TGF-β isoforms promoted the survival
of dopaminergic neurons and prevented MPP+ toxicity.108-110 TGF-β also acts on
cultured serotonergic neurons, but promotes the transmitter phenotype rather than
survival.111,112 Together, these data suggested that TGF-β can mimic neurotrophic
factors in respective in vitro assays.

Reducing the Complexity of Culture Conditions Abolishes Neurotrophic Effects of

TGF-β for Most Neuron Populations Studied

In order to characterize potential neurotrophic roles of TGF-βs in more detail,
we and others used highly purified neuron populations, low-density cultures, and
fully defined serum-free conditions. In the absence of non-neuronal cells and serum,
TGF-β does not promote survival in assays of embryonic chick ciliary, dorsal root,
and sympathetic ganglionic neurons.10,112,113 This also applies to embryonic rat dorsal
root ganglionic neurons. The only neuron population discovered so far, which
responds to TGF-β with increased survival, are spinal cord motoneurons.10,114 The
failure of TGF-β to elicit survival is not due to a lack of TGF-β receptors; expression
of TβRII has been documented for ciliary, sensory, and motoneurons.10,113

TGF-β is an Important Co-Trophin for Established Neurotrophic Factors

Although TGF-β certainly does not fall into the category of neurotrophic factors,
it is crucially involved in the regulation of neuron survival in vitro and in vivo.
When neurons are grown in the presence of low and subthreshold concentrations of
established trophic factors, i.e., neurotrophins, neurokines, and fibroblast growth
factors,112,113 TGF-β clearly shifts the dose-response curve to lower neurotrophic
factor concentrations.113 Under such conditions, even subthreshold concentrations
of a neurotrophic molecule can elicit a prominent survival-promoting effect. The
biological significance of TGF-β in modulating neurotrophic factor efficacy becomes
even more striking when the endogenous TGF-β, which is synthesized by neurons,
is neutralized by TGF-β antibodies.112,113 Neutralizing endogenous TGF-β may de-
prive established neurotrophic factors, as, e.g., NGF, of 50% or more of their survival
promoting capacity. The biological relevance of the synergy of TGF-β and
neurotrophic factors is also highlighted by the fact that neurotrophic factors as, e.g.,
NGF, CNTF and FGF-2, upregulate TGF-β synthesis and release from neurons.112,113

A particularly striking example of TGF-β/neurotrophic factor synergisms is the
co-operativity of TGF-β and GDNF. When grown in serum-free media and in the
absence of exogenous TGF-β, GDNF, a molecule widely acknowledged as a
neurotrophic factor, failed to promote survival of a large number of peripheral and
CNS neuron populations.10 At a molecular level, some aspects of the TGF-β/GDNF
crosstalk have begun to be clarified. When treated with phosphatidyl-inositol
phospholipase C, which liberates GPI-linked α receptors within the receptor
complexes of, e.g., CNTF and GDNF, ciliary neurons lose responsiveness to CNTF
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and GDNF, respectively. In the presence of TGF-β, however, both CNTF and GDNF
promote survival suggesting that TGF-β may protect or restore the respective α
receptors. The biological relevance of the TGF-β/GDNF synergy is underscored by
two types of observations. First, both molecules are co-stored in and -liberated from
secretory granules of adrenal medullary chromaffin cells.10 Second, neutralization
of endogenous TGF-β in a lesion paradigm of preganglionic sympathetic neurons
abolishes the rescuing effect of GDNF on this neuron population.11

TGF-βββββ in Neuronal Differentiation

TGF-β has been implicated in neuronal differentiation, i.e., regulation of neurite
growth, transmitter synthesis and in synapse formation. TGF-β1 and -β2 have been
reported to cause neurite sprouting and elongation of hippocampal neurons in vitro.115

TGF-β1 has also been shown to promote re-elongation of injured axons of cultured
hippocampal neurons.112 These in vitro data were expanded by showing that TGF-β
can also increase the number of neurites as well as neurite length in an explant of
dorsal root ganglia.95

The regulation of Ca2+ activated K+-channels in developing chick ciliary ganglion
neurons has been shown to be regulated by two different target-derived TGF-β
isoforms, which produce opposing effects on the electrophysiological differentiation
of these neurons. TGF-β1 causes the developmental functional expression and stimu-
lation of Ca2+ activated K+-channels.117 Opposingly to TGF-β1, TGF-β3 inhibited
the functional expression of these Ca2+ activated K+-channels leaving other voltage
activated Ca2+ currents unchanged.118

TGF-β has been shown to have a prominent role in long-term synaptic facilitation
(24-48 h) in isolated Aplysia ganglia.119 TGF-β did not affect short- (5-15 min) or
intermediate-term (2-4 h) facilitation. Neutralization of TGF-β abolished the well-
established facilitation mediated by serotonin suggesting that TGF-β is an important
component within the synaptic signalling cascade for adult neuronal plasticity.

A potential role of TGF-β in neuromuscular signal transduction has been
suggested based on the localization of all three TGF-β isoforms at the postsynaptic
area of neuromuscular junctions identified by acetylcholinesterase reaction and
acetylcholine receptor antibodies.120,121

Protection of Lesioned Neurons by Administration of TGF-βββββ

In vitro Studies

Several lines of evidence suggest that TGF-β can prevent neuron death in a
variety of lesion paradigms in vitro and in vivo. Paradoxically, TGF-β can also
aggravate neuronal injury, and mechanisms underlying this ambiguity of TGF-β in
the regulation of neuronal survival are still enigmatic. Generally, it is unclear,
however, whether protection of (usually chemically) lesioned neurons or induction
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of apoptosis, respectively, by TGF-β requires co-signaling by other cytokines and
neurotrophic molecules, as demonstrated on cultured unlesioned neurons (see above).

Several studies have addressed potential roles of TGF-β in beta-amyloid induced
neuron death. For example, pretreatment of cultured hippocampal neurons lesioned
with the beta-amyloid peptide fragment 25-35 with TGF-β resulted in a 60% increase
in cell viability as determined by MTT incorporation.122 A similar, yet less pronounced
protective effect was seen in two mouse and human neuroblastoma cell lines.
Protection was shown to be mediated through the TGF-β type II receptor.123 Treatment
with TGF-β following exposure to beta amyloid peptide also partially prevented
neuron death. These results corroborate other studies, in which TGF-β was shown
to protect hippocampal neurons from beta-amyloid neurotoxicity.124

TGF-β also protects hippocampal neurons in vitro against short-term exposure
to glutamate or NMDA and the resulting intracellular calcium overload.125 TGF-β
pretreatment reduces calcium increases,126 not only in the excitotoxicity paradigm,
but also, when intracellular calcium homeostasis is perturbed in response to treatment
with the HIV-1 coat protein gp 120.127 Paradoxically, TGF-β potentiates rather than
ameliorates slowly triggered excitotoxic death induced by long-term treatment with
glutamate or kainate125 and aggravates NMDA-induced neuron death in mixed
neuron-glial cultures.128,129

TGF-β has also proven its efficacy in other in vitro lesion models, as, e.g.,
intoxication of midbrain dopaminergic neurons by MPP+.108

In vivo Studies

Administration of TGF-β in a variety of CNS lesion paradigms in vivo,12,19

ranging from target deprivation to ischemia and models of Parkinsonism, has not
conclusively revealed an overall and robust potency of TGF-β to protect lesioned
neurons.

In a model of neuronal target deprivation in the adult rat, Blottner and
collaborators130 have demonstrated that substitution of the target tissue by TGF-β
prevents death of neurons that die following destruction of the target. The model
chosen was the neuronal axis that connects preganglionic sympathetic neurons in
the spinal cord with the adrenal medulla. This model permits to selectively destroy
the adrenal medulla and replace it by gelfoam soaked with growth factors to be
tested.131

In a 6-hydroxydopamine model of Parkinsonism TGF-β, in contrast to GDNF,
failed to prevent death of dopaminergic nigrostriatal neurons,132 despite its proven
capacity to protect intoxicated dopaminergic neurons in vitro.109,110 A general problem
with most studies in which TGF-β had failed to show a neuroprotective potential or
had minor effects only is the failure to demonstrate biological activity of the particular
charge of TGF-β applied.
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Protection of Lesioned Neurons by TGF-βββββ Deprivation

Lesion experiments in chick embryos (limb bud ablation, i.e., axotomy of motor,
sensory, and autonomic axons) have clearly shown that neutralisation of endogenous
TGF-β using pan-TGF-β antibodies that recognize all three TGF-β isoforms results
in the protection of 50% of the total population of spinal cord motoneuron population
that otherwise dies in the presence of TGF-β. This experiment therefore unravels
TGF-β as a neuron survival antagonizing principle by demonstrating an essential
requirement of TGF-β in vivo to execute apoptosis of axotomized motoneurons
and, possibly other neuron populations, too. The ambiguity of TGF-β in terms of
affecting conditions suitable for neuronal regeneration is highlighted by the
observation that TGF-β1 apparently plays a key role in structuring the glial scar, a
major chemical barrier for regenerating axons following mechanical lesioning:
neutralization of TGF-β1 decreases astroglial scarring, without, however, clearly
promoting neurite regeneration.133 Consistent with a role of TGF-β in scarring,
administration of TGF-β1 into the subarachnoidal space after spinal cord injury
produces pronounced scar formation. Although the TGF-β treatment initially
facilitates functional recovery of hindlimb motor control, the final outcome is not
better.134

Together, the pivotal role of TGF-β in promoting neuron survival in one context
and preventing it in another one is far from being understood, as long as “context” is
insufficiently defined in molecular terms.

REGULATION OF NEURON SURVIVAL AND
MAINTENANCE BY MEMBERS OF THE TGF-βββββ
SUPERFAMILY OTHER THAN TGF-βββββS PROPER

Glial Cell Line-Derived Neurotrophic Factor

GDNF, first characterized by its neurotrophic activity for mesencephalic
dopaminergic neurons,38 has received extensive attention mostly because of its
clinical potential in the therapy of Parkinson´s disease, but also because of its mode
of signaling through a receptor tyrosine kinase, c-ret, and a GPI-linked alpha receptor,
GFR-α. GDNF was the first representative of a new TGF-β subfamily, which
comprises at present four members, GDNF, neurturin, persephin, and artemin.38-42

GDNF and other members of the GDNF family have been extensively reviewed
with respect to their neurotrophic actions and molecular bases of signaling.16,135-137

We will therefore only briefly summarize important features of GDNF activities in
vivo in relation to the lesioned nigrostriatal system, impaired motoneurons, and
ischemia.

Multiple studies have proven the prominent survival-promoting effects of GDNF
on lesioned nigrostriatal dopamine neurons.16 There are two particularly convincing
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features of GDNF protectivity, its protective effect following application after
lesioning132 and its protective effects in non-human primates.138-141 These findings
have been more recently supplemented by optimizing sites of administration of
recombinant GDNF142,143 and GDNF encoded by adenoviral and lentiviral vectors.144-

147 The GDNF-related molecule neurturin has been shown to protect not only the
dopaminergic innervation of the striatum, but also striatal projection neurons in a rat
model of Huntington´s disease.148

Viral vector-mediated GDNF gene transfer has also been shown to be effective
on lesioned adult motoneurons.149-152 In addition to GDNF, neurturin and persephin
have been successfully applied to lesioned postnatal motoneurons.39-41,153

Potential roles of endogenous GDNF family ligands and their receptors in coping
with brain insults have been proposed based on their regulation in vivo.154

GDNF has also proven its neurotrophic potency in several models of brain
ischemia by various routes of application including adenoviral gene transfer.155-157

An important mode of action of GDNF concerns the reduction of NMDA-induced
calcium influx by the mitogen-activated protein kinase pathway.158 GDNF also seems
to be an important mediator of neuroprotective actions of other growth factors that
are beneficial in glutamate toxicity, including fibroblast growth factor-2 and brain-
derived neurotrophic factor.159

Activin

Activin has well-documented neurotrophic and protective effects in the lesioned
nervous system, which have been reviewed by Alzheimer and Werner in the preceding
Chapter of this book.

Bone morphogenetic proteins and Growth/Differentiation Factors

In contrast to the vast literature that exists of BMPs and their role in gliogenesis
(for a review see Mehler et al, ref. 14), there are only a few reports on neurotrophic
actions of BMPs. In vitro BMPs can promote survival of dopaminergic midbrain
neurons160 and induce the serotonergic phenotype in cells cultured from the
embryonic rat raphe.161 BMP-2 has been reported to promote survival and
differentiation of striatal GABAergic neurons;162 OP-1 enhances dendritic growth
from cerebral cortical neurons in vitro.163 BMP-4/7 have crucial roles in the induction
of specific neuronal phenotypic features, most notably catecholaminergic proper-
ties of peripheral and central neurons in vitro and in vivo (Rohrer, personal commu-
nication).164-166 Similarly, BMP-2 induces neurotrophin-3 responsiveness in
developing rat sympathetic neurons167 and cholinergic properties in CNS neurons.168

Among the GDFs, GDF-5 and GDF-15 have been shown to have neurotrophic
effects on midbrain dopaminergic neurons in vitro and in vivo.109,169-170
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CONCLUSIONS

The available data on the distribution and the wide range of functions of TGF-
βs in the nervous system support the notion that TGF-β2 and -β3 are probably the
most important cytokines with modulatory actions in this system. Their principal
roles seem to be related to regulating precursor cell divisions, migration of neural
precursors, neuron and glial cell survival, differentiation, and synaptic plasticity.
Mice (conditionally) deficient for TGF-β2 and -β3 or TβRII may be expected to
shed more light on neural TGF-β functions in the future. Among the other subfamilies
of the TGF-β superfamily, the GDNF family occupies a prominent position regarding
neurotrophic functions. Neurotrophic roles of BMPs and GDFs have been less
extensively investigated.
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VASCULAR ENDOTHELIAL GROWTH FACTOR

Hugo H. Marti*

The striking structural and anatomical parallels between the vasculature and the
nervous system is reflected by the fact that these two organ systems appear to use
related mechanisms during their development.1 Thus, it is not surprising that an
increasing number of vascular biologists and researchers in the neuroscience field
are fascinated by molecules that play an important role in both systems.

Vascular endothelial growth factor (VEGF) is a major regulator of new blood
vessel growth and an important inducer of vascular permeability. However, during
the last few years, it has become apparent that VEGF has additional non-vascular
functions. In particular the identification of the neuropilins, receptors for the
semaphorin family of proteins that mediate neuronal axon pathfinding, as coreceptors
for various members of the VEGF family, as well as the detection of VEGF receptors
on neurons and astrocytes, suggests that VEGF can act as neurotrophic and
neuroprotective factor in the central as well as in the peripheral nervous system.
Thus, VEGF is a pleiotrophic factor with many important functions in the brain.
This Chapter summarizes the current knowledge on VEGF expression, regulation
and function in the adult nervous system.

THE MEMBERS OF THE VEGF FAMILY

VEGF (also designated as VEGF-A) is the founding member of a family of
homodimeric glycoproteins that are structurally related to the platelet-derived growth
factors (PDGF); this family also includes placenta growth factor (PlGF), VEGF-B,
VEGF-C, VEGF-D and VEGF-E. This VEGF family of proteins bind selectively
with different affinities to at least five distinct receptors (Fig. 1). Three of them
belong to the superfamily of receptor tyrosine kinases and are termed VEGF receptor-
1 (VEGFR-1), also called Flt-1 (fms-like tyrosine kinase 1), VEGFR-2, also called
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KDR (kinase insert-domain containing receptor) in humans, and Flk-1 (fetal liver
kinase 1) in rodents, respectively, as well as VEGFR-3, also called Flt-4. The fourth
and fifth receptors are neuropilin-1 and neuropilin-2.2 Most of the research on the
VEGF family so far, especially with respect to the expression pattern and function
in the nervous system, has focused on VEGF-A.

The secreted PlGF shows a strong structural homology to VEGF6 and exists as
three isoforms, PlGF-1, PlGF-2 and PlGF-3, which result from alternative splicing
from a single gene locus.5 PlGF is predominantly expressed in placenta and binds
exclusively to VEGFR-1.7 Although no PlGF expression has been detected in human
cortical brain tissue, expression was demonstrated in various tumors of the CNS.8,9

PlGF induces both proliferation and chemotaxis of endothelial cells in vitro, and is
angiogenic in vivo.6,10,11 These results support the proposal that PlGF is involved in
tumor angiogenesis and that it is not required for vascular development in the brain.

Figure 1. The receptors for VEGF. Neuropilin receptors have five extracellular domains, two each with
homologies to complement components C1r and C1s (circles) and coagulation factors V and VIII (rectangles),
as well as a MAM (meprin, A5, receptor tyrosine phosphatase µ ) domain (diamond). In addition to the
semaphorins, neuropilins bind selective members of the VEGF family of growth factors. VEGF receptors
possess seven immunoglobulin-like domains in the extracellular part and a split intracellular tyrosine
kinase domain, and bind different members of the VEGF family. VEGFR-3 is proteolytically cleaved in
the fifth immunglobulin-like domain, but the resulting chains remain linked by a disulfide bond. (Adapted
from refs. 3-5).
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A recent report further demonstrates that embryonic angiogenesis in mice is not
affected by PlGF deficiency, but that PlGF contributes to angiogenesis under
pathological conditions.12

VEGF-B binds to both VEGFR-1 and neuropilin-1. VEGF-B is widely
expressed, most prominently in heart and skeletal muscle, but also in mouse and
human brain.13,14 The highest levels of VEGF-B in the brain are detected in neuronal-
like cells of the hippocampus and the cerebral cortex.15 VEGF-B is implicated in
angiogenesis by its role in the regulation of extracellular matrix degradation, cell
adhesion and migration of endothelial cells.14

VEGF-C is a ligand for both VEGFR-2 and VEGFR-3.16 VEGF-C is synthesized
as a prepropeptide and subsequently undergoes proteolytic maturation.17 VEGF-C
mRNA is found in several tissues including heart, placenta, ovary, and small
intestine,18 although it is undetectable in the normal brain.15 As VEGFR-3 is the
main receptor for VEGF-C and is predominantly expressed on lymphatic
endothelium, VEGF-C was therefore considered to be the prototypic
lymphangiogenic factor.19 However, VEGF-C has also been shown to act on vascular
endothelial cells both in vitro and in vivo.20-22 Indeed, mice which lacked a functional
vegfr-3 gene showed defective blood vessel development in early stage mouse
embryos.23 Thus, the VEGF-C/VEGFR-3 system has an essential role not only for
lymphatic vessel formation but also for angiogenesis.

VEGF-D is structurally very similar to VEGF-C and it also binds to VEGFR-2
and VEGFR-3.24 VEGF-D is mitogenic for endothelial cells and thus may play a
role in endothelial cell regulation. The expression of VEGF-D is prominent in heart
and skeletal muscle, as well as in mesenchymal cells of the lung and skin, but shows
only very weak expression in the brain.24,25

Figure 2. The human isoforms of VEGF-A. At least five different isoforms are generated by alternative
splicing from a single gene. Exon I, encoding for a signal peptide, exons II—V and exon VIII are present
in all isoforms. Exons III and IV are required for binding to VEGFR-1 and VEGFR-2, respectively. The
isoforms differ by the presence or absence of exon VI, that mainly mediates heparin binding and exon VII,
which seems to be responsible for interaction with neuropilin-1. (Adapted from refs. 5,31).
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VEGF-E is the collective term for a group of proteins with homology to VEGF-
A that are encoded by certain strains of the orf parapoxvirus, which affects goats,
sheep and occasionally humans.5 It possesses about 25% amino acid identity to
mammalian VEGF.26 VEGF-E binds with high affinity to VEGFR-2 and neuropilin-
1, but neither to VEGFR-1 nor to VEGFR-3, inducing vascular permeability and
potent angiogenic activity both in vitro and in vivo.27-29

Finally, VEGF-A is ubiquitously expressed at low levels within the CNS by
astrocytes and neurons.30 VEGF-A exists as several isoforms, derived from a single
gene by alternative splicing (Fig. 2). The smallest form, VEGF121, is 121 amino
acids long and does not bind to heparin, while the four larger forms, VEGF145,
VEGF165, VEGF189 and VEGF206, all bind heparin with increasing affinity. VEGF189

and VEGF206 remain cell-attached while the smaller isoforms are secreted.5,10,31

VEGF was first isolated in 1983 as a factor leading to increased vascular permeability
in tumors and was thus called vascular permeability factor (VPF).32 In 1989, VPF
was independently isolated and cloned as an endothelial cell-specific mitogen.33

VEGF is expressed in virtually all cells in the body, however; expression in endothelial
cells has mainly been found in vitro in cell culture, while it is undetectable in vivo.34

These findings indicate that VEGF acts as a paracrine factor on neighboring
endothelial cells carrying the VEGF receptors rather than in an autocrine fashion.
VEGF is such a potent regulator of vascular development that its dosage must be
tightly regulated. Disruption of even a single allele of the VEGF gene in mice results
in embryonic lethality due to severe vascular defects.35,36 VEGF-A binds to receptors,
VEGFR-1 and VEGFR-2. Recently, the neuropilins have been identified as
coreceptors for specific VEGF isoforms. While neuropilin-1 is a receptor only for
the VEGF165 isoform,37 neuropilin-2 binds both VEGF165 and VEGF145.

38 Targeted
inactivation of VEGFR-1 and VEGFR-2 as well as neuropilin-1 in mice resulted in
defects of blood vessel formation and embryonic lethality, demonstrating further
the importance of VEGF-A for appropriate vascular development.39-41

In summary, VEGF-A and VEGF-B appear to be the only VEGF members
expressed at significant levels in the CNS, whereas PlGF may be activated during
pathological situations. While VEGF-A fulfills an important role in vascular
development of the brain,42 it remains to be established whether VEGF-B has any
physiological function in the CNS. I will, therefore, for the remaining part of this
Chapter focus on the regulation and function of VEGF-A in the nervous system.

REGULATION OF VEGF AND VEGF RECEPTOR
EXPRESSION

A variety of physiological and pathological processes are associated with
upregulation of components of the VEGF/VEGFR-system, including embryogenesis,
the female reproductive cycle, pregnancy, wound healing, tumor growth, diabetic
retinopathy and ischemic diseases (for a review see refs. 3,43). In the search for
mechanisms and factors capable of influencing VEGF expression during these
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processes, many cytokines and growth factors have been shown to modulate VEGF
gene expression.5 For example, TNFα and bFGF are able to induce VEGF gene
expression in vitro;44,45 also glucose deficiency has been shown to increase VEGF
expression.46 The most important and intensively studied inducer of VEGF gene
expression, however, is hypoxia, which was demonstrated for the first time in the
perinecrotic areas of glioblastomas.47,48 Under hypoxic conditions VEGF expression
is mediated through the activation of specific hypoxia-inducible transcription factors,
HIF-1 and HIF-2.49,50 In addition, VEGF upregulation during hypoxia is also achieved
by an increase in the stability of its mRNA51 and by the efficient hypoxic translation
of the VEGF mRNA which is mediated by an internal ribosomal entry site.52

HIF-1 is an ubiquitously expressed master regulator of oxygen homeostasis. It
is a heterodimeric transcription factor that is composed of HIF-1α and HIF-1β (also
known as the arylhydrocarbon receptor nuclear translocator ARNT) protein subunits.
Whereas HIF-1β/ARNT is constitutively expressed, HIF-1α expression is induced
in hypoxic cells. HIF-1 binds to the promoter/enhancer elements of hitherto more
than 20 known hypoxia-inducible genes and stimulates their transcription. These
genes play essential roles in the physiologic adaptation to hypoxia, including
glycolysis, erythropoiesis, angiogenesis and vascular remodeling.53 Furthermore, it
became evident that HIF-1 plays a central role in many human diseases, including
myocardial ischemia, stroke and tumor growth.54 Recently, a close homologue of
HIF-1α was identified and termed HIF-2α.50,55-57 In addition, it has been shown
that ARNT2, a conserved ARNT homologue that is highly expressed in neurons,
forms functional HIF complexes in vivo, leading to the hypothesis that HIF-1α/
ARNT2 heterodimers may specifically mediate transcriptional responses in the
nervous system.58

HIF-1α mRNA is constitutively expressed in virtually all organs and cells59

implicating a regulation of HIF-1 activity at a posttranscriptional level.60 HIF-1α
protein levels are downregulated in normoxic cells by ubiquitination and rapid
proteasomal degradation, a process that is mediated by the von Hippel-Lindau tumor
suppressor protein (pVHL).53,61 The binding of pVHL to the α subunit requires a
specific, oxygen-dependent, prolyl hydroxylation within the degradation domain of
HIF-1α (Fig. 3).62,63 The involved prolyl-hydroxylase might therefore act as an
oxygen sensor. As a result HIF-1α and also HIF-2α proteins are undetectable in
normoxic tissues.64 However, expression of HIF-1α increases dramatically in hypoxic
tissues, including the brain (e.g., during chronic hypoxia or ischemia).65-67

As a consequence of HIF-1 activation, VEGF transcription is increased during
hypoxia.49 VEGF expression is upregulated mainly in astrocytes and neurons during
hypoxic and ischemic events,34,67,68 but also in injured brain or spinal cord tissue.69-

71 In addition, gene expression of both VEGFR-1 and VEGFR-2 is activated in
hypoxic tissues.68,72,73 Whereas VEGFR-1 is a target gene for HIF-1 and is therefore
directly upregulated by hypoxia,34,74 VEGFR-2 is not induced after short term hypoxic
exposure34 but rather after prolonged periods of hypoxia, such as those occurring
during ischemic events.68,75 VEGFR-2 has no HIF-1 consensus site in its promoter
region74 but may be activated by HIF-2.76 Increased VEGF levels may activate
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VEGFR-2 expression through a positive feedback loop indicating a further regulatory
pathway.77,78 The third receptor for VEGF, neuropilin-1, is upregulated in endothelial
cells of cerebral blood vessels from hypoxic tissue after focal cerebral ischemia.79

For the other members of the VEGF family, as well as for VEGFR-3, upregulation
by hypoxia has not been demonstrated conclusively, and it is so far unknown whether
hypoxia-response elements allowing transcriptional regulation by either HIF-1 or
HIF-2 are present in these genes.80,81

PLEIOTROPIC ACTION OF VEGF IN THE CNS

VEGF has long been considered a selective endothelial cell mitogen that
promotes vasculogenesis and angiogenesis. In addition, it initiates endothelial
procoagulant activity and induces vascular permeability. These effects are compatible
with the expression of VEGF receptors specifically on vascular endothelial cells.

Figure 3. Model of oxygen sensing, signaling and gene regulation. Under hypoxic conditions, HIF-1α (α)
is stable and can translocate to the nucleus where it heterodimerizes with HIF-1β/ARNT (β) and after
binding to hypoxia-response elements (HRE), activates gene transcription, of e.g., VEGF. When, however,
the intracellular oxygen tension is high, a prolyl hydroxylase enzyme (P-OH) modifies the HIF-1α subunits
resulting in the hydroxylation of a specific proline residue (OH). This modification is sufficient for binding
of HIF-1α to the von Hippel-Lindau tumor suppressor protein (pVHL) which then targets the α subunit
for proteolytic degradation in the proteasome via ubiquitination (ubiq.). (Adapted from refs. 53,82).
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However, other cell types, including hematopoietic progenitor cells, monocytes and
trophoblasts also express functional VEGF receptors (for a review see ref. 2). More
recently, additional cellular targets of VEGF were discovered in the CNS. Astrocytes
and neurons have been reported to express either or both VEGFR-1 and VEGFR-2
during cerebral ischemia.83 VEGFR-2 expression has also been described in neural
progenitor cells of the retina,84 and expression of VEGFR-1 was found on reactive
astrocytes after VEGF stimulation,85 and in other models involving CNS trauma.86

These findings led to the hypothesis that VEGF might act as a direct neurotrophic or
even neuroprotective factor. This concept is supported by the finding that other pro-
angiogenic growth factors such as bFGF and PDGF have been shown to be
neurotrophic as well.87 Furthermore, the identification of the neuropilins as
coreceptors for different isoforms of VEGF37,38 implicates VEGF in the processes
of neuronal growth and repair. Thus, VEGF may affect neuronal survival in a variety
of pathological conditions indirectly by inducing angiogenesis and vascular
permeability but also by a direct action on neurons and astrocytes.

Direct Neurotrophic/Neuroprotective Actions of VEGF

The first evidence for a neurotrophic function for VEGF came from a series of
experiments performed in the laboratory of Jeffrey Rosenstein, using murine brain
explant cultures in vitro. The study was initially designed to investigate angiogenic
reactions in the CNS after VEGF administration. This group found an increase in
enlarged, dilated and branching vessels after VEGF stimulation in rat cortical slice
explant cultures but also expression of VEGFR-1 on reactive astrocytes.85

Subsequently, in mesencephalic explant cultures they detected that VEGF
administration led to the proliferation of astrocytes and also prevented dopaminergic
neurons from cell death.88 The significance of VEGF-mediated astrocyte proliferation
is unknown. Recent studies support the assertion that astrocytes are actively involved
in the generation and maintenance of neuronal synapses.89 VEGF may sustain these
effects on neurons by providing the necessary glial bed and thus lead to an indirect
stabilization of neuronal function. This idea is supported by the finding that expression
of both VEGFR-1 and VEGFR-2 in Müller cells of the developing retina is required
for normal retinal development, from which it is surmised that the development of
blood vessels and neural tissue takes place in a coordinated fashion, guided by the
expression of VEGF receptors in glial cells.90 In addition, direct effects of VEGF on
neuronal cell lines and primary neurons were also reported, including the role of
VEGF in promoting the development and survival of rat photoreceptor cells.91 Also,
addition of VEGF to the immortalized hippocampal neuronal cell line HN33 resulted
in reduced cell death that was associated with an in vitro model of cerebral ischemia
by doubling the number of surviving cells after 24 hours of combined oxygen and
glucose deprivation.92 Furthermore, VEGF protects rat primary embryonic
hippocampal neurons against glutamate-induced neurotoxicity. 93 Six hours of
pretreatment with VEGF before exposure to glutamate resulted in increased cell
survival, inhibited upregulation of caspase-3-like activity and also attenuated DNA
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laddering. These results imply that VEGF is able to block neuronal apoptosis in
specific cell lineages. Further evidence in support of this hypothesis comes from a
recent in vivo study, where topical application of VEGF to the surface of an ischemic
brain led to a significant reduction of infarct volume and neuronal damage some 24
hours after onset of experimentally induced stroke.94 The positive effect of VEGF
administration after 24 hours is supportive of a direct protective effect of VEGF on
the neurons itself. An indirect neuroprotective effect mediated by inducing
angiogenesis (see below) would need more time, as new vessel growth during cerebral
ischemia is initiated only 24 to 48 hours after occlusion of the artery.68 Alternatively,
VEGF may improve survival of hypoxic endothelial cells in the penumbra
surrounding the infarcted area, thus preserving a residual blood flow which then
contributes to better neuronal survival.

In the peripheral nervous system, VEGF has also been implicated in neurotrophic
and neuroprotective effects. VEGF is expressed by neurons of the superior cervical
ganglia (SCG) and dorsal root ganglia (DRG), and VEGFR-2 is present on neurons
within SCG and DRG, and also on Schwann cells.87 In these different cell types,
VEGF and VEGFR-2 expression demonstrates temporal changes during early
postnatal life, from which it may be concluded that there is developmental regulation
of VEGF activity in peripheral ganglia.95 Addition of VEGF to explanted ganglia
promoted cell survival, axonal outgrowth, and proliferation of Schwann cells.87

Topical application of VEGF to injured peripheral nerves, therefore, could have a
beneficial effect on nerve regeneration by promoting the invasion of Schwann cells
and new vessel growth.96,97 In addition, it has been shown that VEGF gene transfer
in a rabbit ischemic hindlimb model, as well as in diabetic rats, had favorable effects
on peripheral nerve function.98,99 The role of VEGF, and especially its inducibility
by hypoxia, on neuronal survival was very recently underlined by a fascinating
study in the laboratory of Peter Carmeliet. Transgenic mice with a deletion of the
hypoxia-response element in the promoter of the VEGF gene demonstrated a
reduction of baseline levels of VEGF specifically in neural tissue, and hypoxia-
induced VEGF expression in the spinal cord and the brain was blunted. At the age of
five months, the transgenic animals developed a progressive motor neuron
degeneration, which was reminiscent of human amyotrophic lateral sclerosis.100

In the search for mechanisms that mediate the neuronal functions of VEGF, the
interaction between VEGF and the neuropilins deserves attention. Neuropilins were
initially identified according to their ability to bind secreted semaphorins of subclass
3.1 However, this semaphorin-neuropilin complex is unable to transmit a signal to
the cell because neuropilins lack a signaling-competent cytoplasmic domain.
Therefore, the binding of an additional class of receptors, the plexins, is required to
form a fully functional semaphorin receptor complex. Alternatively, neuropilins can
use VEGFR-2 as a coreceptor by interacting with specific isoforms of VEGF. The
presence of neuropilin-1 on endothelial cells enhances the affinity of VEGF165 for
its signaling receptor VEGFR-2, leading to increased endothelial cell chemotaxis
and mitogenesis.37 Furthermore, neuropilin-1 may also use the tyrosine kinase activity
of VEGFR-1 for signaling after semaphorin binding.101 In nervous tissue, secreted
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semaphorins control cell migration by forming tissue gradients that are sensed by
receptor complexes consisting of plexins and neuropilins.4 Semaphorins act as
repelling cues for the guidance of axons in developing nervous tissue. In the adult
organism, semaphorins seem to inhibit axon growth after injury and maintain
established neural pathways. Secreted semaphorins and VEGF compete with each
other for binding to their natural receptors neuropilin-1 and VEGFR-2, respectively.
To further complicate the situation, it has been demonstrated that neuropilin-1 binds
with high affinity to VEGFR-1, thereby inhibiting the binding of neuropilin-1 to
VEGF165.

102 VEGFR-1 lacks a significant signaling activity and has therefore been
considered to negatively regulate the VEGF-dependent activity by functioning as a
sink receptor.2 Based on these results, a number of scenarios emerge, as to how
VEGF action on neuronal cells could be mediated (Fig. 4). 1) VEGF can bind to
VEGFR-2 present on neurons and signal via the kinase domain of this receptor. An
additional complex formation with neuropilin-1 could modulate or enhance this
signal. 2) As VEGFR-1 can act as a sink receptor, preventing VEGF binding to the
signaling VEGFR-2, the binding of neuropilin-1 to VEGFR-1 could block this sink

Figure 4. Hypothetical model of VEGF-mediated neuroprotection. Various VEGF receptors are expressed
on glial, neuronal and endothelial cells. 1) VEGF signals through binding to VEGFR-2 on neurons.
Additional complex formation with neuropilin-1 enhances this signal. 2) Neuropilin-1 binds the sink
receptor VEGFR-1 thereby releasing VEGF, which then can bind to and signal through VEGFR-2. 3)
Complex formation between VEGF and neuropilin-1 inhibits formation of the semaphorin-plexin-neuropilin
complex, thereby counteracting the repellent and apoptotic function of semaphorin 3A. This in turn leads
to axonal outgrowth and neuroprotection. 4) Regulation of VEGFR-1 expression which is able to bind both
VEGF and neuropilin-1, in turn determines the amount of available VEGF for binding to VEGFR-2 as well
as of neuropilin-1 for the formation of the semaphorin-plexin-neuropilin complex. 5) VEGF-mediated
endothelial cell proliferation leads to new vessel growth, thereby allowing enhanced oxygen and nutrient
delivery to neuronal cells which in turn increases cell survival. 6) VEGF-mediated proliferation of astrocytes
might help to stabilize neuronal function.
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function and thereby increase the availability of VEGF for VEGFR-2 leading to an
increased activity via this receptor. 3) The neurotrophic action of VEGF could be an
indirect one. As semaphorins inhibit axonal growth, VEGF could compete with
semaphorins for neuropilin binding, thereby blocking the repellent function of
semaphorins on neurons. This would result in an increased axonal outgrowth and
better survival of neurons as previously demonstrated.87,97,101 4) Regulated expression
of VEGFR-1 could modulate the level of available neuropilin-1 and thus influence
the affinity of VEGFR-2 for VEGF as well as signaling via the semaphorin-plexin
complexes. The balance between VEGF and semaphorin availability at their common
receptors VEGFR-1, VEGFR-2 and neuropilin-1 may therefore modulate the
migration, apoptosis, survival and proliferation of neural cells.101 The situation may
be even more complex, as it is currently unknown whether neuropilin-1 and VEGFR-
2 are able to directly interact. Furthermore, neuropilin-2 and the plexins may interfere
with the other receptors as well. On the other hand, it is evident that semaphorins by
competing with VEGF for binding to neuropilin-1 could influence the angiogenesis reaction
mediated by VEGF.37

Angiogenesis

VEGF can also influence neuronal survival indirectly by inducing new blood
vessel growth, thereby allowing increased transportation of oxygen and nutrients to
hypoxic tissue. Formation and remodeling of new blood vessels is governed by
three processes: vasculogenesis, angiogenesis and arteriogenesis. Vasculogenesis is
defined as the differentiation of mesodermal progenitor cells (angioblasts) into
endothelial cells in situ where they subsequently aggregate and form a primary
vascular plexus.103 Vasculogenesis occurs primarily during embryonic development.
However, recent studies suggest that endothelial precursor cells may exist in the
bone marrow and contribute to new vessel formation or vascular remodeling by
vasculogenesis also in the adult organism.104 Angiogenesis is defined as the formation
of new blood vessels by sprouting of endothelial cells from pre-existing vessels or
by intravascular subdivision (intussusception).105 Angiogenesis further refines the
primitive embryonic vascular plexus and includes remodeling, a process that
transforms the relatively uniformly sized vasculature into the network of small and
large vessels, that finally undergoes maturation by recruiting perivascular cells, such
as smooth muscle cells and pericytes. Angiogenesis is an important process during
embryogenesis but also occurs in the adult in response to altered metabolic
requirements, e.g., it can be triggered by hypoxia. The growth of new blood vessels
is a complex process that requires the coordinated interaction of endothelial cells
with the tissue environment.3 Transient phases of angiogenesis occur in various
physiological processes in the adult organism, for example during the female
reproductive cycle in the ovary and in the uterus, as well as during pregnancy and in
wound healing. Furthermore, pathological neovascularization occurs in a variety of
diseases, such as ophthalmic and rheumatic diseases, psoriasis, hemangioblastoma,
solid tumor growth and also during ischemic diseases.106 Finally, arteriogenesis is
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the rapid proliferation of pre-existing collateral vessels that occurs in ischemic tissue
(for a review see ref. 107).

The brain, with its high rate of oxidative metabolism, must rely on a steady
supply of oxygen. A prolonged hypoxic period will lead to a reduction of tissue
oxygenation with detrimental effects on proper brain function. In order to maintain
oxygen delivery to the brain, the organism increases the vascular density in this
organ, resulting in smaller intercapillary distances, which will finally restore tissue
oxygenation.108,109 The brain is thus capable of structural and functional plasticity
to balance energy supply and demand.110 Prolonged hypoxia increases VEGF
expression in adult brain,34,111 thus implicating VEGF in the observed increase in
vascular density. VEGF-mediated new vessel growth, can thus be considered as an
physiologically adaptive response to tissue hypoxia. In addition, various
pathophysiological events are associated with tissue hypoxia, such as brain injury,
cerebral ischemia and also a variety of neurodegenerative diseases. Thus, although
tissue hypoxia can lead to neuronal damage it is also the major stimulus capable of
activating endogenous protective strategies. For example, activation of HIF-1 can
promote cell survival in hypoxic and ischemic tissues via the upregulation of
angiogenic and neuroprotective factors such as VEGF or erythropoietin.68,112 Indeed,
increased expression of HIF-1 and HIF-2 has been reported during stroke.66,67

Induction of angiogenic processes through exogenous administration of VEGF
(therapeutic angiogenesis) may therefore be important for the treatment of stroke,
as has been shown for other ischemic disease such as hindlimb ischemia or myocardial
infarction.3,43,113 However, a major concern precluding the use of VEGF in the CNS
is the fact that this growth factor induces significant vascular permeability in vivo.

Vascular permeability

Brain edema formation as a consequence of the disruption of the blood-brain
barrier is a major problem in a variety of diseases of the CNS, including brain trauma,
tumor growth and stroke. The upregulation of VEGF which occurs during these
pathological processes might be responsible for the observed increase in vascular
permeability and subsequent brain edema formation. Chronic hypoxia leads not only
to an upregulation of VEGF mRNA in the brain, but also to an increased permeability
in cortical vessels.114 Similarly, high altitude brain edema formation is associated
with an increased VEGF production in the brain that can be blocked by a neutralizing
anti-VEGF antibody (H.H.M., manuscript submitted). These results support the
proposal that a strategy aimed at blunting brain edema formation by blocking VEGF
action might be useful to enhance neuronal survival during brain trauma or stroke.
Indeed, antagonism of VEGF action by using a VEGFR-1-IgG fusion protein, which
sequesters VEGF, reduced edema formation and infarct size in a mouse model of
cerebral ischemia.115 Thus, the usage of VEGF as therapeutic agent is context-
dependent and therefore needs to be tightly controlled with respect to both time and
dosage. This is evident from a recent study using a fibrin clot model of middle
cerebral artery occlusion (MCAO) in rats. Late administration of VEGF (48 hours
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after MCAO) to the ischemic rats enhanced angiogenesis in the ischemic penumbra
and significantly improved neurological recovery. However, early postischemic (1
hour after MCAO) administration of VEGF increased blood-brain barrier leakage
and the size of the subsequent ischemic lesion.116 Thus, a therapeutic regimen for
the treatment of stroke evolving from these results could potentially consist of the
early inhibition of VEGF function thereby minimizing brain edema formation,
followed by a later active VEGF treatment leading to angiogenesis and
neuroprotection.

Figure 5. Major signal transduction pathways induced by VEGF. In endothelial cells and neurons VEGF
signaling through activated VEGFR-2 involves the MAP-kinase pathway (MEK—ERK) as well as the PI3

kinase—AKT pathway. In endothelial cells, activation of the MAP-kinase pathway mediates cell
proliferation, while signaling through the PI3 kinase-AKT pathway leads to cell survival. Recruitment of
phospholipase C gamma (PLC-γ) followed by activation of protein kinase C (PKC) and endothelial nitric
oxide synthetase (eNOS), finally, is involved in induction of vascular permeability. In neurons, both PI3

kinase-AKT and MAP-kinase pathways seem to be involved in VEGF-mediated neuroprotection. All these
signaling events are mediated through activation of VEGFR-2, while confirmed data are not available
about the role of VEGFR-1 and neuropilin-1. (Adapted from ref. 2).
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INTRACELLULAR SIGNALING EVENTS

An important question in the field of neuroprotective aspects of VEGF is; through
which intracellular signaling cascades are the various VEGF effects mediated? With
regard to the possible therapeutic use of VEGF in the CNS, it would be helpful to
know whether these several different VEGF-mediated effects use different signaling
pathways which can be specifically activated (e.g., by low molecular compounds
interfering with one pathway but not affecting the other). For example, it has been
shown that distinct members of the Src kinase family (Src, Yes, Fyn) are required
for different VEGF-mediated processes.117 Mice lacking Src or Yes, but not Fyn,
showed no vascular permeability in response to VEGF administration, whereas
induction of angiogenesis and endothelial cell survival required Src family kinase
activity in general. In accordance with these results, blockage of Src, but not Fyn
activity in mice provided cerebral protection following stroke, probably via a
reduction in brain edema formation.118

In endothelial cells, VEGFR-2 is considered to be the major signaling receptor,
while VEGFR-1 acts as a sink to trap an excess of VEGF. Endothelial proliferation
is mediated via the Ras-Raf-MAP(mitogen-activated protein)-kinase pathway, while
protein kinase C (PKC) activation is involved in endothelial migration and vascular
permeability (for a review see ref. 2). The role of VEGF as a survival factor for
endothelial cells is mediated by the phosphoinositol 3 (PI3) kinase-AKT signaling
pathway.119 This situation may be similar in neuronal cells. A recent study, using
antisense oligonucleotides for VEGFR-1 or VEGFR-2, supported the hypothesis
that VEGFR-2, but not VEGFR-1, mediate neuroprotective effects. However,
involvement of neuropilins was not investigated in this study. Neuroprotection was
associated with the activation of PI3 kinase-AKT pathway as well as MEK/ERK
signaling pathway.93 In the setting of cerebral ischemia in vivo and in various in
vitro model of neuronal death, the neuroprotective function of VEGF is associated
with an activation of VEGFR-2 expression and increased levels of phosphorylated
AKT, implicating the PI3 kinase-AKT pathway.73,92,120 Figure 5 summarizes the
major signal transduction pathways that are induced by activated VEGFR-2 in
endothelial cells and neurons.

CONCLUSION

The VEGF/VEGFR receptor system is activated in a variety of pathological
conditions in the CNS, most prominent during cerebral ischemia. But also in brain
injury and neurodegenerative diseases, such as Alzheimer’s disease, involvement of
VEGF is discussed. VEGF expression is markedly enhanced in Alzheimer’s disease
implicating compensatory mechanisms to counter insufficient vascularity or reduced
perfusion apparent in this condition.121 VEGF might therefore be an important factor
in the pathophysiology of diseases that are associated with tissue hypoxia, and may
has also an important role for their treatment. VEGF can exert its neuroprotective
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function by at least two mechanisms. VEGF acts directly on neurons expressing
various VEGF receptor types, thereby mediating its neuroprotective effect.
Alternatively, VEGF induces angiogenesis, thereby allowing increased oxygen and
nutrient transportation to ischemic or hypoxic tissues, which ultimately leads to
protection of stressed neurons and possibly other cell types in the area. VEGF or
VEGF-like agents may therefore be useful for the treatment of neurodegenerative
as well as ischemic disorders of the CNS. A major risk of this form of therapy is that
VEGF may also damage neurons by its effect of increasing permeability leading to
brain edema formation. This precludes VEGF therapy as an efficient treatment for
ischemic conditions such as stroke because serious adverse side effects may occur.
As indicated above, a potential stroke therapy could therefore consist of early VEGF
inhibition followed by a period of active VEGF treatment. Alternatively, one might
search for additional factors capable of inducing angiogenesis and increasing neuronal
survival, but devoid of the harmful effects associated with edema formation. The
hematopoietic growth factor erythropoietin might be such a factor. Erythropoietin is
expressed in the CNS, is induced by hypoxia like VEGF and has a very similar
pattern of expression and functional role during cerebral ischemia. Indeed,
erythropoietin has been shown to be neuroprotective as well as angiogenic in the
brain,112 but does not seem to induce vascular permeability. Thus, therapeutic
application of erythropoietin, which has been widely used as human therapeutic in
the clinic, might be a more promising therapeutic approach. An alternative to the
treatment of ischemic brain injury by application of VEGF alone, might be the
combination of different angiogenic and neuroprotective growth factors. The
combined application of VEGF with angiopoietins has been shown to protect vessels
from VEGF-induced vascular leakage.122 However, the use of VEGF to treat patients
with diseases of the CNS may lead to the induced growth of dormant tumors or
facilitate atherosclerotic plaque progression.123 Thus, much more research is needed
to establish the role of VEGF as neuroprotective agent, and whether the concept of
therapeutic angiogenesis using VEGF is applicable as therapy for the treatment of
neurodegenerative or ischemic diseases such as Alzheimer’s disease or stroke.
Furthermore, the potential damage to nervous tissue which may be caused by blocking
an essential survival signal for neuronal cells mediated through the VEGF pathway
should be avoided under any circumstances. The rapidly increasing number of reports
demonstrating neurotrophic or neuroprotective functions of VEGF therefore warrants
a careful re-evaluation of all antiangiogenic strategies (e.g., for treatment of solid
tumor growth).
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ABSTRACT

The blood-brain barrier (BBB) is the rate-limiting step in the translation of
neurotrophin neuroscience into clinically effective neurotherapeutics. Since
neurotrophins do not cross the BBB, these proteins cannot be used for neuroprotection
following intravenous administration, and it is not feasible to administer these
molecules by intra-cerebral injection in human stroke. The present studies describe
the development of the chimeric peptide brain drug targeting technology and the
use of brain-derived neurotrophic factor (BDNF) chimeric peptides in either global
or regional brain ischemia. The BDNF chimeric peptide is formed by conjugation of
BDNF to a monoclonal antibody (MAb) to the BBB transferrin receptor, and the
MAb acts as a molecular “Trojan Horse” to ferry the BDNF across the BBB via
transport on the endogenous BBB transferrin receptor. High degrees of
neuroprotection in transient forebrain ischemia, permanent middle cerebral artery
occlusion, or reversible middle cerebral artery occlusion are achieved with the delayed
intravenous administration of BDNF chimeric peptides. In contrast, no
neuroprotection is observed following the intravenous administration of unconjugated
BDNF, because the neurotrophin does not cross the BBB in vivo.
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BLOOD-BRAIN BARRIER, NEUROTROPHINS
AND NEUROLOGICAL DISEASE

The blood-brain barrier (BBB) is the rate-limiting step in the translation of
molecular neurosciences into clinically effective neurotherapeutics (Fig. 1). If
neurotherapeutics are developed in the absence of any consideration to BBB transport,
then the central nervous system (CNS) drug development pathway invariably leads
to program termination.1 Termination arises because essentially 100% of large
molecule neuropharmaceuticals do not cross the BBB and > 98% of small molecule
neuropharmaceuticals do not cross the BBB.2 Despite these facts, the translation of
neuroscience into neurotherapeutics invariably takes place in the absence of any
consideration of BBB transport properties, and the neurotrophins are a case study of
this problem. Not surprisingly, and despite the fact that the neurotrophin genes were
cloned more than 10 years ago, there is not a single CNS disease that is currently
being treated with neurotrophic factors. Indeed, virtually all clinical trials with
neurotrophins have been halted by large pharmaceutical companies.

Neurotrophin Drug Development

The history of neurotrophin drug development is outlined in Figure 2. There
are more than 30 neurotrophic factors that are powerful neuroprotective agents should
these molecules be delivered to the target sites within the brain or spinal cord. These
target sites all lie behind the BBB. Therefore, it is not possible to develop
neurotrophins as clinically effective neurotherapeutics, because (a) these molecules
do not cross the BBB, and (b) neurotrophin drug development took place in the
absence of any consideration to BBB transport. The pitfalls of developing drugs for
the brain that do not cross the BBB are illustrated in the case of amytrophic lateral
sclerosis (ALS), which was treated in the 1990s with 3 different neurotrophins,
including ciliary neurotrophic factor (CNTF), insulin-like growth factor (IGF)-1,
and brain-derived neurotrophic factor (BDNF). The CNTF clinical trials were based
only on in vitro tissue culture data and some in vivo data in developing animals.3

The IGF-1 clinical trials were based on tissue culture data and in vivo data on the
sciatic nerve,3 which is outside the CNS and the BBB. An example of a tissue culture
finding with nerve growth factor (NGF) is shown in Figure 2, which demonstrates
neuronal differentiation in a dorsal root ganglia following exposure to NGF.4 On the
basis of such experiments, patients with ALS were treated with CNTF, IGF-1, or
BDNF in separate costly phase III clinical trials. In all 3 trials, the neurotrophic
factor was administered by subcutaneous injection, even though the target neurons
to be treated in ALS resided behind the BBB or blood-spinal cord barrier. None of
these neurotrophic factors crossed the BBB and not surprisingly, all 3 phase III
clinical trials failed in the treatment of ALS. Subsequently, neurodegenerative
conditions such as Parkinson’s disease (PD) were treated with neurotrophic factors
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such as glial-derived neurotrophic factor (GDNF) by intracerebral ventricular (ICV)
infusion.5

Limitations of ICV Infusion as a Brain Drug Delivery System

Figure 2 shows an autoradiogram of rat brain obtained 24 hours after the single
injection of radiolabeled BDNF into the lateral ventricle.6 The autoradiography
demonstrates that the neurotrophic factor does not distribute beyond the ependymal
epithelial layer lining the ventricular surface. This study illustrates that the ICV
infusion of drug is a poor means of drug delivery to brain parenchyma. ICV infusion
of drug allows for drug distribution to the surface of the brain. However, owing to
the limitations of diffusion within the brain and to the rapid rate of bulk flow of CSF
through the ventricular flow tracks, the majority of drug that is injected into the
ventricule is rapidly distributed into the peripheral circulation rather than penetrate
into brain parenchyma by diffusion.7 The second phenomenon demonstrated by the
autoradiography in Figure 2 is that CSF flow takes place in a unidirectional manner.
Molecules injected into the lateral ventricule quickly move to the third ventricle,
then to the fourth ventricle, then over the convexities of the brain and are absorbed
into the superior sagittal sinus across the arachnoid villae without significant
penetration to the contralateral brain. The third property of ICV drug infusion
demonstrated by the autoradiography in Figure 2 is that whereas the brain parenchyma
is exposed to very little neurotrophic factor, the ependymal surface of the brain is
exposed to very high concentrations of neurotrophic factor. This causes significant
sub-ependymal gliosis following the ICV infusion of neurotrophic factors in
animals.8,9 The ICV infusion of GDNF resulted in such toxicity without efficacy in
the treatment of Parkinson’s disease that the clinical trials were halted.5

Figure 1. Neuroscience, blood-brain barrier, and clinically effective neurotherapeutics.
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Small Molecules

The administration of neurotrophic factors by either subcutaneous administra-
tion or ICV infusion resulted in either no therapeutic effects or enhanced toxicity.
Neurotrophin drug development then evolved into small molecules and in this
approach, cloned neurotrophic factor receptors are expressed and analyzed by high
throughput screening (HTS) methodologies, which involves the screening of hundreds
of thousands of small molecule drug candidates. This approach has not led to the
discovery of neurotrophic factor small molecule peptidomimetics, because small

Figure 2. There are >30 different neurotrophic factors known to date and many have neuroprotective and
restorative effects when injected directly into the brain.3 However, these molecules do not cross the BBB.
Preclinical research and brain drug development of the neurotrophins was largely restricted to cell culture,3

and the effects of nerve growth factor (NGF) on the dorsal root ganglion in cell culture is shown.4 Clinical
trials for neurotrophic factors such as brain derived neurotrophic factor (BDNF), ciliary neurotrophic
factor (CNTF), or insulin like growth factor (IGF)-1, were peformed in the 1990s, and the neurotrophic
factor was administered by subcutaneous injection in these trials. None of these neurotrophic factors cross
the BBB and the phase III clinical trials failed. Subsequently, pharmaceutical companies attempted to
administer neurotrophic factors to the brain by ventricular infusion. However, as shown in the autoradiogram,
the distribution of a neurotrophic factor into brain following administration into a lateral ventricle is
restricted to the ipsilateral ependymal surface of the brain at 24 hours after administration.6 Given the poor
penetration into the brain of neurotrophic factors following either peripheral or ICV administration, these
drug development programs were halted. It was believed that neurotrophic factor small molecules would
be discovered and that these small molecules would cross the BBB. However, peptidomimetic small
molecules, should they be discovered, would still need brain drug targeting systems. Therefore, the fate
of the neurotrophic factor drug development program ultimately is termination, because no BBB drug
targeting strategy is available. Abbreviations used: NT, neurotrophin; FGF, fibroblastic growth factor;
TGF, transforming growth factor; GDNF, glial derived neurotrophic factor; HBNF, heparin binding growth
factor; EGF, epidermal growth factor; SDGF, Schwannoma-derived growth factor; LIF, leukemia inhibitory
factor; CDF, cholinergic neuron differentiation factor. The partial list of neurotrophic factors is adapted from Hefti.3



401BLOOD-BRAIN BARRIER DRUG TARGETING

molecule peptidomimetics tend to be antagonists, not agonists.3 Even if a small
molecule neurotrophic factor peptidomimetic agonist was discovered, it is unlikely
this molecule would undergo transport across the BBB in pharmacologically
significant amounts. While it is often stated that small molecules freely cross the
blood-brain barrier, in fact, only a certain type of small molecule crosses the BBB.
Small molecules that do cross the BBB have the dual molecular characteristics of
(a) molecular weight under a 400-500 Dalton threshold and (b) lipid solubility.2 The
kinds of small molecules selected in receptor-based HTS programs have molecular
weights above 400-500 Daltons and/or high degrees of hydrogen bonding and low
levels of lipid solubility. The end result is program termination of the neurotrophin
CNS drug development program, once the small molecule candidate is found to not
cross the BBB. The termination of neurotrophin CNS drug development is most
unfortunate considering the years of effort that have been devoted to neurotrophin
molecular neuroscience and also considering the millions of individuals suffering
from chronic neurodegenerative conditions of the brain. The individuals suffering
from Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease, stroke,
and other neurodegenerative conditions could benefit from neurotrophin
neuropharmaceuticals. The problem is that the neurotrophin molecule must undergo
a molecular reformulation, within the context of a BBB drug targeting technology,
so that the neurotrophin is able to traverse the BBB and distribute into brain
parenchyma following intravenous or subcutaneous administration.

This chapter will review noninvasive neurotrophin delivery to the brain using
the chimeric peptide BBB drug targeting technology. The work demonstrates that
profound degrees of neuroprotection can be achieved in either global or permanent
or reversible regional brain ischemia following delayed intravenous administration
of a neurotrophic factor, providing the neurotrophin is conjugated to a BBB drug
targeting system.

CHIMERIC PEPTIDE TECHNOLOGY

BBB Transport

The capillary endothelial cells of the brain of all vertebrates have unique anatomic
specializations characterized by (a) high resistance epithelial-like tight junctions
that eliminate any paracellular pathway, and (b) a paucity of pinocytosis across the
endothelial cell, which eliminates the transcellular pathway of solute movement
from blood to brain interstitium.2 The BBB is laid down within the first trimester of
human fetal life and restricts the movement of essentially all molecules between
blood and brain. There may be molecular movement across the BBB via one of two
generalized pathways: (a) free diffusion via lipid solubility and (b) catalyzed transport.
Free diffusion occurs for molecules that have a molecular weight under a 400-500
Dalton threshold and have high degrees of lipid solubility and low hydrogen bond-
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ing. Catalyzed transport occurs via one of several endogenous transport systems
within the BBB and this may take place on either carrier-mediated transport (CMT)
systems or receptor-mediated transport (RMT) systems within the brain capillary
endothelium. The CMT systems transport small molecule nutrients in milliseconds,
and include the Glut1 glucose transporter, the LAT1 large neutral amino acid
transporter, the MCT1 monocarboxylic acid transporter, and the CNT2 adenosine
transporter.1 Some of the RMT systems expressed at the BBB are shown in Figure 3
and include the insulin receptor (IR), the transferrin receptor (TfR), the IGF2 or
IGF1 receptor, or the leptin receptor.10-13 Despite the presence of an IGF1 or an
IGF2 receptor at the BBB, there is minimal transport of these molecules into brain
from blood following intravenous administration, because the IGFs are strongly
bound > 99.9% by IGF specific binding proteins in the blood.14

Chimeric peptides

Based on the observation that peptide receptors are present on the brain capillary
endothelium and that some of these mediate the transcytosis of the circulating pep-
tide through the BBB, the chimeric peptide technology was developed.7 A chimeric
peptide is formed when a nontransportable drug is conjugated to a brain drug delivery
vector. The latter may be an endogenous peptide, a modified protein, or a
peptidomimetic monoclonal antibody (MAb) that undergoes receptor-mediated or
absorptive-mediated transcytosis through the BBB in vivo on one of the endogenous
transport systems shown in Figure 3. Insulin undergoes RMT through the BBB in
vivo on the BBB insulin receptor.15 However, the intravenous administration of a
drug/insulin conjugate could lead to hypoglycemia by triggering insulin receptors
in peripheral tissues. The conjugation of drugs to transferrin (Tf) is problematical
because the Tf/drug conjugate would compete with the very high concentration (25
µM) of endogenous Tf in the blood. These problems are obviated with the use of
peptidomimetic MAbs, which bind exofacial epitopes on the BBB receptor that are
removed from the binding site of the endogenous ligand. This binding of the MAb
to the BBB receptor allows the MAb to “piggy-back” across the BBB on the endog-
enous RMT system. Any drug attached to the peptidomimetic MAb may also undergo
transport across the BBB on the endogenous RMT system.16

RMT on the BBB Transferrin Receptor

The outline of the receptor-mediated transcytosis of circulating transferrin
through the BBB via the TfR is shown in Figure 4D. Transcytosis of transferrin
through the BBB in vivo was demonstrated with both a capillary depletion technique
and thaw mount autoradiography.17 The transcytosis of a transferrin receptor
peptidomimetic MAb, OX26, was demonstrated with electron microscopy.16 In these
experiments, a 5 nm gold conjugate of the OX26 MAb was infused in the carotid
artery of anesthetized rats for 10 minutes and the infusion was followed by saline
clearing of the cerebral microvasculature and by perfusion fixation with glutaralde-



403BLOOD-BRAIN BARRIER DRUG TARGETING

hyde. Immunogold silver enhancement at the light microscopic level is shown in
Figure 4A and demonstrates localization of the OX26 MAb/gold conjugate within
the capillary endothelium of brain. The tissue was processed for electron microscopy
and OX26 MAb/gold conjugate was visible on the luminal surface of the brain
capillary endothelium, as shown in Figure 4B. Whenever the OX26/gold conjugate
was found in the intra-endothelial compartment of the capillary endothelium, these
molecules were always found clustered in 100 nm endosomal structures, as shown in
low magnification in Figure 4B and high magnification in Figure 4C. The exocytosis of
the OX26/gold conjugate into the brain interstitium is demonstrated in Figure 4C.

Transferrin Transcytosis at the BBB is Bi-directional

The transcytosis of transferrin in the blood to brain direction was initially
demonstrated with internal carotid artery perfusion of radiolabeled transferrin.17-18

The receptor-mediated transcytosis of transferrin in the brain to blood direction was
demonstrated recently with the brain efflux index (BEI) method.19 These studies
showed that both holo-transferrin and apo-transferrin were rapidly exported from
brain to blood via reverse transcytosis on the BBB transferrin receptor and that the
apo-transferrin was transcytosed approximately 2.5-fold faster than the
holo-transferrin. There are other examples of macromolecule secretion from brain
to blood via reverse transcytosis across the BBB. IgG molecules injected into the
brain are rapidly exported to blood via reverse transcytosis on the BBB Fc receptor.20

Whereas the endothelial TfR mediates bidirectional transcytosis of Tf across the
BBB, the brain endothelial FcR mediates the unidirectional transcytosis of IgG
molecules in the brain to blood direction only.19-20

Figure 3. Blood-barrier peptide receptors and chimeric peptide hypothesis. Reproduced from ref. 1.
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Species Specific BBB Transport Vectors

The OX26 antibody is a mouse MAb to the rat TfR and this antibody is active
only in rats.21 The OX26 MAb has no biologic activity in mice as it does not bind
the mouse TfR (Fig. 5). Recently, 2 different rat MAbs to the mouse TfR, the 8D3
MAb or the RI7-217 MAb, were demonstrated to undergo receptor-mediated
transcytosis across the mouse BBB via the endogenous TfR in this species.21 Brain
drug delivery studies in Old World primates such as the Rhesus monkey are possible
using the 83-14 murine MAb to the human insulin receptor (HIR).22 This MAb is
highly active at the human BBB and is also active at the BBB of Old World primates
such as the Rhesus monkey. The HIR MAb is not active in New World primates
such as Squirrel monkey.22 The murine 83-14 MAb cannot be used for brain drug
targeting in humans owing to the high immunogenecity of a mouse protein in humans.
However, the HIR MAb was recently genetically engineered to enable human
applications.23 As discussed in later sections of this chapter, the chimeric 83-14
MAb retained 100% of the binding activity for the human insulin receptor, and is a
highly efficacious brain drug delivery vector in Rhesus monkeys. Second and third

Figure 4. (A) Silver-enhanced vibratome section of rat brain perfused for 10 min with OX26/ 5 nm gold
conjugate in vivo. The coronal section is at the level of the frontal cortex. The magnification bar = 10 µm.
(B) Electron micrograph of a brain capillary endothelial cell after perfusion of rat brain in vivo with the OX26/
gold conjugate. The study shows dispersed OX26/gold attached to the luminal plasma membrane and clustered
in endosome-like vesicles. Magnification bar = 100 nm. (C) High magnification showing clustering of OX26/
gold conjugate within endosomal structures as well as exocytosis of the conjugate into brain interstitial fluid,
via transport across the abluminal membrane. (D) Receptor-mediated transcytosis (RMT) of transferrin (Tf)
through the brain capillary endothelium via the transferrin receptor (TfR). Reproduced from ref. 16.
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generation BBB drug delivery systems in humans will be humanized forms of the
83-14 MAb and MAbs to brain capillary specific proteins (BSP).1

Avidin-biotin Technology in Brain Drug Delivery

Subsequent to the discovery of brain drug targeting vectors for a given species,
it is necessary to devise suitable technologies for high efficiency coupling or conju-
gation of the drug to the transport vector.1 These goals are achieved with the use of
avidin-biotin technology in brain drug targeting. In this approach, the drug is
mono-biotinylated in parallel with the production of a vector/avidin or vector/
streptavidin (SA) fusion protein. Owing to the extremely high affinity binding of
biotin by avidin, there is instantaneous capture of the biotinylated therapeutic by the
avidin/vector fusion protein. Given these properties, a “two vial” format for drug
administration was developed. In this approach, the BBB vector, fused to the avidin
or SA, is prepared in one vial. The monobiotinylated therapeutic is prepared in
another vial. Just prior to intravenous injection of the conjugate, the two vials are
mixed to allow for rapid formation of the entire drug/MAb conjugate, which is joined
through the avidin/biotin linkage, as depicted in Figure 6. Because avidin or SA has
4 biotin binding sites, there would be the formation of high molecular weight
aggregates if the drug had degrees of biotinylation higher than a single biotin residue
per drug molecule. Therefore, it is essential that the drug be mono-biotinylated.
Genetically engineered vector/avidin or vector/SA fusion genes and fusion proteins

Figure 5. Monoclonal antibodies (MAb) are species-specific with respect to the reactivity to either the
transferrin receptor (TfR) or the insulin receptor (IR). BSP = brain capillary specific protein. Reproduced
from ref. 1.
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have been produced and purified and the biologic activity of these proteins has been
demonstrated with in vivo brain drug targeting studies.24,25

TARGETING CHIMERIC NEUROTROPHIC FACTORS
TO THE BRAIN

Vasoactive Intestinal Peptide (VIP)

VIP Neurotherapeutics

VIP is the principle endogenous vasodilator in the CNS,26 and VIP is also a
neuroprotective agent.27 The topical application of VIP to brain blood vessels results
in vasodilatation.28 However, there is no enhancement of cerebral blood flow
following the intravenous or intracarotid administration of VIP in multiple
species,29-31 because this neuropeptide does not cross the BBB.32 In order to develop
a VIP chimeric peptide that would be pharmacologically active in brain following
intravenous administration, a series of experiments were performed to engineer a
monobiotinylated form of VIP (bioVIP). This VIP chimeric peptide was then used

Figure 6. “Two vial” format for administration of drug/vector conjugates using avidin-biotin technology.
The BBB transport vector vial contains a genetically engineered fusion protein of avidin (AV) and a
peptidomimetic monoclonal antibody (MAb). Separately, the drug is mono-biotinylated. The entire con-
jugate, which is shown in the inset, is formed instantaneously upon mixture of the two vials. Owing to the
very high affinity of avidin binding of biotin, there is instantaneous capture of the biotinylated drug by the
MAb/AV fusion protein. Reproduced from ref. 1.
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to augment cerebral blood flow (CBF) in conscious rats following intravenous
administration.33

Monobiotinylation of VIP Analogue

The biotin residue can be placed on a variety of functional groups including
primary amines on lysine residues, carboxyl moieties on glutamate or aspartate
residues, or sulfhydryl moieties on cysteine residues. VIP has 3 internal lysine residues
and Lys15 can be biotinylated without any loss of biologic activity.34 Therefore, the
lysine residues at positions 20 and 21 were converted to arginine residues to prevent
biotinylation at these sites (Fig. 7). The amino terminus was acetylated to prevent
biotinylation and also to render the peptide resistant to aminopeptidase activity. The
Ile at position 26 was converted to alanine to prolong the duration of action and the
methionine at position 17 was converted to norleucine to enable iodination of the
peptide (Fig. 7). The structure of the VIP analogue was confirmed by fast atom
bombardment mass spectrometry.32 The VIPa was biotinylated with NHS-XX-biotin,
where NHS = N-hydroxysuccinimide and XX = bisaminohexanoyl. The XX linker
is 14 atoms long and is positioned between the e-amino moiety of Lys15 on the VIP
and the biotin group. The VIPa-XX-biotin was bound by a conjugate of streptavidin
(SA) and the OX26 MAb to form the chimeric peptide shown in Figure 8A. The
biologic activity of the VIP analogue was demonstrated with a mammalian VIP
radioreceptor assay.33 Although conjugation of the VIP to the OX26/SA BBB delivery
system did diminish the affinity of the neuropeptide for the VIP receptor, there was
still retention of biologic activity in the pharmacologically active range following
conjugation of the neuropeptide to the MAb vector (Fig. 8B).

Cerebral blood flow Enhancement by VIP Chimeric peptides

Conscious rats with pre-implanted indwelling femoral artery and femoral vein
catheters were administered 1 of 4 different formulations intravenously: saline, OX26
MAb alone, the mono-biotinylated VIP analogue (bio-XX-VIPa) alone, or the VIP
chimeric peptide.33 These drugs were administered to conscious rats by intravenous
administration at low systemic doses (20 µg/kg or 5 µg/rat) of the VIP. Administration
of the unconjugated bio-XX-VIPa, without conjugation to the OX26/SA delivery
system, increased blood flow in salivary gland by 350%, but had no effect on brain
blood flow (Fig. 9). Although the VIP analogue did not cross the BBB in vivo, this
neuropeptide was freely transported across the porous capillaries perfusing salivary
gland. Salivary gland capillaries are richly innervated by VIPergic nerve endings
which result in vasodilatation in that exocrine organ.35 In contrast, the administration
of the VIP chimeric peptide caused no increase in salivary gland blood flow, but
resulted in a 60% increase in CBF in conscious rats following intravenous injection
(Fig. 9). The increase in CBF following intravenous administration of the VIP
chimeric peptide was observed because the VIP was able to undergo
receptor-mediated transcytosis across the BBB on the endogenous transferrin re-



W.M. PARDRIDGE408

ceptor.33 In contrast, conjugation of the VIP neuropeptide to the OX26/SA delivery
system actually impeded transport across salivary gland capillaries. The molecular
weight of the bio-XX-VIP, approximately 4000 Daltons, was effectively increased
to 204,000 Daltons, following conjugation to the 200,000 Dalton OX26/SA drug
targeting system. The size of the VIP chimeric peptide was too large to enable
molecular diffusion across the small pore system of capillaries in exocrine glands
such as salivary glands. Therefore, the ratio of CBF to salivary gland blood flow
(SBF) was increased 10-fold following conjugation of the VIP analogue to the BBB
drug targeting system (Fig. 9). The CBF/SBF ratio is a measure of the therapeutic
index of the VIP chimeric peptide. The 10-fold increase in this therapeutic index
illustrates the targeting capabilities of the chimeric peptide technology. Conjugation
of the neuropeptide to the BBB drug targeting system not only causes selective
uptake into brain, but also causes decreased uptake in peripheral tissues.33

Figure 6. “Two vial” format for administration of drug/vector conjugates using avidin-biotin technology.
The BBB transport vector vial contains a genetically engineered fusion protein of avidin (AV) and a
peptidomimetic monoclonal antibody (MAb). Separately, the drug is mono-biotinylated. The entire con-
jugate, which is shown in the inset, is formed instantaneously upon mixture of the two vials. Owing to the
very high affinity of avidin binding of biotin, there is instantaneous capture of the biotinylated drug by the
MAb/AV fusion protein. Reproduced from ref. 1.
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Brain-Derived Neurotrophic Factor (BDNF)

Neurotrophin Surface Charge and Plasma Pharmacokinetics

The members of the NGF-like family of neurotrophins, which includes NGF,
BDNF, neurotrophin (NT)-3, and NT-4/5, all have high degrees of structural
homology and are highly cationic neuropeptides. An electrostasis model of NGF is
shown in Figure 10 and indicates there is a cationic groove comprised of lysine and
arginine residues down the center of the molecule with segregation of the anionic
charges attached to glutamate and aspartate residues on the periphery of the cationic
groove.36 The cationic groove is responsible for neurotrophin interaction with one
of the specific trk receptors.37 The cationic surface charge of the NGF-like
neurotrophin also causes rapid uptake by liver, which results in rapid systemic
clearance of the neurotrophins from blood, which is characterized by a t1/2 < 5
minutes.38 In pharmacokinetic terms, the plasma area under the concentration curve
(AUC) is reduced and the NGF-like neurotrophins all have very poor pharmacokinetic
profiles. The plasma pharmacokinetics of the neurotrophins was considered only in
the late stages of neurotrophin CNS drug development.3 However, the pharmacoki-
netic profile of a neurotrophin, or any drug, should be considered early in the CNS

Figure 8 (A) The structure of the VIP chimeric peptide is comprised of three domains. The first domain
is the VIP analogue (VIPa) that binds the VIP receptor. The second domain is the linker domain, which is
comprised of streptavidin, which binds the biotin, which is conjugated to an internal lysine residue on the
VIPa via a 14-atom bis-aminohexanoyl (-XX-) linker. The third domain is the targeting domain comprised
of a monoclonal antibody (MAb) that targets an endogenous peptide receptor on the BBB such as the
transferrin receptor or the insulin receptor. (B) Competition curves in a radioreceptor assay using rat lung
membranes and [125I] mammalian VIP as the tracer. The ED50 values for the VIP, the biotin-XX-VIPa
(bioVIPa), and the biotin-XX-VIPa conjugated to OX26/SA (VIPa/OX26-SA) are 3, 12, and 45 nM,
respectively. A 100 nM concentration of the OX26/SA conjugate, without VIPa attached, had no effect on
the binding of [125I]-VIP. Reproduced from ref. 33
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drug development process. This is because the actual uptake of a drug by brain
following intravenous administration, expressed as % of injected dose (ID)/g brain,
is a dual function of the BBB permeability-surface area (PS) product, and the plasma
AUC,1

%ID/g = PS x AUC

The BBB PS product is a function of the BBB drug targeting system, and the
plasma AUC is a function of the pharmacokinetic profile. If the drug is rapidly
removed from plasma, the AUC is reduced, and the brain uptake (%ID/g) is reduced
proportionately. Therefore, in neurotrophin drug development, it is advisable to
reformulate the protein to both (a) enable BBB transport, and (b) optimize the plasma
AUC. The rapid removal of proteins from blood can be reversed by protein pegylation.

Protein Carboxyl-directed Pegylation

Polymers of polyethylene glycol (PEG) of either 2000 or 5000 Daltons molecular
weight, designated PEG2000 or PEG5000, respectively, can be conjugated to the surface
of NGF-like neurotrophins to prevent the rapid uptake of these cationic proteins
from blood.39 PEG conjugation is called pegylation. Prior work on protein pegylation
involved attachment of the PEG moieties to e-amino groups on internal lysine
residues. However, the NGF-like neurotrophins lose biologic activity when the
surface lysine residues are modified,40 principally because the lysine and arginine
residues comprise the cationic groove that interacts with the specific trk receptors.37

An alternative to amino-directed protein pegylation is carboxyl-directed protein

Figure 9. (Left) Organ blood flow in brain and salivary gland. (Right) Ratio of cerebral blood flow
(CBF) to salivary gland blood flow (SBF) in rats administered VIP alone or VIP chimeric peptide.
Reproduced from ref. 65.
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pegylation.41 In this approach, PEG hydrazide derivatives are used to attach the
PEG polymers to the carboxyl moieties of surface glutamate or aspartate residues,
which are segregated from the cationic groove (Fig. 10). Sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) demonstrated the increased
molecular weight of the BDNF following conjugation with either PEG2000 or PEG5000

on surface carboxyl residues (Fig. 11A). The BDNF-PEG2000 had an average mo-
lecular weight of 28,000 Daltons and the BDNF-PEG5000 had an average molecular
weight of 50,000 Daltons. These observations indicated approximately 5-7 PEG
monomers were attached per BDNF monomer, indicating that approximately half
of the surface glutamate or aspartate residues were conjugated. The pharmacokinetic
profile of unconjugated BDNF, BDNF-PEG2000, or BDNF-PEG5000 was measured
in rats following iodination of the BDNF analogues. The plasma clearance in ml/
min/kg of the 3 different forms of BDNF are shown in Figure 11B and indicate the
plasma clearance is reduced 73% and 94% by carboxyl-directed pegylation of BDNF
by PEG2000 and PEG55000, respectively.41

Figure 10. Electrostatic charge model of NGF showing the cationic groove as represented by the black
coloration in the central part of the molecule. This is comprised of the cationic charges of lysine (Lys) and
arginine (Arg) residues. Conversely, the anionic charges shown in gray on the periphery of the molecule
are comprised of glutamate (Glu) and aspartate (Asp) residues. Reproduced from ref. 36.
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BDNF Chimeric peptides: Combined Use of Carboxyl-Directed Protein

Pegylation Technology and Avidin-Biotin Technology

To enable monobiotinylation of BDNF-PEG2000, the neurotrophin was pegylated
with both hydrazide-PEG2000 and hydrazide-PEG2000-biotin in a 7:1 molar ratio.42

Following conjugation of the BDNF-PEG-biotin to the OX26/SA and purification
by gel filtration chromatography, a molecular analysis of the BDNF chimeric peptide
was performed with SDS-PAGE, film autoradiography, and Western blotting, as
shown in Figure 12B. The average molecular weight of the BDNF-PEG2000-biotin
was 45,000 Daltons based on either Coomassie blue staining or film autoradiogra-
phy (Fig. 12). The incorporation of the biotin residue into the BDNF-PEG2000-biotin
was demonstrated by Western blotting, as shown in lane 5 of Figure 12B.

The brain uptake of the BDNF chimeric peptide was measured at 60 minutes
following intravenous injection in anesthetized rats and the level of brain uptake
was 0.07% of injected dose (ID) per gram brain (Fig. 12C). This level of brain
uptake is comparable to the brain uptake of morphine, a neuroactive small molecule,
following intravenous injection.43 In contrast, the brain uptake of the unconjugated
BDNF was negligible, indicating BDNF does not cross the BBB (Fig. 12C).

Figure 11. (Left) Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) of BDNF,
BDNF-PEG2000, and BDNF-PEG5000. (Right) Plasma pharmacokinetics showing the rate of clearance (Cl)
of [125I]-BDNF, [125I]-BDNF-PEG2000, and [125I]-BDNF-PEG5000. Reproduced from ref. 41.
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Biologic Activity of BDNF Chimeric peptides: TrkB Autophosphorylation

3T3 cells permanently transfected with the TrkB receptor were serum starved,
and then exposed to 1-100 ng/ml of either BDNF, BDNF-PEG2000-biotin,
BDNF-PEG2000-biotinyl/SA-OX26, or SA/OX26 without BDNF, as shown in Figure
13. The cells were then lysed, immunoprecipitated with a trk B antiserum, separated
on SDS-PAGE, followed by Western blotting of phosphotyrosine residues using an
anti-phosphotyrosine antibody.42 The phosphotyrosine Western blots were scanned
and the quantitative results are shown in Figure 13. These results show there is
complete retention of biologic activity of the BDNF following either pegylation and
formation of the BDNF-PEG2000-biotin or conjugation of the BDNF-PEG2000-biotin
to SA-OX26, which is a conjugate of streptavidin and the OX26 MAb. In contrast,
there is no autophosphorylation of the TrkB receptor following exposure of the cells
to the SA-OX26 targeting system without BDNF attached (Fig. 13).

BDNF Chimeric peptides and Transient Forebrain Ischemia

The transient forebrain ischemia (TFI) model44 for evaluating CNS
pharmacological effects of intravenously administered neurotrophins is shown in
Figure 14. The animal is maintained on a respirator and is anesthetized with 70%
nitrous oxide, 30% oxygen and 0.5% halothane.45 Body temperature was maintained

Figure 12. (A) Structure of BDNF chimeric peptide. (B) SDS-PAGE, film autoradiography (auto.), and
Western blotting of [125I]-BFNF-PEG2000-biotin. (C) Brain uptake of either the [125I]-BDNF or the [125I]-
BFNF-PEG2000-biotin conjugated to SA-OX26 in anesthetized rats. Reproduced from 14.
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with a thermal blanket. The systolic blood pressure was measured with a rat tail
amplifier. Prior to induction of ischemia, the halothane component of the anesthesia
was discontinued. Blood was collected via the femoral artery catheter and arterial
blood gases were measured. Muscle paralysis was induced with intravenous
suxamethonium (0.5 mg/kg) and the electroencephalogram (EEG) was recorded via
2 anchored metal screws with an oscillograph and preamplifier. After the blood gas
values were stabilized, forebrain ischemia was induced by clamping both common
carotid arteries, and by lowering the blood pressure to a level < 50 mm Hg with a
single intravenous injection of 5 mg/kg of trimethaphan and by phlebotomy via the
femoral artery catheter. Cerebral ischemia was confirmed by isoelectric EEG.45 After
12 minutes of the ischemic insult, the carotid clamps were released and the shed
blood was slowly reinfused at a rate of 2 ml/min. The animal was allowed to recover
under a heating lamp for 4 hours and was returned to the vivarium. The animals
were sacrificed 7 days later and coronal sections were Nissl stained. The pyramidal
neurons of the hippocampal CA1, CA3, and CA4 regions were counted with a
measuring grid under light microscopy at 100X magnification. Only neurons with a
visible nucleolus were scored. In this TFI model, there is a selective loss of the
hippocampal CA1 pyramidal neurons at 7 days following the TFI event, as shown
in Figure 14.

Figure 13. (Left) 3T3 cells that were permanently transfected with a gene encoding the TrkB BDNF
receptor are immunstained using an antiserum to TrkB, and this shows abundant expression of the TrkB
in the majority of these cells. (Right) The top panel shows the antiphosphotyrosine Western blot. The
bottom panel is the densitometric scan of the Western blot and shows retention of the biologic activity of
the BDNF following pegylation and conjugation to the SA-OX26 delivery system. Reproduced from ref.
42.
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The animals subjected to the TFI and isoelectric EEG were treated with either
saline, unconjugated BDNF, unconjugated OX26 MAb, or the BDNF/OX26 chimeric
peptide. The BDNF chimeric peptide is designated BDNF-PEG2000-biotin/
SA-OX26.45 The bi-functionality of the BDNF chimeric peptide is shown in Figure
15. Despite the protein pegylation and attachment to the BBB drug targeting system,
the BDNF is still biologically active and binds actively to the neuronal TrkB recep-
tor to mediate neuroprotection.42 Moreover, the BDNF chimeric peptide also binds
to the transferrin receptor on the BBB, and this enables transport of the BDNF
chimeric peptide across the BBB from blood to brain following intravenous
administration. The extended bridge comprised of the PEG2000 and the biotin/SA
releases any steric hindrance between the 2 components of the chimeric peptide,
and this enables retention of the bi-functional nature of the conjugate, and binding
to both the neuronal TrkB and BBB Tf receptors (Fig. 15).

During the 10 minute ischemic period, the blood pressure ranged from 22±2 to
27±6 mm Hg in all 4 treatment groups.45 There were no significant differences in
the physiologic parameters, including body temperature or blood gases in the 4
groups. Ischemia was confirmed in all rats by demonstration of isoelectric EEG,
which is illustrated in Figure 16. The animals were treated intravenously immediately
after recovery from the ischemic period. Seven days after the ischemic episode, the
animals were sacrificed for Nissl staining and neuron counting of the hippocampal
CA1 sector. These data show a 68±10% decrease in the hippocampal CA1 neurons

Figure 14. Transient forebrain ischemia model.
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in the rats subjected to TFI (Fig. 16) and there was no therapeutic benefit observed
with the intravenous administration of either unconjugated BDNF or unconjugated
OX26 MAb. In contrast, there was complete normalization of the CA1 pyramidal
neuron density following the intravenous administration of the BDNF chimeric
peptide (Fig. 16). Representative Nissl stains are shown in Figure 16. The neurons
were reduced in number and size in the CA1 sector of the hippocampus in the rats
subjected to TFI and treated with unconjugated BDNF. These brains appeared no
different from the animals treated with the saline control,45 which is expected
considering that BDNF does not cross the BBB.41 Moreover, the BBB is not disrupted
following a 10 minute transient forebrain ischemia until very late stages when chances
for neuroprotection are no longer present. Since the BBB is intact in the period
immediately following global ischemia,46 and since BDNF does not cross the BBB,41

neuroprotection in brain would not be expected following intravenous administration
of BDNF unless this neurotrophin was conjugated to a BBB drug targeting system.
When this is done, there is complete normalization of the neuron density in the CA1
sector of the hippocampus in the animals treated with the BDNF chimeric peptide
(Fig. 16).

BDNF Chimeric peptides and Permanent Middle Cerebral Artery Occlusion

The transient forebrain ischemia model is representative of global brain ischemia
such as following cardiac arrest. Regional brain ischemia caused by thrombotic or
embolic stroke is modeled by the middle cerebral artery occlusion (MCAO) method.47

Figure 15. BDNF chimeric peptide binds to both the BBB transferrin receptor (TfR) to mediate uptake into
brain from blood, and to the neuronal TrkB receptor, to mediate pharmacologic action within the brain.
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Both permanent and reversible forms of MCAO have been examined. Initial studies
were performed with the permanent MCAO model.48 Adult Sprague-Dawley rats
were anesthetized with 70% nitrous oxide, 30% oxygen, and 0.5% halothane, and
systolic blood pressure and arterial blood gases were normalized. Body temperature
and blood glucose were also measured. The right common carotid artery and the
right external carotid artery were exposed and the occipital artery and superior thy-
roidal artery were electrocoagulated. The right pterygopalatine artery was ligated
and the right common carotid artery was clamped and a 4-0 nylon suture was inserted
retrogradely via arteriectomy of the external carotid artery into the internal carotid
artery. The suture was slowly advanced until resistance was felt. The external carotid
artery was ligated and the common carotid artery clamp was released and the skin
incision was sutured. After surgery, rats were allowed to recover spontaneous
breathing and were kept for 24 hours in their cages with free access to food and
water. Animals were treated intravenously with 1 of 4 different formulations: the
BDNF chimeric peptide (BDNF-MAb conjugate), the MAb alone, the BDNF alone,
or saline.48 The dose of BDNF administered intravenously was 1, 5, or 50 µg/rat.
The BDNF chimeric peptide was administered at either 0, 1, or 2 hours following
permanent occlusion of the middle cerebral artery. Following sacrifice, the brain
was removed, chilled, and 6x2 mm coronal slices were prepared with a brain matrix.

Figure 16. (Left) Nissl staining at high and low magnification of brain taken from rats subjected to transient
forebrain ischemia and treated with either unconjugated BDNF or BDNF conjugate. (Right) Density of
hippocampal CA1 neurons in control rats and four different groups of treated rats following 10 minutes
of transient forebrain ischemia. Reproduced from 45.
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Slice 1 is the most rostral and slice 6 is the most caudal section. These sections were
stained with 2% 2,3,5 triphenyltetrazolium chloride (TTC). The TTC stained viable
brain tissue dark red while infarcted tissue is unstained. After staining, the sections
were fixed in 10% formalin and then scanned on a 1200 dpi Umax scanner. The
images were transferred to Adobe Photoshop 5.5 on a G4 Power Macintosh and
quantified using NIH image software. The border between the infarcted and
noninfarcted tissue was outlined with the image analysis system and the area of
infarction was measured by subtracting the area of the noninfarcted ipsilateral
hemisphere from that of the contralateral hemisphere for each of the 6 coronal slices.
In addition, the area of brain tissue not stained by TTC was computed and the area
of brain edema was calculated for each coronal slice. The infarct areas or brain
edema areas for each slice were averaged and multiplied by a total thickness of
brain (12 mm) to give the infarct and edema volumes. The statistical significance at
the p < 0.05 level was determined by analysis of variance (ANOVA) with
Bonferroni correction.48

The TTC stains for 16 rats are shown in Figure 17. The scanned images of each
coronal section were inverted in Photoshop to generate the images shown in Figure
17. The infarcted area, which is not stained by TTC, appears black in the inverted
image, and the healthy brain, which stains red by TTC, appears white in the inverted
image. The data show that unconjugated BDNF, unconjugated OX26, and saline,

Figure 17. (Left) TTC stains of coronal sections of rat brain following 24 hour permanent MCAO. There
were four treatment groups. (Right) The infarct area for each of six different coronal slices is shown, and
these values were used to compute the volume of the infarct. Reproduced from 48.
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have no effect on the stroke volume in the permanent MCAO model. However,
intravenous administration of the BDNF chimeric peptide (BDNF-MAb conjugate)
at a dose of 50 µg/rat of BDNF, reduced the infarct volume by 65% and reduced the
edema volume by 66%.48

A dose response relationship was examined by reducing the BDNF adminis-
tered in the form of the conjugate from 50 µg/rat to 5 µg/rat or 1 µg/rat and the
infarct volumes of these animals are shown in Figure 18. The intermediate dose of
BDNF chimeric peptide, 5 µg/rat, resulted in a 43% reduction in infarct volume in
the total hemisphere and a 71% reduction in hemispheric edema volume.48 There
was no significant effect on the infarct or edema volume with a very low dose of
BDNF chimeric peptide, 1 µg/rat. A time response study was also performed at the
higher dose of BDNF chimeric peptide (50 µg/rat). In this study, the BDNF chimeric
peptide was delayed and not administered until either 1 or 2 hours after permanent
occlusion of the middle cerebral artery. The BDNF chimeric peptide reduced the
infarct and the edema volume by 52% and 59%, respectively, following delayed
treatment given 1 hour after permanent occlusion of the middle cerebral artery. There
was no significant reduction in infarct volume when the administration of the BDNF
chimeric peptide was delayed until 2 hours after permanent occlusion of the middle
cerebral artery (Fig. 18).

The permanent MCAO study shows that the BDNF chimeric peptide, but not
the native BDNF, enables neuroprotection in regional brain ischemia following
delayed noninvasive (intravenous) administration of the neurotrophin. Unconjugated

Figure 18. Dose response (Left) and time response (Right) of BDNF chimeric peptides in permanent
middle cerebral artery occlusion. Reproduced from 48.
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or native BDNF has no neuroprotective effects in brain because (a) BDNF does not
cross the BBB41 and (b) the BBB is not disrupted during the treatment period
following occlusion of the middle cerebral artery.49 In the absence of hyperglycemia,
the BBB is not disrupted for at least 6 hours after occlusion of the middle cerebral
artery.49 In contrast, neuronal loss in regional ischemia occurs in the immediate
period following occlusion of the artery when there is no BBB disruption.50

The infarct volume is progressively decreased as the dose of BDNF chimeric
peptide is increased from 1 to 5 to 50 µg/rat. The brain uptake of the BDNF chimeric
peptide in the rat is approximately 0.1% ID/g (Fig. 12). Therefore, the brain
concentration of BDNF after the 5-50 µg/rat doses is increased 5-50 ng/g brain.48

The effect of the 5 µg/rat dose of intravenous BDNF chimeric peptide is comparable
to the pharmacologic effects of ICV infusion of 2 µg/day of BDNF administered
directly into the lateral ventricle.51 However, in these studies, it was necessary to
begin the ICV infusion of the BDNF 24 hours before occlusion of the middle cerebral
artery. The BDNF reaches brain parenchyma slowly by diffusion when the drug is
administered by ICV infusion (Fig. 2). The efficacy of diffusion decreases with the
square of the diffusion distance and this accounts for the poor penetration of BDNF
into brain parenchyma following ICV infusion (Fig. 2). The diffusion distance in
the human brain is 1000-fold greater than the diffusion distance in the rat brain, and
the ICV infusion of neurotrophic factors has had not beneficial effect in human
neuropathology.5 Moreover, it is not feasible to administer neuroprotective agents
by craniotomy in human stroke, much less prior to the cerebral insult.

BDNF Chimeric peptides and Reversible Middle Cerebral Artery Occlusion

The reperfusion associated with reversible brain ischemia is representative of
human stroke and reperfusion can aggravate the development of brain edema in focal
ischemia and accentuate neuronal loss.52 Therefore, a series of experiments was
performed to determine the neuroprotection of intravenous BDNF chimeric peptides
in a model using one hour reversible occlusion of the middle cerebral artery.53 In
addition, these studies examine the long term effects of neuroprotection with the
BDNF chimeric peptide and infarct volumes are measured at both 24 hours and 7
days after reversible MCAO. In these studies, the middle cerebral artery was occluded
for 60 minutes. In these treatment schedules, the BDNF chimeric peptide was
administered intravenously in the femoral vein via a 30 gauge needle at 1 hour after
middle cerebral artery occlusion or at the beginning of reperfusion. Alternatively,
the administration of the BDNF chimeric peptide was delayed 2 hours after arterial
occlusion, which is 1 hour after reperfusion. The hemispheric infarct zones were
subdivided into cortical and subcortical infarct areas. None of the treatments resulted
in a decrease in subcortical infarct volume (Fig. 19). Although unconjugated BDNF
had no effect on the cortical infarct volume, the single intravenous injection of 50
µg/rat of the BDNF chimeric peptide administered at 60 minutes after MCAO resulted
in a 68% reduction in cortical stroke volume (Fig. 19). If the intravenous adminis-
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tration of the BDNF chimeric peptide was delayed 2 hours after insertion of the
catheter, there was a 31% reduction (p < 0.05) in the cortical infarct volume.53

In the seven day study, additional groups of rats were subjected to 1 hour of
MCAO and treated with 50 µg/rat of BDNF or BDNF chimeric peptide. The animals
were sacrificed 7 days later and the hemispheric cortical and subcortical infarct
volumes were measured. Intravenous administration of the unconjugated BDNF
caused no decrease in either total hemispheric infarct volume or cortical infarct
volume and these results were comparable to the saline treated animals (Fig. 20).
Conversely, the total hemispheric infarct volume at 7 days was reduced 53% (p <
0.01) by the BDNF chimeric peptide, compared to the total hemispheric infarct
volume following treatment with the unconjugated BDNF.53 The cortical infarct
volume was reduced 70% (p < 0.01) with the BDNF chimeric peptide compared to
the unconjugated BDNF (Fig. 20). The TTC stains of 6 different coronal sections
obtained 7 days after treatment with either the unconjugated BDNF or the BDNF
chimeric peptide are shown in Figure 20.

Neuroprotection with unconjugated BDNF following intravenous administra-
tion has been reported in a 2 hour reversible MCAO model and in this study, BDNF
was infused over a 3 hour period and the infusion was started 30 minutes after
occlusion of the artery.54 There was a 55% reduction of cortical stroke volume
following the intravenous infusion of 300 µg/rat of unconjugated BDNF. This dose
is 6-fold higher than the dose of BDNF chimeric peptide administered in the studies

Figure 19. Total (hemispheric), cortical, and subcortical infarct volume at 7 days after a 60 minute MCAO
in rats treated with either a single intravenous injection of BDNF or BDNF chimeric peptide at a dose of
50 µg/rat at 1 hour after occlusion of the middle cerebral artery. Mean ± S.D. (n = 4 rats per group). *p <
0.01 difference between BDNF and the conjugate. Reproduced from 53.
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described in Figures 19-20. Even though very large doses of unconjugated BDNF
were administered intravenously, it is unexpected that neuroprotection is achieved
with intravenous unconjugated BDNF. This is because the BBB transport of BDNF
is negligible when there is no BBB disruption and when the BDNF is not conjugated
to a BBB drug delivery system (Fig. 12). Intravenous administration of unconjugated
BDNF was neuroprotective in a reversible MCAO model that was performed with
chloral hydrate anesthesia that was associated with a significant level of
hyperglycemia and a plasma glucose concentration of 220±47 mg %.54 This level of
hyperglycemia, in parallel with a 2 hour reversible MCAO, causes vasculopathy
and premature disruption of the BBB.55 This level of modest hyperglycemia may
accelerate opening of the BBB in focal brain ischemia and enable high doses of
unconjugated neurotrophic factor to enter the brain following intravenous adminis-
tration. In the absence of hyperglycemia and vasculopathy, it is unlikely that
unconjugated BDNF is neuroprotective following intravenous administration, be-
cause this protein does not cross the BBB.

One study suggests that BDNF can cross the BBB following intravenous
administration, because radioactivity can be recovered in brain following the
intravenous administration of [125I] BDNF.56 However, this is an artifact arising
from peripheral metabolism of this highly cationic neurotrophin that is rapidly
removed from blood by peripheral tissues, particularly the liver.38, 41 This rapid uptake

Figure 20. (A) TTC stains are shown for 2 different rats for all 6 coronal slabs. A representative rat from the
group treated with the BDNF chimeric peptide (conjugate) and a representative rat from the group treated with
unconjugated BDNF are shown. (B) The area of the cortical infarct region in 6 coronal slabs is shown for the
animals treated with either unconjugated BDNF or BDNF chimeric peptide at a dose of 50 µg/rat at 1 hour
after insertion of the middle cerebral artery suture. At 60 minutes after insertion of the suture, the suture was
removed and the animals were treated. The animals recovered from anesthesia and were sacrificed 7 days later
for measurement of infarct volumes. Data are mean ± S.D. (n = 4 rats/group). Reproduced from 53.
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by peripheral tissues and metabolic degradation is followed by the release of
radiolabeled low molecular weight metabolites such as iodotyrosine back to the
bloodstream.1 The [125I]-tyrosine may then cross the BBB on the large neutral amino
acid transporter, and account for the radioactivity in brain following intravenous
injection of [125I]-BDNF. This interpretation is supported by prior work using 2
different methodologies. In the first approach, there was no measurable uptake of
radioactivity by brain following the intravenous injection of [125I]-BDNF in rats,41

when the peripheral metabolism of the neurotrophic factor was completely suppressed
by pegylation of the neurotrophin (Fig. 11B). Second, the brain uptake of radioactivity
following the intravenous administration of radiolabeled neuropeptide is suppressed
10-fold when the neuropeptide is labeled with 111-Indium, as opposed to 125-Io-
dine.57 Peptide degradation products labeled with 111-Indium, which are formed by
metabolism in peripheral tissues, are not re-exported back to blood and are not taken
up across the BBB in the form of low molecular weight radiolabeled degradation prod-
ucts.57 The interpretation of artifacts in relation to brain uptake of radiolabeled
neuropeptides has been recently reviewed.1

In summary, intravenous doses of unconjugated BDNF at a level of 5-50 µg/rat
results in no neuroprotection in regional brain ischemia.48,53 In contrast, these doses
of BDNF chimeric peptide are highly neuroprotective in regional brain ischemia
owing to transport of the BDNF chimeric peptide across the BBB in vivo on the
endogenous BBB transferrin receptor (Fig. 15). Doses of BDNF chimeric peptide
as low as 5 µg/rat result in substantial neuroprotection following intravenous
administration.48 Moreover, the neuroprotection is observed following delayed
intravenous administration.48,53 Neuroprotection is possible only during the first
1-3 hours after focal brain ischemia,50 when the BBB is not usually disrupted.49

Therefore, neurotrophin neuropharmaceuticals must be enabled to undergo transport
across the BBB following intravenous administration if these agents are to be
neuroprotective in regional brain ischemia.

TARGETING GENE THERAPEUTICS TO THE BRAIN

The chronic neurodegenerative diseases of the brain may also be amenable to
brain gene therapy. Genes encoding neurotrophic factors and inserted in viral vectors
cause neuroprotection following the intracerebral implantation of the viral vector in
brain.58,59 However, the intracerebral implantation of viral vectors may not be feasible
for human brain gene therapy for 2 reasons. First, the viral vectors, either adenovirus
or herpes simplex virus (HSV), are highly immunogenic and all individuals have a
pre-existing immunity to both of these common viruses. A single intracerebral
injection of either adenovirus or HSV results in dose-dependent inflammatory
reactions in the brain leading to demyelination.60,61 The viral induced demyelina-
tion has been observed in rodent, primate, and human brain. The second limitation
is that the intracerebral implantation of a viral vector will only allow for expression
of the gene in a very circumscribed treatment volume1 < 1 mm3. In contrast, the
areas requiring neuroprotection in a variety of CNS diseases, including AD, PD, or
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Huntington’s disease, have treatment volumes that are log orders greater than 1 mm3.
What is needed is a targeting technology for delivering therapeutic genes across the
BBB following intravenous administration of a nonviral vector.

Noninvasive, nonviral gene targeting to the brain is possible with the application
of the chimeric peptide technology.62 In this approach, a nonviral plasmid carrying
a therapeutic or exogenous gene is encapsulated in the interior of neutral 85 nm
pegylated immunoliposomes, as depicted in Figure 21A. Packaging the plasmid in
the interior of the liposomes protects the exogenous gene from the ubiquitous endo-
nucleases in the body following intravenous administration. The liposome or other
nanocontainer is nonimmunogenic and is formed by either natural lipids or other
nonimmunogenic polymeric substances. The injection of a plasmid encapsulated in
a simple liposome into the bloodstream would result in rapid uptake of the complex
by cells lining the reticuloendothelial system. The nanocontainer carrying the exog-
enous gene may be stabilized in the bloodstream with the use of pegylation

Figure 21. (A) Nonviral plasmid DNA is encapsulated in pegylated immunoliposomes constructed from
neutral lipids. There are approximately 3000 strands of polyethylene glycol of 2000 Daltons molecular
weight, designated PEG2000, attached to the liposome surface, and about 1% of the PEG strands is conju-
gated with a monoclonal antibody (MAb) to a receptor (R ) to mediate both transcytosis across the BBB
and endocytosis into target neurons (B) β-galactosidase histochemistry of rat brain at 48 hours after
intravenous injection of the β-galactosidase gene packaged inside the OX26 pegylated immunoliposome.
The control brain from rats receiving no gene administration is shown in Panel C. Panels B and C were
not counter-stained. Reproduced from 62.
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technology.62 In this approach, several thousand strands of PEG2000 are attached to
the surface of the liposome using lipid-PEG2000 conjugates. However, the injection
of a pegylated liposome into the bloodstream would not allow for targeting to the
brain. Brain gene targeting is accomplished by tethering targeting MAbs to the tips
of approximately 1% of the PEG strands as depicted in Figure 21A. These MAbs
trigger transcytosis of the liposome carrying the gene across the BBB and also trigger
endocytosis of the therapeutic gene into the target neurons of brain.62 Targeting across
the second barrier comprised of the neuronal or glial cell membrane in brain is
achieved owing to expression of the TfR on the plasma membrane of brain cells.63

Two different reporter genes were used in initial evaluation of this brain gene
targeting technology, luciferase and b-galactosidase.62 The β-galactosidase
histochemistry of rat brain obtained 48 hours after a single intravenous injection of
the pegylated immunoliposome carrying the gene is shown in Figure 21B. The brain
expresses the β-galactosidase gene widely as seen at low magnification (Fig. 21B).
No β-galactosidase activity is observed in either control brain or in brain of animals
injected with pegylated immunoliposomes wherein the OX26 MAb was replaced
with the mouse IgG2A isotype control (Fig. 21C). Pyramidal neurons of the CA1-CA3
sectors of the hippocampus are clearly visualized as are the choroid plexi in both
lateral ventricles and in the dorsal horn and the mamillary recess of the third ventricle.
The paired supraoptic nuclei of the hypothalamus at the base of the brain are viewed
at low magnification. At higher magnification, the microvasculature, the choroid
plexus epithelial cells, and the thalamic nuclei showed β-galactosidase gene
expression. Gene expression in neurons was observed throughout the brain in a
region specific manner.

These studies demonstrate it is possible to target therapeutic genes widely
throughout the brain in a noninvasive way following a simple intravenous injection
of a nonviral therapeutic gene packaged within the interior of pegylated
immunoliposomes. The development of noninvasive, nonviral gene therapy of the
brain requires a molecular formulation derived from the use of advanced drug targeting
technology that brings together multiple disciplines including liposome technology,
polymer technology, monoclonal antibody targeting technology, genetic engineer-
ing, and the molecular biology of therapeutic gene discovery. There are many diseases
where it will be useful to have widespread expression of an exogenous gene
throughout the brain including inborn errors of metabolism such as lysosomal storage
disorders, fragile X syndrome, Rett’s syndrome, Canavan’s disease, and the inherited
epilepsies. Other conditions that would be amenable to noninvasive, nonviral gene
therapy of the brain includes cerebral acquired immune deficiency syndrome (AIDS),
brain tumors, and neurodegenerative conditions such as Parkinson’s disease or
Alzheimer’s disease. In the case of Parkinson’s disease, it would be desirable to
augment dopamine production only in the basal ganglia, and not in the cerebral
cortex. Region specific expression of an exogenous gene using targeting technology
is possible in the future with the use of cell-specific promoters at the 5’-end of the
gene and cell-specific mRNA stabilizers at the 3’-end of the gene.62 The persistence
of plasmid based gene formulations in brain cells in vivo can also be optimized as
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described recently.1 The availability of the complete sequence of the human genome
and the emerging applications of the genomics technologies will further augment in
the future the need for the development of nonviral, noninvasive gene therapy of the brain.

DRUG TARGETING TO THE HUMAN BRAIN

The chimeric peptide technology has been reduced to practice in both rodents
and primates and both neurodiagnostic and neurotherapeutic molecules have been
delivered across the BBB in these animals.1 The extension of the chimeric peptide
technology to the treatment of human brain disorders requires the genetic engineering
of the murine antibodies that are used to target drugs and genes via the endogenous
transport systems on the BBB. Human/mouse chimeric MAbs are genetically engi-
neered antibodies wherein approximately 85% of the sequence is of human origin.
The murine sequences encoding the variable region of the heavy chain (VH) or the
variable region of the light chain (VL) may be spliced into gene fragments containing

Figure 22. (A) ELISA shows equal affinity of the mouse HIR MAb and chimeric HIR MAb. The antigen
in these studies was affinity purified soluble extracellular domain of the HIR that was produced from CHO
cells. Immunocytochemistry was performed with the CHO cells using the 83-14 HIR MAb and the
micrograph is shown in the inset. This demonstrates the CHO cell line secretes functional and soluble HIR
that reacts with the HIRMAb. (B) Isolated human brain capillaries were used as an in vitro model system
of the human BBB and the binding of the [125I] chimeric HIR MAb to these capillaries was measured over
120 minutes in the presence of either buffer alone or buffer plus 10 µg/ml mouse HIR MAb. (C) Film
autoradiogram of Rhesus monkey brain at 2 hours after intravenous injection of chimeric HIR MAb
radiolabeled with 111-Indium bound to a diethyelentriaminepentaacetic acid (DTPA) chelator moiety
conjugated to the chimeric HIR MAb. Reproduced from 23.
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the constant regions of the heavy chain (HC) and the light chain (LC) of human
immunoglobulins. Recently, the murine 83-14 MAb to the HIR was genetically
engineered and the human/mouse chimeric HIR MAb was produced.23 CHO cells
that have been permanently transfected with a gene encoding the soluble extracellular
domain of the HIR64 were used to establish an ELISA.23 These studies demonstrated
a complete retention of the affinity of the chimeric MAb for the HIR following the
genetic engineering, relative to the affinity of the original murine HIR MAb for the
human insulin receptor (Fig. 22A). The genetically engineered chimeric HIR MAb
was radiolabeled with [125I] and added to isolated human brain capillaries and there
was rapid uptake of the chimeric HIR MAb as shown in Figure 22B. This uptake at
the human BBB was suppressed by high concentrations of murine HIR MAb (Fig.
22B). The chimeric HIR MAb was conjugated with diethylenetriamine pentaacetic
acid (DTPA) dianhydride and radiolabeled with 111-Indium. The radiolabeled chi-
meric HIR MAb was injected into anesthetized Rhesus monkeys and brain scans were
obtained 2 hours after intravenous injection in the living monkey.23 As shown by the
brain scan in Figure 22C, there was avid uptake of the chimeric HIR MAb by the
primate brain and a comparable high uptake in the human brain is anticipated based on
the studies with human brain capillaries shown in Figure 22B.

In summary, genetically engineered chimeric HIR MAb has been produced and
the chimeric antibody has identical reactivity to the human and primate HIR as the
original murine antibody. This chimeric HIR MAb may be used in humans for drug
targeting to the brain of neurodiagnostic and neurotherapeutic drugs that normally
do not cross the BBB. Based on these preclinical studies, it is anticipated that a
fusion protein of the chimeric HIRMAb and BDNF would be highly neuroprotective
in human stroke and other neurodegenerative disorders following intravenous
administration.
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INVASIVE DRUG DELIVERY
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ABSTRACT

The central nervous system is a very attractive target for new therapeutic strategies
since many genes involved in neurological diseases are known and often only local
low level gene expression is required. However, as the blood brain barrier on one
hand prevents some therapeutic agents given systematically from exerting their
activity in the CNS, it also provides an immune privileged environment.
Neurosurgical technology meanwhile allows the access of nearly every single centre
of the CNS and provides the surgical tool for direct gene delivery via minimal invasive
surgical approaches to the brain.

Successful therapy of the central nervous system requires new tools for delivery
of therapeutics in vitro and in vivo (Fig. 1). The application of therapeutic proteins
via pumps into the CSF was shown to be only of limited value since the protein
mostly is not sufficiently transported within the tissue and the half life of proteins
limits the therapeutic success.

Direct gene delivery into the host cell has been a main strategy for years, and in
the beginning the direct DNA delivery or encapsulation in liposomes or other artificial
encapsulation have been applied with different success. For several years the most
promising tools have been vectors based on viruses. Viruses are able to use the host
cell machinery for protein synthesis, and some of them are able to stably insert into
the host cell genome and provide long term transgene expression as long as the cell
is alive. The increasing knowledge of viruses and their live cycle promoted the
development of viral vectors that function like a shuttle to the cell, with a single
round of infection either integrating or transiently expressing the transgene. Viral
vectors have proven to be one of the most efficient and stable transgene shuttle into
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the cell and have gained increasing importance. The limitations of some viral vec-
tors like the adenoviral vector and adeno-associated viral vector have been improved
by new constructs like HIV-1 based lentiviral vectors. The immune response caused
by expression of viral proteins, or the inability of some viral vectors like the retroviral
vector to infect only dividing cells have been overcome by these new constructs.
Lentiviral vectors allow an efficient and stable transgene expression over years in
vivo without effecting transgene expression or immune response. In this Chapter
we will describe synthetic vectors, give an overview of the most common viral
vectors and focus our attention on lentiviral vectors, since we consider them to be
the most efficient tool for gene delivery in the CNS.

VECTORS IN GENE THERAPY

The most important goal of gene therapy should be efficient delivery of
therapeutic genes and a high level of gene expression in the target area without any
toxicity or immune response, leaving the target area intact. Some diseases will require
long term stable transgene expression, some have to be expressed only for a short
time and others will need to be regulated. Some disorders will need a systemic
application, correcting a large number of cells in their genome or pathological product;
others will only need transgene expression in a limited amount of cells in a specific

Figure 1. Therapeutical approaches in CNS disorders. Direct delivery of proteins via pumps or single
injections, transplantation of fetal or embryonic cells, re-implantation of cells ex vivo genetically modified,
or direct gene delivery in vivo via viral vectors.
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area. The main approaches target the substitution of absent enzymes or proteins
(growth factors, dopamine), the inactivation of pathological proteins (antisense
oligonucleotides or ribozymes) or the delivery of pro-drugs or the induction of
immune responses for cancer therapy. Pathologies of the CNS may require tight
regulation of gene expression up to a complete shut off after the therapeutic approach.
In the Parkinsonian brain, for example, the level of transgene expression and resulting
dopamine level needs to be adjusted to the individual patient, according to symptoms
and the percentage of destroyed dopaminergic cells. These regulatable vector systems
are available and based on specific promoters, that can be regulated for example
with antibiotics.1-3 Other approaches may require the re-exposure and immunity as
well as local toxicity need to be overcome. Because the immune response, humoral
as well as cellular, is mostly due to the expression of viral proteins. Deletion of viral
protein expression must be as complete as possible. Acute toxicity of viral vector
preparations by foreign materials or coatings needs to be overcome, and the potential
of immune responses against the transgene needs to be a further object of
investigation. As most vectors like the retroviral based vectors integrate randomly, a
mutagenic effect with the possibility of disruption and transcriptional activation of
cellular genes, like oncogenes, cannot be excluded. Studies until now did not show
mutagenesis in vitro or in vivo; however increasing efficacy and the results of the
first clinical trials with viral vectors the consideration be given targeting and specific
integration in pre-determined sites. Viruses, like adeno-associated viruses, already
integrate specifically and evaluation of the properties of these vectors will hopefully
allow for transfer into other viral vector constructs, for instance retroviral vectors.
These mechanisms need to be further investigated and taken into consideration in
future constructs. For specific therapy selective targeting of cells and tissues is
required, either by different receptor mechanisms or by specific promoter activities.
However these promoters proved to be less efficient in transgene expression.

DIRECT DNA DELIVERY AND SYNTHETIC
NONVIRAL VECTORS

Nonviral gene delivery allows for gene transfer in vitro and in a limited amount
in vivo. Plasmids encoding for transgenes are charged negatively and have in average
200nm hydrodynamic diameter. Numerous nonviral gene transfer tools like
liposomes,4 direct DNA precipitation, polymers, cationic lipids and endosomal lytic
peptides were investigated in vitro and in vivo.5 In vitro approaches mostly use the
DNA precipitation technique with calcium phosphate (CA3PO4) and lysosomal fusion
technology. DNA precipitation allows plasmid transfer into the cell in monolayer
cell culture6 and is based on the nonspecific pick up of foreign DNA by the host cell,
depending on the precipitation reaction and precipitate size.7 Ideally the DNA transfer
rate in vitro is 10-50%; however numerous cell lines and primary cells are resistant
to this method. Transfection is limited in time, because of the lack of integration.
Random integration is seen in 10-5 to 10-4 cases and depends on the particle number
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and is multi locally possible.8 Complement inactiviation and low integration is re-
sponsible for the lack of efficient gene transfer in in vivo approaches. The same
problem occurs by direct DNA delivery, even with enhancement by convection or
electrical fields. The rate of complement binding of DNA and the low rate of entry
into the host cell does not result in efficient gene expression in vivo. Transgene
expression has been shown in rats, mice, rabbits, and primates using the calcium
phosphate technique,9 but in direct DNA injection in animal models of Duchennes,
for example, there was no therapeutic effect.10-13

Cationic polymers, like polyethylenimine, can optimize gene transfer in vivo,
because the charge of the complex formation with the DNA favours interaction with
the cell membrane, however also with complement and extracellular matrix. The
best in vivo level has been achieved with polymers having a medium weight of 22
or 25 kD. Studies in the CNS with double staining revealed neurons as well as glial
cells expressing the transgene.14,15 Intraventricular delivery of polymer encapsulated
DNA succeeded in an expression of single cells throughout the brain, however mosT
cells did not reach a significant level of expression.15 Liposomes, on the other hand,
are spherical particles in which the membrane is composed of a lipid bilayer,
encapsulating parts of the solvent and DNA in the interior. The sizes of the constructs
range between 0.02 and 10 µm, they can be charged differently and they contain
polymer coats and various ligands on their surface. Usually constructs resemble cell
membranes and contain lecithin, cephalin, sphingomyelins and sterols. Interaction
of liposomes with cells involve adsorption, lipid exchange, endocytosis and fusion.
It has been speculated that some liposome interaction can include reversible cell
membrane poration. Instability of the liposome has required coatings, limiting the
fusion rate. Generally, the intravenously infusion of liposomes results in only a small
number of expressing cells, since undirected fusion to circulating cells occurred.
Local injection into the CNS revealed high toxicity and low transgene expression.

VIRAL VECTORS AND GENE DELIVERY

Viruses use the gene expression machinery of the hosT cells. In some transfected
cells viral proteins are expressed episomally, in others by stably integration into the
host cell genome. Some viruses force the host into lytic virus production, destroying
it; others stay latent for centuries in the host system, being reactivated eventually,
but keeping the host cell intact. The abilities of viruses to deliver foreign proteins to
hosT cells have been the basis of the development of viral vectors. The biology of
viral vectors is based on the first phase of the viral life cycle, the infection of the
host cell. However, the structural phase of viral protein expression and virus particle
assembly has to be prevented. At the beginning the application of still replicating
viral vectors has caused diffuse immune responses as well as uncontrolled spread.
Actual constructs allow for a single round of host cell infection by viral vectors
(non-replicating viral vectors) reducing or completely abolishing viral protein
expression which is substituted by the expression of the gene of interest or therapeutic
gene. The transduction of a host cell by viral vectors therefore is an abortive, non-
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explicative infection, introducing the therapeutic gene expressed from a recombi-
nant vector. Viral vector production based on producer cell lines, either stably or
transiently, substitutes for vector particle assembly, but is required to produce repli-
cation deficient particles in high titer. Viral life cycle and interaction with the pro-
ducer or host cell machinery has proven to be highly complex. Even in in vitro
settings this complex mechanism has not been reproducible by synthetic compo-
nents.

HERPES SIMPLEX VIRAL VECTORS

Herpes viruses (HSV) are large double stranded DNA viruses, with the poten-
tial to accommodate large cassettes containing transgenes of at least 30 kb.16 The
viral capsid is encoated by a double layer lipid envelope, with glycoproteins embed-
ded in the viral envelope mediating the host cell infection. Infection takes place by
attachment at the cell surface, fusion and virus penetration.17-19

 HSV have generated mechanisms that allow for long term persistence in an
episomal state without causing disease or host cell death in an immune competent
host. The application of HSV-based vectors has been especially attractive for the
CNS, since HSV naturally infects and stays in neuronal cells.20 Persistence of HSV
in neurons causes no lytic cycle and leaves the neuronal function completely intact
because HSV contains a specific neuronal promoter staying active during the latency
phase (latency active promoter).21 The HSV genome can be divided into two viral
genes that are essential and accessory for the replication in the host cell. Accessory
functions can be deleted without reducing virus growth; however complementary
cells are required for substitution of essential sequences and cell propagation.

Herpes simplex virus type-1 vectors can be constructed by deletion of
approximately half of the viral genome replacing it by a foreign gene. The
development of such recombinant vectors reduced for their lytic cycle genes are
required for long term in vivo expression. The deletion of the immediate early (IE)
genes reduce the lethal effects significantly and allow high-titer HSV vector
production.22 These IE HSV-deleted vectors allow for latency persistence in neurons,
and expression in non-neuronal tissues.23 The major advantage of HSV is the efficacy
of infection. However, the lack of long term expression, the still evoked immune
response and the question of recombination of the herpes virus in patients caused
many groups to switch to other gene transfer tools.

Amplicon vectors are defective, interfering viral genomes from high passage
viral stocks and a real alternative to replication-defective recombinant genomic
vectors.24 The amplicon vector needs helper viruses like the HSV for replication
and packaging. Further developments use even more deleted helper viruses, reduced
for packaging signals for example and propagated in bacteria.25 Theoretically these
vector productions are helper free, since helper virus DNA does not overlap with the
amplicon DNA, but contamination with recombinations in the stock are possible
and may be replication competent. But until now the production of replication-
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competent, virus-free genomic vectors has been significantly higher in infectious vec-
tor particle yield.

Herpes viral vectors have been used in a broad range of in vitro and in vivo
settings. They have been successful in treating animal models for Parkinson, cancer,
PNS diseases and pain.26-29

ADENOVIRAL VECTORS

Adenoviruses are linear double stranded DNA viruses containing approximately
36000 bp encapsulated in a protein coat. There are over 50 different human adenoviral
serotypes; however, the adenoviral vectors are from strains 2 and 5 to which most
adults were exposed during their lifetime. Early attention was focused on gene transfer
into the respiratory epithelium, but soon it was recognized that many different tissues
are accessible for adenoviruses.30,31 To reduce the immune response in vivo adenoviral
vectors based on non-human serotypes have been pursued.32-34 The adenoviral life
cycle has been analyzed, and their genome encodes for over 50 polypeptides. After
cell entry, proteins allow for efficient penetration of the nucleus. The early region 1
genome E1 quickly initiates transcription, starts viral gene expression and results in
genome replication. E1, E2 and E4 are required for replication, and later on genes
initiate the expression of viral structural proteins. Enormous amounts of viruses are
generated per single host cell leading to cell lysis and virus spread so that titers as
high as 1013 particles per ml can be achieved. E3 is important in the life cycle of the
AD virus since it controls the immune response in infected hosts.35 Removal of
different parts of the viral genome, like the E3 region allows the insertion of a
transgene of around 8 kb. The first generation of AD vectors were deleted for E1,
requiring stable expression of E1 in helper cell lines for vector generation. In vivo
application revealed soon that low level viral protein expression resulted in cytokine
response, antigen-dependent immune response and viral mediated destruction of
the host cell, limiting the transgene expression in vivo.36-38

Further modifications with deletion of E1, E2, and /or E4 reduced the immune
response significantly; however, the AD vector expression still was not persistent in
immune competent animals.26,39-42 Although these vectors seemed to be less toxic,
the infusion of a AD vector into a young human patient with a genetic disorder (OTC)
was the first gene therapy with lethal outcome.

Recently developed AD viral vectors are produced with a helper dependent
system43 delivering the deleted sequences and the transgene (28-32kb) containing
vector with the LTRs. The vector and its helper are separated and further purified,
but still 0.1% contaminants of helper virus remain. Further clinical investigations
will be necessary to study the consequences of this contamination and viral protein
expression. Adenoviral vector direct injection into pancreas, liver, spine, CNS have
shown transient effects; however, most settings used immuno-deficient animals. In
particular, in vivo striatal injections in immune competent rats revealed a strong
immune response, even weeks after the transgene expression ceased.44 Adenoviral
vectors have been applied early in clinical trials for cystic fibrosis without success
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and meanwhile in cancer therapy, using the strong immune response in order to
enhance the anti-tumor strategy.45

ADENO-ASSOCIATED VIRAL VECTOR (AAV)

Adeno-associated viral vectors are single stranded DNA parvoviruses, non-
pathogenic for mammals. They normally need helper virus in order to replicate and
therefore are dependent on ADV for productive infection. Six different human
seroptypes have been identified and viral vectors are based on the AAV-2. The AAV
genome consists of the sequences encoding multiple polypeptides for viral genome
replication and those encoding viral structural proteins. The packaging capacity of
the AAV is around 5 kb, limiting the size for foreign genes significantly. Wild-type
virus integrates directly into the chromosome 19 if the area is available,46 however
this ability is lost in AAV vectors. AAV vector production is dependent on adenoviral
function or at least plasmids that deliver those sequences.47 The helper virus is
separated from vector preparations by heat-inactivation and high-titer vector
preparations can be obtained.48 Transgene expression in vivo shows a slow increase
over weeks, reaching a level of steady-state. This is thought to be due to the generation
of DNA itself or second strand synthesis forming of concatemers.49-52 However, in
vivo transgene expression is mostly episomal and only random integration occurs53,54

with a very low efficiency, but long term persistency.50

Since the adeno-associated viral vector does not express any viral proteins,
there is no immune response associated with transgene expression in vivo except
the possibility for antibodies preventing re-exposure expression. It has been shown
in many animal studies that the AAV vector is able to infect nondividing cells56

however, with limited efficacy in vivo compared to other viral vectors.44 The
application in animal models for Parkinson disease, even primates, revealed biological
effects.57,58 Clinical trials are on the way for cystic fibrosis, hemophilia and muscle
dystrophy.

RETROVIRUS

Retroviruses are the basis for the most efficient gene transfer system available
today. Not only the transfer into a broad variety of cell types, primary as well as
established cell lines, but also the stable integration of the transgene into the host
cell genome have led to an extensive knowledge about these vectors. Although
replicating retroviral vectors are able to transfer genes into targeT cells, their
restriction in insert size limits their use. The deletion of most of the viral protein
coding regions allows a larger insert (approx. 7 kb), and since the development of
packaging cell lines for the generation of retroviral vectors, the lack of helper virus
contamination and unwanted viral spread allow a broad range of applications in
vitro and in vivo. In addition, the improvement in the packaging and vector constructs
allow the generation of retroviral high-titer stocks. The major limitation of retroviral
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vectors until now was their inability to introduce transgenes into non-dividing cells,
like terminally differentiated neurons for example. Recently the development of
new lentiviral vectors, a subgroup of retroviruses, with their unique nuclear import
machinery led to long-term efficient transduction and increased the application of
viral vectors in vivo significantly.

BIOLOGY OF RETROVIRUSES

Retroviruses are single stranded RNA viruses, initially identified as RNA tu-
mor viruses by Rous in spontaneous chicken sarcomas in 1960 (RSV). Later on a
broad number of transforming viruses was discovered by expression of viral onco-
genic sequences from host cell genomes or by integration close to cellular
oncogenes.59 Viral integration may cause the inactivation of tumor suppressing genes,
as shown for the p53.60 The discovery of human retroviruses causing T-cell leuke-
mias/lymphomas resulted in the theory of transcriptional activation of host cell genes
by virally encoded proteins.

The majority of retroviral vectors are based on the Moloney murine leukemia
virus (MLV), containing 9 kb genome flanked by the two long terminal repeats
(LTRs). The integrated provirus is flanked by the LTR elements that are functioning
as the binding site for cellular transcription factors and initiation. The untranslated
packaging signal follows the 5’LTR and is responsible for the packaging of retroviral
RNA into virions.61 The gag region encodes viral internal structural proteins and the
pol region encodes reverse transcription and integrase. The envelope protein is
encoded by the env gene region.62 The promoter in the 5’LTR initiates the transcription
of the full-length viral RNA and singly spliced viral RNA. The integrated full-length
DNA is the source for the RNA packaged into virions and the spliced transcript is
used to produce the envelope peptide. Proteases encoded in the pol region cleave
the precursors and generate the final viral proteins, among which there are the viral
proteases, reverse transcriptases, integrase, matrix, capsid, nucleocapsid, and surface
proteins.59 For selection of transduced cells many retroviral constructs contain a
drug resistance gene, like neo driven by the LTR or other promoters. These genes
allow the selection in vitro as well as in vivo. In the host cell cytoplasm the viral
proteins assemble and build an icosahedral virion core, accommodating two single
stranded RNAs. The viral envelope protein binds to specific host cell-surface receptors
and is the primary determinant of the host cell range.63 Retroviral strains differ in
their ability to infect distinct host cells. Some retroviruses infect a broad cell range
but no mouse cells (xenotropic); some infect only mouse cells (ecotropic); or they
infect both murine and non-murine cells (amphotropic).64 After infection of the host
cell the viral RNA is reverse transcribed into a double-stranded DNA, transported to
the nucleus and integrated as the provirus into the cell DNA. For integration the
host cell needs to progress in the cell cycle, because the breakdown of the nuclear
membrane is required for the infection with simple retroviruses.65 Integration of the
retroviral genome requires the replication of the host cell genome during or shortly
after the S phase of the cell cycle.66 The major limitation of retroviral viruses to



439INVASIVE DRUG DELIVERY

infect only dividing cells has been overcome by lentiviruses, a member of the
retroviral family, which are able to translocate the viral DNA to the nucleus with the
help of accessory viral proteinVpr and the viral gag matrix (MA),67 although the

Figure 2. Generation of lentiviral vectors in triple-quadruple transfection in produces cells. Viral particels
are harvested and either transferred on cells or further concentrated and injected in vivo. Lentiviral vectors
are stably transducing dividing and non-dividing cells.
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cell is not undergoing the cell cycle.68-72 The intergrase allows the insertion of the
lentiviral provirus and infection of dividing as well as non-dividing cells in vitro
and in vivo.73,74 The integration site of the proviral genome into the host cell genome
is not restricted to a single integration and is not completely random; open chroma-
tin domains are preferred.75,76

Retroviruses are integrated, viral proteins are expressed and virions assembled
without detremental effects on the host cell, and although retroviruses were discovered
as pathogenic agents, the majority does not cause any damage to the host organism.

MOLONEY MURINE LEUKEMIA VIRUS
AND LENITVIRUS BASED VECTORS

Non-replicating retroviral vector systems consist of two elements, the retroviral
vector itself and the packaging cell line (Fig. 2).77 The retroviral vector is a modified
derivative of a bacterial plasmid, which does not encode any viral proteins but is
determined as a shuttle for the transgene into the host cell. The packaging cell line
provides the viral proteins that are necessary to generate virions containing the vector
RNA, allowing the budding to the host cell, reverse transcription, and integration
into the host cell DNA. The improvement of the packaging cell lines with separation
of gag and pol expressed on one plasmid and the envelope on a different has led to
helper free viral vectors.78,79

The generation of retroviral vectors that have incorporated the envelope of the
vesiculo-stomatitis virus (VSV.G protein) broadened the host cell range
significantly.80 In addition, it transforms these pseudotyped viral vectors into stable
and highly concentrated stocks, without the loss of transduction efficiency.81-83

Meanwhile the improvement of packaging allows the generation of some retroviruses
in stable packaging cell lines, which express the necessary retroviral proteins and
provide for large amounts of VSV-G proteins by inducible expression.84 The majority
of retroviral protocols still require the production of pseudotyped retroviral vectors
in transient transfection protocols in human kidney 293T cells. The titers obtained
in the producer cell supernatant are around 105 transducing units/ml (TU/ml) and,
after ultracentrifugation, 108 TU/ml and so studies of direct gene delivery in vivo
are possible.

The most important goal in the delivery of transgenes in vitro as well as in vivo
is to achieve stable and long term transgene expression at therapeutic levels. This is
mainly influenced by the transcription and translation efficiency and RNA and protein
stability. The promoter used to express the transgene is the main limiting factor to
influence the protein level. Viral promoters like the LTR , CMV, SV40 and HSV-TK
are generally very active in dividing cell.85,86 ,87 but are less efficient in terminally
differentiated quiescent cells and cells after transplantation.88 Promoters derived
from housekeeping genes like β actin, PGK, and DHFR89,90 express at low levels in
all cell types and cell cycle stages. Tissue specific promoters like the NSE, GFAP
and preproenkephalin promoter allow however the expression of transgenes in certain
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cell types, especially interesting in the CNS.91-93 Different promoter and enhancer
elements can be combined to reach an efficient and cell-specific transgene expression.
The combination of bacterial and eukaryotic regulatory elements meanwhile allows
the regulation of transgene expression, as shown for the tetracycline repressor sys-
tem.2,3,94,95

RETROVIRAL GENE TRANSFER EX VIVO

The inability of regular retroviral vectors to transduce terminally differentiated
cells, like neurons, muscle cells and hepatocytes led to a broad number of experiments
using ex vivo approaches to deliver gene products in vivo. Primary cells as well as
cell lines are stably transduced in vitro, expanded in cell culture and implanted into
a broad variety of species and locations. In this Chapter we will focus on the main
applications of retroviral vectors in the field of gene therapy to the central nervous
system.

Although fetal tissue grafts are useful as a cell replacement source, genetically
modified cells for intracerebral transplantation promise far greater benefits. For
example, genetically engineered cells can be autologous and therefore minimize the
problems of cellular rejection. In addition, molecular biological methods allow the
genetic modification of cells to produce a more controlled and broader range of
desired factors than can be obtained with non-engineered cells. Following neuronal
trauma, toxic compounds can be reduced or eliminated by cells engineered to produce
free radical scavengers.96 In neurodegenerative disorders, cells that lose their vital
source of trophic factors, e.g., nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), and neurotrophins (NT-3 and NT4-5), can be supported by trans-
plantation of cells modified to produce these factors.97,98-102 The delivery of
neurotransmitters and neuromodulators in models of neuronal degeneration was found
to restore neuronal function in brain, although grafted cells are not able to mimic the
normal dynamic functions of intercellular contact.103

Engineered cells may also serve as a drug delivery system in cancer therapy,
delivering suicide genes or toxic compounds to rapidly dividing tumor cells.
Preferential incorporation of drug sensitive genes into tumor cells enables transduced
cells to produce enzymes metabolising drugs into toxic derivatives. These toxic
derivatives result in the destruction of tumor cells following systematic administration
of the appropriate drug, whereas the majority of healthy brain cells remain intact
because they are quiescent.104-107

Immortalized neuronal and non-neuronal cell lines (C6, neuroblastoma, AT20)
have been used for gene therapy. However, the persistent growth leads to tumor
formation and limits therapeutic applications.

Non-neuronal primary fibroblasts have been studied extensively because they
are easily obtained, can be maintained in cell culture for weeks and can be retrovirally
modified. Contact inhibition in high density cultures leads to decreased cell division
and also prevents tumor-like growth108,109 in the CNS as well as in peripheral tissue.88

The morphology of fibroblast grafts is similar to that of fibroblasts normally found
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in the skin, and viability has been demonstrated by collagen staining and abundant
fibronectin production within the graft border.101 Genetically engineered fibroblasts
producing neurotrophic factors have been successfully implanted into various ro-
dent models, diminishing the neuronal loss following surgical and toxic lesion.110-

112

Increased survival of chromaffin cells transplanted together with peripheral nerve
fragments is the result of NGF supplementation. Co-grafting of NGF-producing
fibroblasts with chromaffin cells enhances both survival and transdifferentiation.113-115

Immature neuronal progenitor cells isolated from the adult and fetal brain have
been successfully cultured and characterized.116-119 Retrovirally immortalized rodent
progenitor cell lines have been successfully transplanted in various regions of the

Figure 3. Confocal microscopy of coronal brain section of adult rats injected with lentiviral vector encoding
for green fluorescent protein. 3 months after injection cells expressing the transgene (GFP-green) are
further characterized as neurons (NeuN-red) and astrocytes (GFAP-blue).
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brain120 because they grow quickly ex vivo and therefore allow further retroviral
vector modifications. The ease of culturing and manipulation of neuronal progenitor
cells, their integration into the host system without uncontrolled proliferation and
their potential to differentiate into mature neurons makes these cells a promising
tool for ex vivo gene therapy.121

Retrovirally transferred oncogenes (e.g., v-myc, ras) have been used for
immortalization of slowly dividing cells. These genes maintain cells in a highly
mitotic undifferentiated state for as long as 22 months.122 However transplantation
of oncogene-expressing cells has revealed chromosomal damage and various cell
morphologies.123 Oncogene-expressing cells can also exhibit uncontrolled growth
with resulting tumor formation.124,125

To obtain regulatable expression of transgenes, the temperature-sensitive mutant
of SV40 large T antigen (TsA58) has been used.126,127 SV40 regulates the expression
of oncogenes at 25oC and leaves cells in an undifferentiated, rapidly dividing state.
Down regulation of oncogene expression and differentiation of these cells into
neurons occur at 37 oC. To externally trigger transgene expression, a regulatable
retroviral vector in which the oncogene v-myc is driven by a tetracycline-controlled
transactivator has also been used for conditional immortalisation of adult progenitor
cells.94 The suppression of the v-myc oncogene expression was sufficient to urge
proliferating cells leave the cell cycle and induce terminal differentiation.

However, transgene expression was not stable with retroviral vectors, because
of the silencing of the expression.88,90,128

RETROVIRAL GENE TRANSFER IN VIVO

Retroviral vectors have a broad host cell range, but their use is limited to dividing
cells. As cell division is limited in the CNS, the application of this system is restricted mostly
to ex vivo experiments.

To target non-dividing terminally differentiated cells, especially neurons of the
CNS, the vector based on the human immune deficiency virus (HIV) has been used
for direct in vivo approaches (Fig. 3).73,74 Like other lentiviruses, HIV is able to
infect dividing as well as quiescent cells, such as monocyte-derived macrophages
and growth-arrested cells. This viral vector is also pseudotyped with the VSV.G
protein envelope and generated in the three plasmid cotransfection system used for
generation of MLV-based retroviral vectors. The transgene is expressed from the
hCMV promoter. Gene delivery using this vector has been tested by intracerebral
injection of highly concentrated vector (108 TU/ml) into the striatum, the
hippocampus, the septum, the retina and the ventricle of adult rats. Six months after
injection the reporter gene (β-galactosidase or green fluorescent protein) was still
detectable in every injection site and terminally differentiated neurons, as well as
other CNS cells were transduced. The evaluation of the transduction efficiency
revealed a stable number of cells and levels of transgene expression over the whole
period investigated.129 Obvious pathological changes or signs of immune response
were not detected in the rat brain tissue. In comparison control animals injected
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with a MLV-based retroviral vector did not express the β-galactosidase reporter
gene after 6 weeks, supporting earlier findings of the shut off of transgenes in vivo.
The application of lentiviral vectors have been broadened rapidly. The CNS in rodents
and primates have been investigated for functional proteins and biological models
for Parkinson's, Huntington’s, retinal photoreceptor degeneration type VII
mucopolysaccharidoses, and metachromatic leucodystrophy.130-134 Limitations are
mostly due to specific conditions like mucus in the bronchial epithelium or cell
cycle specifities.135,136 A very interesting possibility offers lentiviral gene transfer
into hematopoietic stem cells.137 promising also capacities for progenitor transduction
of the CNS. Improvement in vector preparations as well as titer determination will
allow for highly efficient production and large scale vector particle production.138,139

Long-term transgene expression, stable integration and lack of expression of viral
proteins associated with immune responses make this lentiviral vector a promising
tool in direct in vivo gene transfer. Recently, recombinant lentiviral vectors derived
from non-human lentiviruses have been developed. These vectors focus on the non-
pathogenicity of these viruses in humans, probably allowing easier access to clinical
applications.140,141 However the recent generation of lentiviral vectors (HIV based)
are improved in safety, deleted for more viral proteins and reducing the risk from generation
to generation of vectors.

RETROVIRAL VECTOR SAFETY

In the evaluation of retroviral vector gene therapy, two major issues need to be
addressed. The cotransfection in transient transfection protocols as well as stable
packaging cell lines always bear the risk of generating replication competent helper
viruses, however the new packaging cell lines are significantly modified.142

Occasionally the generation of helper viruses by multiple ping-pong infection is
possible.143,144 The overlap of sequences between the specific viral vector and the
precise packaging sequence present in the packaging cell line may give rise to helper
viruses.145,146 Even the third generation of packaging cells still allows the observation
of transmission of viral functions to recipient cells. The design of packaging cells
with precise viral sequences necessary to encode gag-pol and an expression vector
that uses totally non-retroviral sequences will increase the safety significantly. In
addition the use of non-retroviral envelope proteins decreases the risk of
recombination.84

The second concern is the insertion site of the proviral DNA into the host cell
genome; 20-50% of the proviral integration takes place in the Cpg-rich , nuclease-
sensitive , transcriptionally active, euchromatic regions of the cellular DNA.
Theoretically the insertion can lead to a single hit mutagenesis. Although it is very
unlikely that a single mutation will result in tumorgenic cell-transformation. The
remaining 50-80% integration occurs randomly. Based on the fact that only 20% of
the host cell genome is actively transcribed, 40-50% of all insertion events take
place in inactive sites, leading to poor viral gene expression.147,148
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The risk of further viral infection and spread in the organism in addition is
severely diminished by the effects of human serum and cerebrospinal fluid on wild-
type retroviruses149 and retroviral vectors. Russel et al report that a broad range of
MLV based viral vectors with ecotropic and amphotropic envelope proteins were all
inactivated by human sera, as well as NIH-3T3 cells and packaging cells derived
from them.150

CONCLUSION

Viral vectors are the most efficient tool in gene delivery, in vitro and in vivo.
Although our knowledge is growing daily, the improvement of targeting, regulation
and large scale safe production of vectors is a challenging goal. First steps like
production of vectors not causing any immune response have been accomplished.
Some viral vectors are ready for larger clinical trials, but recent lethal outcomes of
approaches with vectors like the adenoviral vector should cause us to reconsider. It
is necessary to use the most recent vector generation and most recent technology to
avoid these experiences, and gene therapy will be successful in the long term run.
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ABSTRACT

Cell death following cerebral ischemia is mediated by a complex pathophysiologic
interaction of different mechanisms. In this Chapter we will outline the basic
principles as well as introduce in vitro and in vivo models of cerebral ischemia.
Mechanistically, excitotoxicity, peri-infarct depolarization, inflammation and
apoptosis seem to be the most relevant mediators of damage and are promising
targets for neuroprotective strategies.

EPIDEMIOLOGICAL DATA

The incidence of stroke in the Federal Republic of Germany (a population of 81
million people) is approximately 250-400/100.000. Hence, an estimated total of
200.000 strokes occur per year. Stroke mortality amounts—irrespective of all
therapeutic efforts—still to 25 to 30%. Stroke is the third leading cause of death in
the industrialized world. For example, in Germany there are two million stroke victims
alive (for comparison, four million in the United States of America). Stroke is the
leading cause of disability; its direct and indirect costs amount to approximately 30
to 40 billion US$ per year.

INTRODUCTION

The metabolism of the brain depends exclusively on oxygen and glucose and
adds up to the consumption of 75 l molecular oxygen and 120 g glucose per day. In
comparison to other organs this situation is unique. Albeit the weight of the brain
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accounts for only 2% of the total body weight, the brain claims 20% of total body
perfusion and 20% of total oxygen consumption. Even short durations of reduced
brain perfusion leading to lack of oxygen and energy metabolites may lead to
irreversible structural damage. Variable “ischemia thresholds” that are region and
cell-type specific determine whether a respective cell will survive the insult or die. (see
also Table 1)

GOBAL VS. FOCAL ISCHEMIA

In general, there are two mechanistically distinct modes of cerebral ischemia,
i.e., global and focal ischemia, respectively. Global ischemia  in man develops after
transient circulatory arrest with resuscitation or after near-drowning (Table 2).
Consequently, absolute cerebral blood flow falls off from 0.8 ml/g/min to zero within
seconds. Loss of consciousness follows after approximately 10 seconds. EEG activity
ceases after 30 to 40 secs and a few minutes of global ischemia lead to irreversible
cellular damage that evolves over days. The typical histological picture following
global ischemic insults is described by delayed neuronal death sparing glial cells
(sometimes even associated with astrogliosis). As a general rule, under normothermic
conditions, 10 min of global ischemia are lethal in man. In the United States
approximately 500 000 people/year die because of circulatory arrest leading to global
ischemia.

Focal ischemia  follows transient or permanent flow reduction in the territory of a
cerebral artery. Typically, flow reduction is due to embolic or thrombotic vessel
occlusion. In contrast to the situation after global ischemia, focal ischemia is
characterized by the formation of a so-called “ischemic penumbra ”. The penumbra is
defined as the ischemia border-zone which is (still) metabolically active but func-
tionally silent. While absolute regional blood flow in the ischemic core is diminished
to levels < 0.1 ml/g/min, blood flow in the penumbra typically remains at 0.2-0.4
ml/g/min. The typical histological picture following focal ischemia is a pan-necrosis
that includes all cell types in the brain (neurons, astrocytes, oligodendrocytes, endothelial
cells).

ANIMAL MODELS OF CEREBRAL ISCHEMIA

Although stroke has been studied in many species (for example rabbits, dogs,
cats, and baboons) rats and mice are the most widely investigated.1 Mice are especially
useful because of the availability of unique strains that can be genetically engineered
to over- or underexpress targeted genes.2-4 Several well-established models are
available to study global ischemia . In the so-called ”four-vessel occlusion model”
(4VO), flow in both carotid arteries and vertebral arteries is blocked for a specified
time period (”Pulsinelli-Brierley”-model).6 In the two-vessel occlusion model (2VO)
which is also referred to as ”severe forebrain ischemia”, only the carotid arteries are
temporarily occluded, sometimes along with mild hypotension.7 In these models,
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injury develops selectively in cells most vulnerable to ischemic damage such as in
the CA1 sector in hippocampus, medium-sized neurons in the striatum, and Purkinje
cells in cerebellum. Neurons are more susceptible than glial cells, and die over hours
to days after the insult; hence the term ”delayed neuronal death”. Experimental focal
ischemia  is most commonly studied during permanent or transient occlusion of a
middle cerebral artery (MCA).8-10 Proximal MCA occlusion can be induced by an
intraluminal suture (so-called filament model) or with a vascular clip and causes
injury to cortex and deep structures (striatum). Distal MCA occlusion (the so-called
”Brint-model”) is usually produced by placing a vascular clip on a pial vessel or by
cautery.11 The occlusion typically spares striatum and primarily involves the
neocortex. Pan-necrosis develops in the territory supplied by the respective artery
with glial and endothelial cell death. If recirculation is established early (2 hrs or
less) outcome is better (transient MCA occlusion).12 In some ways, the reperfused
brain imitates restoration of blood flow after spontaneous lysis of a thrombo-embolic
clot in humans- even though reperfusion after clot lysis is certainly more complex
than an on/off phenomenon as modelled by placement and retraction of an
intravascular filament. During reperfusion, free radical production and NO generation
are especially pronounced and contribute to ”reperfusion injury”.13 After longer
times of ischemia, reperfusion is incomplete due to microvascular occlusion which
has been termed the ”no-reflow phenomenon” some thirty years ago.14 Because
oxygen free radicals and NO promote apoptotic cell death, transient ischemia models
have become especially useful to investigate cell death in vivo15,16 which may
particularly apply for models of “mild ischemia”.17-19 In these models apoptosis is
prominent after 30 min MCA occlusion followed by longer reperfusion times (several
days).19,20 The pattern of cell death is reminiscent of global ischemia in that it is
both selective for neurons and delayed. Mild ischemia models may be similar to
transient ischemic attacks in man. In fact, changes in T1/T2-weighted MR imaging
7 days after 15 min MCAo occlusion in rats resemble those 7 to 10 days after transient
ischemic attacks (TIA’s) in patients with known cardiogenic embolism. However,
selective neuronal death has not yet been convincingly documented following TIA’s
in humans.

Table 1. Perfusion thresholds during cerebral ischemia

The following perfusion thresholds (ml/g/min) will lead to...

Loss of protein synthesis 0.55 ml/g/min

anaerobic glycolysis 0.35 ml/g/min

synaptic release of transmitters (e.g. glutamate) 0.20 ml/g/min

failure of energy metabolism 0.20 ml/g/min

anoxic depolarisation 0.15 ml/g/min
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IN VITRO MODELS OF CEREBRAL ISCHEMIA

To study the effects of “cerebral ischemia” in post-mitotic neurons in vitro, the
so-called “oxygen-glucose deprivation ” (OGD) model is commonly used. Primary
cultures of post-mitotic neurons from different regions of the brain (such as cortex,
striatum, septum, hippocampus, etc) can be established from rat or mouse embryos
(day 16 to 18). After several days in vitro (10 to 14 days) these post-mitotic cells can
be exposed to a combined deprivation of oxygen and glucose. Depending on the
length and severity of the insult cell death develops and can be quantified on a
morphological, biochemical, or molecular basis.21,22 Other possibilities to study is-
chemic damage in vitro include the studies of brain slices , particularly the hippocam-
pal slice. Usually, the bathing solution is changed from a mixture of oxygen/carbon
dioxide to nitrogen/carbon dioxide in the absence (hence “ischemia”) or presence
(hence “anoxia”) of glucose. Generally, 5 –7 min of ischemia lead to profound cell
loss in the CA1 region. Shorter insults lead to a more slowly evolving damage,
requiring approximately 12 h to be manifested. This type of cell death in many ways
resembles “delayed neuronal death” seen in vivo.

IMPORTANCE OF PHYSIOLOGIC PARAMETERS
FOR STROKE OUTCOME

Both animal and clinical studies have proven that changes in physiologic parameters
early after stroke onset influence ischemia outcome. Of great importance are changes

Table 2.

Animal Models of Cerebral ischemia Possible Correlate in Man Histological Findings

-global ischemia

a. permanent (circulatory arrest) hanging, circulatory arrest, brain swelling, cell
drowning death

b. transient (e.g. 4-vessel occlusion) circulatory arrest with delayed neuronal death
resuscitation, near-drowning astrogliosis

-focal ischemia

a. permanent (e.g. MCAo) hemispheral stroke pannecrosis,
(thrombotic or embolic hemispheral swelling
occlusion without

recanalisation)

b. transient (e.g. MCAo/reperfusion) stroke with spontaneous pannecrosis,
recanalization or thrombolytic inflammation
therapy (“reperfusion injury”)

c. mild (e.g. brief MCAo/reperf.) transient ischemic attack (?) delayed neuronal death
astrogliosis
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in brain and body temperature, partial pressures of oxygen and carbon dioxide, mean
arterial blood pressure and glucose metabolism which may have direct impact on
the treatment of stroke patients.

Temperature : Fever is a frequent complication following stroke and increases in
body and brain temperature are associated with poor stroke outcome. Experimental
studies unequivocally demonstrate that hypothermia reduces lesion volume while
hyperthermia increases cell death following global ischemia (Table 3) and lesion
volume after focal ischemia. Reducing temperature to 30˚C for 1 h after 2 h transient
occlusion of the middle cerebral artery reduced lesion volume by 50%. This has
direct implications for the treatment of acute stroke victims. Even slight elevations
of body temperature (>37.5˚C) should be normalized by physical and pharmacological
means. Current studies investigate acute treatment protocols using hypothermia.

Oxygen and carbon dioxide:  Both hypoxia as well as hypercapnia have adverse
effect of stroke outcome in animal models of cerebral ischemia. Theoretically,
hypercapnia has advantageous effects by inducing vasodilation. Perfusion in the
penumbra, however, is decreased during hypercapnia possibly due to a “steal”
phenomenon.

Mean arterial blood pressure:  Cerebral autoregulation is severely impeded during
cerebral ischemia. Hence, brain perfusion is directly dependent on mean arterial
blood pressure. Recent experimental studies have indeed demonstrated that blood
pressure lowering increases infarct size in spontaneously hypertensive rats.23 As a
consequence, blood pressure in patients should be maintained at relatively high levels
to improve brain perfusion and thus outcome.

Glucose:  Albeit loss of glucose is one of the initiators of cell death after cerebral
ischemia, elevated levels of blood glucose are nevertheless deleterious following
focal ischemia. Accumulation of lactate by anaerobic glycolysis leads to acidosis
with adverse effects on ischemic tissue.

PATHOPHYSIOLOGICAL CASCADES FOLLOWING
CEREBRAL ISCHEMIA

Loss of oxygen and energy depletion initiates a self-promoting cascade of
pathophysiologic events that evolve over minutes, hours, days, and even weeks. In
this Chapter we will follow a putative sequence of events that can be differentiated
in (1) excitotoxicity , (2) peri-infarct depolarisation , (3) inflammation , and (4) apoptosis.
Obviously, this is an oversimplification and both mechanistically and in terms of
temporal evolution there is substantial overlap.24

Excitotoxicity and Energy Depletion

As mentioned above brain tissue has an high energy demand. Moreover, to
generate energy metabolites the brain is exclusively dependent on oxidative
phosphorylation. Following focal ischemia there is profound loss of both oxygen
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and glucose. Within minutes energy-dependent ion channels become activated which
leads to the loss of the membrane potential.25 Both neuronal and non-neuronal cells
become depolarized and voltage-dependent Ca++-channels are activated.
Depolarization also induces release of neurotransmitters such as excitatory amino
acids (glutamate) from presynaptic axon terminals into the synaptic cleft.26 Since
re-uptake mechanisms have failed, these excitatory amino acids subsequently
accumulate in the synaptic cleft and induce activation of ligand-gated Ca++-permeable
channels (such as of the NMDA and AMPA subtype) as well as metabotropic Ca++-
channels.

Subsequently, there is influx of other extracellular ions (Na+, Cl-) that accumulate
intracellulary and lead to cell swelling and intracellular (“cytotoxic”) edema.  This
intracellular edema can be visualized by magnetic resonance tomography using
diffusion weighted imaging (DWI) techniques, providing the most sensitive non-
invasive modality for detecting ischemia-induced tissue injury. Using perfusion
weighted imaging (PWI) it is possible to compare regions of compromised blood
flow (PWI) with already lesioned tissue (DWI). The difference between both volumes
(“mismatch”) might correspond to salvageable “penumbra” tissue. The latter
hypothesis is currently being tested in a number of clinical trials.

The most important trigger for all subsequent events leading to cellular disruption
and cell death is the intracellular increase of calcium-ions : Ca++ acts as a universal
second and third messenger and triggers via enzyme induction multiple cytoplasmic
and nuclear cascades: Ca++ activates a number of important enzymes: (1) proteolytic
enzymes (such as calpain, gelsolin etc.) with subsequent degradation of the
cytoskeleton and structural proteins (e.g., actin, laminin, spectrin, microtubuli-
associated proteins);27-29 (2) xanthine oxidase and phospholipases (such as phos-
pholipase A2) which leads to membrane degradation, (3) cyclooxygenase leading to
free radical generation¸ (4) neuronal type nitric oxide synthase (nNOS) leading to
the production of nitric oxide (NO) and NO-derived radical peroxynitrite by the
reaction with superoxide.30,31

Nitric oxide  plays a critical role during cerebral ischemia. Importantly, NO may
exert beneficial as well a deleterious effects depending on the time-point and
compartment of its production. Hence, analysis of the role of NO during cerebral

Table 3. Effects of temperature on damage following global cerebral ischemia

“Damage in CA1, %”

Protocol 37ºC  35ºC  33ºC

15 min of 2-vessel occlusion in rat108 95 70 20

20 min of 4-vessel occlusion in rat109 95 70 20

5 min of 2-vessel occlusion in gerbil110 80 60 0

20 min of 2-vessel occlusion in rat 27 95 45
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ischemia has led to much confusion in the literature and was described as a "double-
edged sword". NO is synthetized from L-arginine and oxygen by NO synthases
(NOS). There are two constitutive isoforms, neuronal (type I) and endothelial (type
III), which are calcium/calmodulin-dependent, and one inducible isoform (iNOS,
type II). Small quanta of NO synthetized by constitutive NOS regulate a wide variety
of physiological functions such as blood pressure, vascular tone, permeability and
neurotransmission.32 iNOS can be induced in microglia, astrocytes, endothelium,
and vascular smooth muscle. Once expressed, it is continuously active, irrespective
of intracellular calcium levels and leads to high output NO synthesis leading to
cytotoxicity and inflammatory actions. Like iNOS, nNOS can also generate high
amounts of NO and cause cytotoxicity under pathophysiological conditions, due to
the above mentioned intracellular rise of Ca++.21 Although nNOS positive neurons
comprise only 1-2% of all neurons they possess extensive branching. Of note, the
nNOS positive neurons themselves are surprisingly resistant against injury. Cortical
levels of NO increase strikingly from approximately 10 nM to 2 µM within a few
minutes after MCA occlusion. Animals lacking nNOS expression (nNOS knockout
animals) have 38% smaller cerebral infarcts following permanent MCAo than control
mice, unequivocally demonstrating the deleterious role of nNOS-derived NO during
cerebral ischemia. NO neurotoxicity is mediated most likely by peroxynitrite formed
by the reaction of NO with superoxide, a complex that rapidly decomposes into
hydroxyl radicals, which are a highly reactive species.

An attractive downstream candidate for mediating NO-induced neurotoxicity
is activation of the nuclear enyzme poly(ADP-ribose)polymerase (PARP). Formation
of single-stranded DNA nicks (for example by peroxynitrite) is an obligatory stimulus
of PARP leading to the formation of poly-ADP-ribose chains and depletion of its
intracellular substrate NAD. 33,34 PARP is activated within minutes following cerebral
ischemia and reperfusion35 and inhibition of PARP activation or deletion of the PARP
gene confers protection after ischemia.35,36 Consistent with the notion that PARP is
a perpetrator in NO-mediated neurotoxicity nNOS knockout animals had strikingly
reduced levels of PARP activation within ischemic tissue.37

On the other hand, NO produced by the endothelial NOS isoform  may exert
protective effects via augmentation of cerebral blood flow, inhibition of platelet
aggregation and leukocyte activation. Animals lacking expression of the endothelial
NOS subtype (Type III) have been generated (eNOS knockout mice ).38 Expectedly,
these animals have elevated arterial blood pressure. Moreover, eNOS knockout
animals develop enlarged cerebral infarcts following middle cerebral artery occlusion,
demonstrating a protective role of type III NOS during cerebral ischemia. The
susceptibility of eNOS mutants to ischemic injury may be due to their diminished
capacity to adapt to reduced perfusion pressure (i.e.dilate) at the margins of an
ischemic lesion. This coupled to enhanced platelet and neutrophil adhesion, renders
eNOS mutants susceptible to injury. Consistent with this notion, blocking NOS
activity by nitro-L-arginine administration increased infarct size in nNOS knockout
animals, presumably due to inhibition of the constitutively expressed eNOS isoform.39

In conclusion, genetic evidence suggests that two NOS isoforms, i.e., nNOS and
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iNOS, contribute to ischemic injury, most likely due to the generation of NO-derived
radicals, while NO generated by another NOS isoform, i.e., eNOS, is protective by
its effect on blood flow and platelet aggregation. Pharmacologic approaches for
acute treatment should be directed at selective inhibition of nNOS and iNOS isoforms
while eNOS activity should be augmented. Recently, statins (HMG-CoA reductase
inhibitors) were shown to selectively upregulate eNOS activity and NO production
after chronic administration. Mice treated for 14 days with statins had increased
eNOS message and activity, augmented cerebral blood flow and decreased markers
of platelet activation, and had significantly smaller stroke sizes after MCAo.40,41

Another important source for the generation of reactive oxygen species (ROS)
are mitochondria , which may themselves be damaged by ROS initiating a vicious
cycle.42,43 Specifically, the inner mitochondrial membrane is severely damaged by
the generation of radicals and also by formation of a so-called “mitochondrial
permeability transition pore” (MPT), which leads to organ swelling, generation of
additional ROS and finally cessation of ATP production. This may be coupled to the
specific or unspecific release of cytochrome c into the cytosol which has been
recognized as a specific upstream trigger for the initiation of the proteolytic caspase
cascade leading to apoptotic cell death.44

Hemodynamic, metabolic, and ionic phenomena are not homogeneous in
different ischemic brain regions. In the center or core of the ischemic region, cerebral
blood flow is less than 20% of normal levels. In this region, permanent and anoxic
depolarizations develop minutes after onset of ischemia. Subsequently, cells are
killed rapidly by lipolysis, proteolysis and disruption of the cytoskeleton leading to
loss of energy and ion homeostasis.45 Between this core region and normal, non-
ischemic tissue lies the so-called penumbra, an ischemic borderzone which is
functionally silent but metabolically (still) active. In theory, the whole penumbra
region can be salvaged by timely therapeutic intervention. Over time, however, and
without treatment the “core grows on the cost of the penumbra”, i.e., the penumbra
can progress to infarction by mechanisms described in this Chapter.46-48 Hence, the
goal of all therapeutic interventions is to protect the ischemic penumbra region.
Albeit there is good evidence for the existence of a penumbra during human
stroke,49,50 its size and pathophysiologic relevance remains unclear.51

GLUTAMATE RECEPTORS AND EXCITOTOXICITY

Activation of glutamate receptors and subsequent calcium influx leading to
increased intra-cellular calcium levels ([Ca++]i) may be the most important early
trigger of subsequent cell death after cerebral ischemia. Consequently,
pharmacological inhibition of these receptors is an attractive treatment approach for
stroke. Three different ligand-gated glutamate receptors can be differentiated based
on their respective pharmacological affinities:(1) N-methyl-D-aspartate (NMDA)
receptor, (2) α-amino-3 hydroxy-5 methyl-4- isoxazolone-proprionic acid (AMPA)
receptor, and (3) kainate receptor. In addition, there are metabotropic G-protein
coupled receptors.
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NMDA receptors  are permeable for Ca++, Na+ and K+ ions. Following NMDA-
receptor activation three stages inducing neurotoxicity can be differentiated: (1) changes
in the intracellular milieu (induction), (2) exponential increase in [Ca++]i
(amplification), (3) neuronal degeneration (expression). There are several
pharmacologically distinct receptor antagonists available: NMDA receptor
antagonists (such as MK-801) inhibit almost completely intracellular Ca++-influx in
primary neurons following "oxygen-glucose-deprivation" in vitro. NMDA receptor
blockage using competitive and non-competitive receptor antagonists confers robust
neuroprotection in animal model of focal (but not global) cerebral ischemia.
Administration of NMDA receptor antagonists is neuroprotective only within a very
limited “window of opportunity” (minutes to a few hours), however. Moreover,
severe adverse effects of NMDA receptor blocker were demonstrated including
exogenous psychosis and specific cell loss in the limbic system.52,53 Currently, site-
specific antagonists (for example for the glutathione site) are being tested as a possible
alternative.

AMPA receptors  mediate Na+ and K+ currents. Na+-influx via AMPA as well as
kainate receptors leads in turn to secondary influx of Ca++-ions. Pharmacological
blockade of these receptors via specific inhibitors confers significant reduction of
infarct volume in animal stroke models. Of note, the treatment window is somewhat
better than with NMDA receptor antagonists.54 In contrast to the above listed ligand-
gated glutamate receptors, the role of metabotropic glutamate receptors during
cerebral ischemia has so far remained unclear. Some studies suggest a protective
role for some classes of metabotropic receptors.55

Figure 1. Putative cascade of damaging events in focal cerebral ischemia.
The x-axis reflects the evolution of the cascade over time, while the y-axis illustrates the impact of each
element of the cascade on final outcomce. (adapted from Dirnagl et al, TINS 22:391-397)
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TISSUE ACIDOSIS

Following oxygen deprivation glucose metabolism is changed to anaerobic
glycolysis leading to lactate accumulation and tissue acidosis.  For a long time acidosis
was recognized as a central pathomechanism of tissue injury following stroke. For
example, neurons in culture die rapidly when exposed to low pH. This has been
explained by increased radical production and other mechanisms at low pH which
may mediate damage. Recent observations, however, have shed new light on the
dogma that acidosis is always dismal after cerebral ischemia. For example, NMDA
receptors become inactivated at low pH levels protecting neurons from further Ca++-
influx.

PROTEIN SYNTHESIS AND EARLY GENE EXPRESSION

Even slight reductions of regional cerebral blood flow compromise total protein
synthesis. In spite of these inhibitory effects on general protein synthesis there are
some genes and gene products that are upregulated both on a transcriptional and
translational level. Among these are the so-called “immediate early genes “ whose gene
products act as transcription factors. Via expression of these early genes both
protective and destructive cascades are initiated.

Peri-Infarct Depolarization

Loss of energy and glutamate release induce depolarization of neurons and non-
neuronal cells. In the core of the ischemic lesion this may induce so-called anoxic
depolarization: Due to lack of energy equivalent the cells are unable to repolarize
and are destined to die. In the border-zone (“penumbra”) of the lesion, however,
cells are able to re-polarize, but at the expense of further energy depletion. Waves of
de- and re-polarization may establish which are called peri-infarct
depolarizations .56,57Evidence of this phenomenon has been provided in several animal
models and a number of observations argue that it may have pathophysiological
relevance. (1) Peri-infarct depolarizations (PIDs) may occur several times per hour
and can be detected up to 6 –8 hours after ischemia onset. (2) Lesion volume and
cell loss correspond to the number of PIDs.58 (3) Reduction of PIDs by therapeutic
intervention reduces infarct volume.59 (4) Induction of additional PIDs by topical
KCl administration further increases lesion volume. Albeit experimental evidence
for PIDs as a relevant pathomechanism after stroke is convincing, so far evidence
for the occurrence of PIDs after stroke in man is lacking.60

Inflammation

Expression of proinflammatory genes, such as NF-κB, hypoxia-inducible factor
and interferon 1b is triggered early after onset of ischemia.61-63 These
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proinflammatory genes may initiate the production of several mediators of
inflammation including platelet activation factor and tumor necrosis factor. In turn,
these factors themselves initiate a cascade of events that includes the expression of
adhesion molecules of endothelial cells (intercellular and vascular adhesion
molecules; ICAM and VCAM as well as different selectins). Adhesion molecules

mediate rolling, adhesion (“sticking”) and finally migration of leukocytes through
the vascular wall.64-66 In a first wave neutrophils invade the brain which is followed
by macrophages and monocytes. The latter express typical chemokines (e.g.,
interleukin-8 and monocyte chemoattractant protein-1) leading to a vicious cycle.

However, not only blood-born cells mediate inflammatory responses after
ischemia but also brain-derived immunocompetent cells such as microglia. Microglial
cells constitute the primary immunoeffector cells of the brain and amount to up to
20% of total brain cell number. Within hours after onset of an insult these cells
become activated microglia. The question, however, whether inflammation after
cerebral ischemia is “good or bad” has not unequivocally been resolved although
the literature is in favor of a destructive effect. For example, (1) induction of
neutropenia, (2) inhibition of several inflammatory mediators (such as IL-1b) or (3)
adhesion molecules significantly protects from cell death and improves outcome
after stroke.67,68

There are a plethora of molecular and biological mechanisms that contribute to
inflammation-mediated cellular damage: The cerebral microcirculation becomes
severely compromised by leukocyte plugging of small vessels. Neurons and
macrophages may induce toxic enzymes such as inducible NO synthase (iNOS) or
cyclooxygenase (COX). iNOS  is produced by invading neutrophils which may lead
to increased NO production. With the use of pharmacological inhibition or genetic

Table 4. Apoptosis vs. necrosis

Apoptosis Necrosis

DNA oligonucleosomal laddering degradation

nucleus chromatin margination pyknosis

membrane integrity conserved destroyed

inflammation no yes

cell volume reduced increased
(“oncosis”)

cell fragmentation yes (apoptotic bodies) no (lysis)

Adapted from Ann Neurol 38:839-851 (1995)
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deletion (iNOS knockout mouse) it has been unequivocally demonstrated that iNOS
exerts neurotoxic effects during cerebral ischemia. Of note, the pathomechanism of
iNOS induced cytotoxicity is a delayed one: iNOS becomes expressed only 24 h
after the onset of the insult and administration of iNOS inhibitors is neuroprotective
even when administered one day after stroke onset.63,69,70 COX-2 on the other hand
is produced by neurons. It amplifies ischemic damage by production of superoxide
anions and toxic prostanoids.71 The role of yet another inflammatory mediator, TNF-
alpha , during cerebral ischemia has so far remained controversial.72,73

Apoptosis

The term “apoptosis” was first introduced by Kerr et al in 1972.74 Hallmarks of
apoptosis include chromatin condensation, nuclear segmentation, cytoplasmic
shrinkage, blebbing, and formation of apoptotic bodies (See Table 4). The possibility
that ischemic brain cells may also die by apoptotic mechanisms was not proposed
until 1993. 75-77 In fact, ischemic cell death was considered the classical prototype
for necrotic cell death based mainly on morphological criteria. Necrosis describes
swollen cells with disruption of subcellular organelles, and is also called “accidental
cell death”.78 (see also Table 4). Now convincing biochemical, histochemical,
molecular and genetic data favor apoptosis  (or a closely related mechanism) as an
additional mechanism of cell death in models of cerebral ischemia. There are
numerous reports demonstrating oligonucleosomal DNA fragmentation either by
gel electrophoresis (“DNA laddering”) or by the TUNEL in situ technique (“terminal
deoxynucleotidyl transferase mediated dUTP-biotin nick-end labeling”).75,77,79-82

Following focal ischemia apoptosis is predominant in the ischemic border-zone.75,83,84

Following more severe insults TUNEL positive cells appear earlier than after mild
insults.19 DNA laddering and TUNEL staining, however, are not pathognomonic for
apoptosis. Most neuropathologists accept electron microscopy criteria as the gold
standard. Van Lookeren Campagne and Gill85 found 1996 no ultrastructural evidence
for apoptosis after MCA occlusion in the rat.

It is generally accepted that new protein synthesis is needed for the initiation of
apoptosis.74 In fact, the protein synthesis inhibitor cycloheximide protects cells and
reduces injury after focal ischemia.18,19,75 In general, cycloheximide suppresses
synthesis of all proteins, including those that protect cells. Hence, is has remained
elusive by inhibition of which downstream products neuroprotection of
cycloheximide is mediated.

MOLECULAR MECHANISMS

During development, apoptosis is triggered by evolutionally highly conserved
signals, and is regulated by a balance between death promoting and death inhibiting
factors.86-89 In the nematode Caenorrhabditis elegans the death promoting ced-3
and ced-4 genes and the death inhibiting gene ced-9 were identified.90-93 As mam-
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malian homologues for the ced-3 gene the so-called caspases (c: cystein proteinase;
-aspase : cleavage after aspartate residues) were identified (formerly also known as
interleukin-1β family).94,95 These proteases consist of at least 12 familiy members
and are important executioners of apoptosis. The most important caspase for apoptosis
execution is caspase-3. Caspase-3—as all caspases—is activated by proteolytic cleav-
age (posttranslational modification) and in turn cleaves itself multiple (>30)
substrates. Known caspase-3 substrates are for example endonuclease (CAD plus
inhibitor ICAD), lamin, spectrin, huntingtin, gelsolin, poly(ADP-ribose)polymerase
(PARP, see above). Cleavage of these caspase substrates is thought to mediate the
downstream events during apoptosis (beyond the point of “no-return”). Until recently,
it had remained unclear how caspase-3 is activated during cerebral ischemia.
Generally, two pathways exist: type I apoptosis via Fas/TNF-receptors, activation
of intracellular death recepors and activation of caspase-8; type II apoptosis via
release of cytochrome c from mitochondria, formation of the so-called “apoptosome”
(which is a complex of cytochrome c, apoptosis activation factor and pro-caspase-
9).96 Hence, after their respective cleavage either caspase-8 (type I) or caspase-9 (type
II) activate caspase-3. Recent data favours the idea that caspase-3 is activated during
cerebral ischemia predominantly via release of cytochrome c into the cytosol.28

EXPERIMENTAL EVIDENCE FOR CASPASE-MEDIATED
CELL DEATH FOLLOWING CEREBRAL ISCHEMIA

Both caspase-1 and -3 become activated in the ischemic territory following
focal cerebral ischemia,19, 97 an event that precedes markers of morphological damage
and TUNEL staining by hours. Animals with deletion of caspase-1 or caspase–3
have smaller ischemic lesions.98-100 Following a general rule that severe insults lead
to necrotic cell death while after milder insults apoptosis is prominent, caspase
activation was analyzed following short durations of MCA occlusion. Following 30
min MCAo caspase-3 was not activated until 9-12 hours after ischemia onset, while
after 2 h MCAo it was active within minutes after reperfusion. More than 50% of all
neurons within the ischemic tissue double stain for activated caspase-3 and
TUNEL.20,97

CASPASE INHIBITION PROTECTS FROM
CEREBRAL ISCHEMIA

Small oligopeptides (tri- or tetrapeptides) that mimic the cleavage site of a
protease substrate can be used as relatively selective caspase inhibitors.101,102 For
example YVAD.cmk (acetyl-tyr-val-ala-asp.chloromethylketone) is relatively
selective for caspase-1 (Ki 0.76 nM) while zDEVD.fmk (N-benzyloxycarbonal.asp-
glu-val-asp-fluoromethylketone) is more selective for caspase-3 (Ki <0.1 nM).103,104

Intracerebroventricular administration of these inhibitors blocks the activation of
capase-1 and –3, respectively, and significantly protects from injury following middle
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cerebral artery occlusion and global ischemia.19,20,100,105,106 Following mild insults
the treatment window was extended to 9 hr after the onset of ischemia.19,20 Interest-
ingly, caspase inhibitors act synergistically with anti-excitotoxic drugs such as the
glutamate receptor blocker MK-801.107 Hence, it seems feasible that both anti-
excitotoxic and anti-apoptotic drugs may be given in a “neuroprotective cocktail”;
low doses may limit potential toxicity from either drug alone. Of note, non-peptide
caspase inhibitors are being developed that can be administered systemically.

CONCLUSION

Cell death following cerebral ischemia is mediated by a complex
pathophysiologic interaction of different mechanisms. As outlined in this Chapter,
excitotoxicity, peri-infarct depolarization, inflammation,  and apoptosis  seem to be the
most relevant mediators and are promising targets for neuroprotective intervention.
After all, however, stroke is a vascular disease. Reperfusion of an occluded artery
(e.g., by rt-PA) is still the most important early intervention and should be com-
bined with neuroprotective strategies.
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INTRODUCTION

Alzheimer’s disease (AD) is a deadly progressive neurodegenerative disorder. Various
aspects of the biochemistry of the AD-associated amyloid β protein (Aβ) are well-
described and understood. The deposition of Aβ in the AD brain is one crucial
hallmark of AD pathology. Consequently, the processes of the generation of Aβ are
the main targets for novel avenues of prevention and treatment. Besides the increasing
amount of genetic information on familial forms of AD including those types caused
by mutations in the AD genes APP, PS1 and PS2, various genetic and non-genetic
risk factors have been described. Worldwide efforts to block Aβ generation or to
block its deposition by immunization are of great interest but are still at a more or
less experimental stage. In addition, it may be argued that the sporadic and strictly
age-related forms of AD develop because the overall homeostasis of neuroprotection
is disturbed rendering the nerve cells more vulnerable for exogenous insults including
Aβ. Therefore, it is also wise to study neuroprotective factors and to decipher how
such factors, including neurotrophins and the female sex hormone estrogen, transduce
their signal leading to nerve cell protection. The identification of potential protective
genes that are regulated by well known neuroprotective signals may elucidate novel
targets for preventive approaches. A general and subtle neuroprotection may stabilize
nerve cell survival and may leave the neurons more resistant to AD-associated
pathogenetic insults.

Alzheimer’s disease (AD) is the major cause of dementia in the elderly in
developed countries. AD accounts for more than 70% of all late-onset cases of



C. BEHL476

dementia. In the USA alone AD claims more than 100,000 lives per year. Given the
increased life expectancy in the industrialized nations a further increase in the total
number of people suffering from AD is expected. AD is a deadly disease and there is
currently no cure. AD can be a familial disease that is inherited in an autosomal
dominant fashion but the majority of AD cases are strictly age-related. The major
clinical characteristic of AD is the slowly progressing global decline in cognitive
function. Furthermore, AD patients suffer from general deterioration, they lose their
memory and, therefore, their personality. Even almost 100 years after the German
psychiatrist Alois Alzheimer first described his observation of a neurodegenerative
disease of the brain, which was later called “Alzheimer’s disease”,1 the diagnosis
“definite Alzheimer’s disease” still depends on a combination of evaluations,
including a general neuropsychiatric anamnesis and neuropsychological tests. Only
post mortally can the “diagnosis” AD be made on the basis of histopathologic
characteristics, proteins and markers that are found in the brain of the diseased patient.
The most prominent “AD proteins” are the amlyoid β protein (Aβ) and the tau protein.
Basic research mainly focuses on the role of these two proteins in AD pathogenesis.
Insoluble Aβ deposits are found extracellularly in the “senile plaques” of AD brain
and massively phosphorylated tau-proteins inside the cells build up “neurofibrillary
tangles”. The biochemistry of Aβ is known to be centrally affected in the various
familial forms of AD and mounting evidence points towards Aβ as the target protein
of AD.

Understanding the basic mechanisms of AD is, of course, the prerequisite for a
possible therapy of this devastating mental disorder, but in addition to biochemical
and molecular approaches it is necessary to develop methods for early diagnosis of
the disease. In the future novel and more sensitive brain imaging techniques may
help to better determine AD in the living patient early in the course of the disease.
Indeed, the great dilemma of why there is no early diagnosis of AD is still due to the
lack of a valid and reliable disease-marker. Considering that the majority of AD
cases have a preclinical phase of up to decades and that the disease is slowly
progressing before first obvious clinical disease symptoms, a marker that would
indicate the start of AD (“beginning of AD”) would be of invaluable help for a
possible prevention and later also for therapeutic approaches.

WHAT IS THE CAUSE OF AD?

The investigation of post mortem brain tissue of AD patients has detected the
major histopathological hallmarks of this neurodegenerative disorder. Those are:

1. synaptic alterations,
2. nerve cell loss primarily in cerebral cortex, hippocampus and amygdala,
3. deposition of extracellular amorphous amyloid β protein (Aβ),
4. intracellular precipitation of hyperphosphorylated tau-protein.
The extracellular deposits of Aβ-aggregates build up the “senile plaques”.

Hyperphosphorylated tau-protein forms the neurofibrillary tangles in the nerve
cells (for review see refs. 2-4). Despite worldwide efforts for many years the



477ALZHEIMER'S DISEASE

exact pathogenesis of AD is still obscure and consequently current therapeutic
approaches are hypothesis-driven rather than causal. The main hypotheses of
AD pathogenesis are the following:

The acetylcholine-deficiency-hypothesis is based on the fact that in AD a massive
decrease of the neurotransmitter acetylcholine (ACh) is found.5 ACh is well
acknowledged as the main mediator of cognitive functions and is, therefore, the
central neurotransmitter necessary for cognition and memory. The demonstration of
substantial abnormalities in the cholinergic system in the brain of AD patients initiated
the discussion about ACh replacement strategy. Similar to the approach that is still
used to treat Parkinson’s disease, which can be described as a dopamine-deficiency
disease, where L-dopamine replacement is used, the aim in AD is to stabilize and
boost cholinergic function. This can be reached at various levels. Some approaches
aim at the prevention of the degradation of this neurotransmitter in the synaptic cleft
maintaining therefore constant ACh-levels. ACh is physiologically degraded by the
enzyme ACh-esterase. Developed AD drugs block the activity of ACh-esterases and
are therefore called ACh-esterase-inhibitors. Indeed, ACh-esterase blockers are
frequently used and various formulations from different pharmaceutical companies
are available (for review see ref. 6).

The arthritis-of-the-brain-hypothesis of AD concentrates on the investigation
of the impact of inflammation on the AD disease process.7 Again, the main support
of this hypothesis is derived basically from histopathology. AD brain tissue clearly
shows a massive accumulation of inflammatory components, such as complement
and activated microglia (for review see ref. 8). Treatment of AD patients with anti-
inflammatory drugs has been proposed and various clinical trials using such drugs
have been already performed, others are still in progress. Two initial preliminary
clinical studies were rather optimistic in suggesting that anti-inflammatory drugs
can decrease the rate of cognitive decline in AD. Follow-up studies further suggested
that non-steroidal anti-inflammatory drugs (NSAIDs) cause a delay in the onset or
slow down the progression of AD. The most prominent activity of NSAIDs is the
inhibition of cyclooxygenases (COX) and lipooxygenases, which may, ultimately,
lead to the inhibition of prostaglandin synthesis and also to a block of ROS formation.
The enzyme COX-2 is induced in response to the exposure of neurons to toxic
concentrations of glutamate, suggesting a possible role for COX inhibitors in
neuroprotection by counteracting the events following a glutamate insult. As a
consequence of the growing body of evidence supporting a major role of inflammation
during AD pathogenesis, additional anti-inflammatory drugs are tested or are planned
to be tested in clinical AD trials in the future. Potential novel therapies will include
several drugs used in the treatment of inflammatory diseases. These may also include
glucocorticoids that are in use for the treatment of rheumatic diseases as well as anti-
malaria drugs (for review see refs. 6, 9, 10).

The energy-depletion-hypothesis of AD underlines the central importance of a
decreased glucose metabolism and, therefore, a decreased energy supply in the brain
for AD pathogenesis. Indeed, normal aging of mammalian brain is associated with
various metabolic changes, including variations in the neuronal insulin receptor, the
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desensitization of the neuronal insulin receptor by circulating cortisol and receptor
dysfunction subsequent to changes in membrane structure and function. These
changes may directly account for the aberrations in glucose/energy metabolism (for
review see ref. 11). Furthermore, this hypothesis is driven by the fact that the majority
of AD cases are late onset forms with unknown etiology.

Like the free radical theory of aging, the oxidative-stress-hypothesis of AD has
been proposed (for review see refs. 12,13). Aging, in general, is associated with
degenerative processes, including the degeneration of cells and tissues which can
result in diseases, such as cancer, cardiovascular failure and neurodegenerative
disorders. The free radical theory of aging, as previously mentioned, suggests that
oxidative damage due to the accumulation of oxidative stress is causative for the
degeneration of cells and tissues.14

The histopathological and the experimental evidence that support the oxidative
stress hypothesis of AD is increasing (for review see ref. 15) and includes the
following key findings in neuronal tissues:

- increased levels of highly oxidized proteins, DNA, and lipids,
- high amount of ions that can drive free radical generation,
- occurrence of advanced glycation endproducts,
- Aβ induces oxidative stress.

Figure 1. Senile plaques and neurofibrillary tangles as hallmarks of AD pathology. Extracellular deposition
of Aβ build up the senile plaques. Hyperphosphorylated tau-protein comprise intracellular neurofibrillary
tangles (NFTs). Senile plaques and NFTs are the overt pathological hallmarks in AD brain tissue.
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Most interesting were the findings that aggregates of Aβ can indirectly and
directly induce oxidative stress in vitro(for review see refs. 13, 17) (Fig. 2)16 Based
on all this experimental evidence the oxidative stress hypothesis has been put to the
test in various clinical trials. Indeed, in 1997 some beneficial effects of the lipophilic
antioxidant α-tocopherol (vitamin E) for the treatment of moderately severe affected
AD patients have been demonstrated.18

The amyloid-cascade-hypothesis summarizes the central role of the processing
and the regulation of the amyloid β precursor protein and is still the most popular
hypothesis of AD pathogenesis. The deposition of Aβ, the peptide which varies in
size from 39 to 43 amino acids, in the senile plaques, has been already recognized
by Alois Alzheimer and is believed by many neurobiologists to be the crucial step in
AD pathogenesis (for review see refs. 3, 19). Processing of APP can lead to the
generation of Aβ aggregates that have been shown to have neurotoxic activities
under certain conditions in vitro and in vivo (for review see refs. 20-21). Besides
direct toxic effects, such as the induction of oxidative stress in nerve cells, Aβ can
also lead to secondary toxic effects via the attraction of inflammatory mediators and
activation of inflammatory cells.

The tau-hypothesis of AD is fueled by the fact that intracellular neurofibrillary
tangles which consist of hyperphosphorylated tau, a microtubule-associated protein
of a molecular between 50 to 64 kilodalton, are a major hallmark of AD pathology
(for review see ref. 22). Abundant tau-positive neurofibrillary lesions are found in
AD brain tissue but the filamentous tau pathology is also central to a number of
other dementing disorders, including Pick’s disease, progressive supranuclear palsy
corticobasal degeneration and familial frontotemporal dementia and Parkinsonism
linked to chromosome 17 (FTDP-17). The discovery of mutations in the tau gene
has firmly established the relevance of tau pathology for the neurodegenerative
process (for review see ref. 23). Although for quite some time the researchers in
favor of the tau-hypothesis (“tau-oists”) and those more in favor of the amyloid-
cascade-hypothesis (“Aβ-aptists”) strictly followed their line of research, more and
more links that combine Aβ and tau pathology have been defined (for review see
ref. 24). Nevertheless, the amyloid-hypothesis of AD is strongly supported by genetic
and other experimental evidence and still the major focus of AD basic research.

AD GENETICS AND BIOCHEMISTRY

A major breakthrough in AD research was the identification of gene mutations
that are directly associated with the disease. For a decade it is clear that AD can be
caused by autosomal dominant mutations in three separate genes:

- APP,
- presenilin 1 (PS1),
- presenilin 2 (PS2).
Inherited familial forms of AD (FAD) account for approximately 4-8% of all

AD cases. Although these familial cases are the minority and the majority (92-96%)
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are sporadic forms without a clear genetic cause, the pathology of both types (familial
and sporadic) is identical (for review see ref. 25).

Mutations in PS1 are the most frequent, APP mutations are the genetic basis for
a small but significant percentage of AD cases and PS2 mutations are very rare. The
most important difference between familial and sporadic cases is the age of onset of
the disease. While almost all FAD cases start before the age of 60, sporadic AD is
age-dependent. About 3-4% of the people age 65-74, up to 20% of the population
aged 75-84 and up to 48% of the elderly population at an age over 85 are affected by AD.26

Since AD patients carrying or lacking gene mutations in APP, PS1 or PS2 develop
a similar clinical (e.g., cognitive impairments) and histopathological (Aβ-, tau-
pathology) pattern, these genes appear to be the basis for common pathological
mechanisms. APP, PS1 and PS2 are the most studied proteins in the search for the
cause of AD. Nevertheless, some authors stress that despite the common biochemistry,
AD may be caused by a variety of different initial pathological processes and only
late in the disease process funnel into the APP/PS1/PS2 pathway. In addition, a
collection of risk factors for the disease have been described that increase the
incidence of AD and which may also be studied properly with respect to their
interaction with the downstream disease process. Before taking a closer look into
such risk factors a short overview of the “AD genes” is given.

Figure 2. APP processing and oxidative stress in AD pathology. The processing of APP can be performed
by β- and γ-secretases, which leads to the formation of Aβ capable of forming high molecular protein
aggregates. In addition, the processing of APP by α-secretases is possible. α-secretases cut the Aβ sequences
and prevent the formation of Aβ and its aggregates.
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APP

The gene for APP is located on chromosome 21 which is involved in Down's
syndrome (trisomy 21). Down's syndrome patients suffer from dementia of the AD-
type very early in their life. This intriguing link between AD and two distinct
neurodegenerative diseases with similar clinical characteristics puts the focus on
APP. APP is a transmembrane protein containing a large extracellular region, a single
membrane spanning domain and a small cytoplasmic tail (see Fig. 2). APP is
expressed in neurons and in glial cells but the different splicing forms of APP show
a more distinct pattern of expression. APP-695 is the most common form of the
three splice variants of APP (APP-695, APP-751, APP-770) in neurons (for review
see refs. 3, 19). Although the exact functions of APP in neurons is not well understood,
its predominant localization in synapses suggest a role in basic synaptic signaling.
Moreover, APP has been found to exert potent neurotrophic and neuroprotective
activities partly by poorly understood mechanisms (see refs. 27-28).

APP is the precursor molecule for Aβ, the protein that is deposited as high
molecular protein aggregates in “senile plaques” of AD brain. The biochemical
pathway of the processing of Aβ is perhaps one of the most intensively studied
molecular mechanisms in neurobiology. Aβ is released from APP through proteolysis.
Responsible for the proteolytic activities are three types of secretases, α-, β-, γ-
secretases (see Fig. 2). While approximately 90% of Aβ in brain tissue is Aβ 40 (40
amino acid long Aβ), about 10% make up Aβ 42/43. Aβ 42/43 is much more
fibrillogenic and therefore readily induces Aβ aggregate formation (for review see
19).

Within the transmembrane region of APP there are cleavage sites for the three
secretases. The APP processing that is considered to be “normal” is carried out by
the α-secretase which cuts APP in the middle of the Aβ-sequence. Therefore α-
processing precludes the formation of Aβ. Processing carried out by the β- and the
γ-secretase produces an excess of Aβ (see Fig. 2). APP mutations increase this type
of “pathological” processing, which leads to an overproduction of Aβ, the prerequisite
for aggregate formation and deposition in the brain. Various types of APP mutations
have been found so far (“Swedish-mutation”, “London-mutation” etc.) which all
lead to a manifold induction of Aβ 42 production (for review see refs. 19, 30).

Presenilins

PS1 and PS2 are encoded by different genes on chromosome 14 and 1,
respectively. Like APP, presenilins are predominantly expressed in neurons. Mutations
in PS1, which make up the majority of AD mutations, enhance the generation of Aβ
42, suggesting that PS1 affects the γ-processing of APP. Indeed, it is believed by
some investigators that PS1 itself could be the γ-secretase. Presenilin protein has
multiple membrane-spanning domains and two highly conserved aspartate residues
may account for an aspartyl protease activity. Additional biochemical evidence such
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as the direct binding of γ-secretase inhibitors to PS1 and PS2 supports this working
hypothesis that PS1 could be the γ-secretase (for review see ref. 31).

In addition to γ-secretase the β-secretase is central to the biochemical processing
of APP leading to the release of Aβ. After more than ten years of intensive research,
the same protein has been identified as β-secretase by four independent laboratories.
The β-secretase was named β-amyloid-cleaving-enzyme, BACE. BACE has just
recently been cloned and the inhibition of BACE by pharmaceutical compounds is
believed to be one main route towards the development of an AD drug. Already a
second BACE, BACE 2, which is highly homologous to BACE has been cloned.
The BACEs might belong to a new family of aspartyl proteases because, in contrast
to other known aspartyl proteases, BACE is membrane-bound and is also insensitive
to the protease inhibitor pepstatin. The BACE gene has been mapped to chromosome
11 and other than the APP and the PS genes has not yet been associated genetically
with AD. Interestingly, the gene encoding BACE 2, similar to the APP gene, maps
to the Down's syndrome region of chromosome 21 (for review see ref. 32).

Excellent reviews on the biochemistry of APP processing are available in the
literature (for review see refs. 3, 19). The discovery of BACE was, indeed, a major
step forward. Currently, the detailed studies on the structure and the regulation of
these enzymes, which are crucial for Aβ formation, are going on. And it is the hope
that this enzyme is the long awaited specific target for the prevention and treatment
of AD. Inhibitors of BACE would prevent the formation of Aβ aggregates and,
therefore the build-up of senile plaques.

Recent evidence demonstrated that members of the ADAM family (A Disintegrin
And Metalloprotease) act as α-secretases. Indeed, for ADAM 10 the basal and the
protein kinase C-stimulated α-secretase activity and other α-secretase characteristics
have been described.33 The enhancement and stimulation of α-secretase activity
and therefore an increased generation and secretion of soluble APP (sAPPα) might
be beneficial for the treatment and prevention of AD for several reasons. First, α-
cleavage precludes the generation of Aβ. Second, sAPPα has been demonstrated to
have neurotrophic and direct neuroprotective effects (e.g., Schubert and Behl, ref
27). Various enhancers of α-processing of APP have been described including also
the female sex hormone estrogen.34,35

NEUROTOXICOLOGY OF Aβ

On the basis of genetic evidence and the biochemical analysis of APP processing,
the overproduction and the deposition of Aβ are believed to be the central step in
AD pathogenesis (amyloid cascade hypothesis). Important pathophysiological
support for this view comes also from cell biology. In 1989 Bruce Yankner and
colleagues found that Aβ may have toxic effects on neurons. This finding launched
many investigations and, indeed, the direct toxicity of Aβ has been shown in a variety
of cellular in vitro paradigms and also in certain in vivo models (for review see ref.
20). Intense investigations revealed different kinds of mechanisms that describe
how Aβ induces nerve cell death. First of all, it is well acknowledged that Aβ needs
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to be aggregated to exert toxic activities. Aβ aggregates directly interact with the
cell membrane. It was proposed that this interaction is not random, but rather mediated
by the receptor for advanced glycation endproducts (RAGE).36 This may apply for
certain cell types but is definitively not the sine qua non prerequisite for the appearance
of Aβ toxicity.37 Nevertheless, it is possible that the precursor forms of the high
molecular aggregates of Aβ, the protofibrils, can interact with RAGE. Mark Mattson’s
group nicely showed that Aβ renders nerve cells more vulnerable to secondary insults,
such as glutamate toxicity, and that Aβ disturbs the intracellular Ca2+-homeostasis.
In addition, it became more and more clear that Aβ also may interact also with
various neurotransmitter receptors and also could challenge neuronal cells at the
level of neurotransmission (for review see ref. 17).

We demonstrated in 1994 that Aβ aggregates interact with the nerve cell
membrane and induce a sequence of events leading to the accumulation of reactive
oxygen species and peroxides inside the cells. Aβ induces oxidative stress in nerve
cells which leads to the oxidation of the non-saturated carbohydrate side chains of
membrane lipids and, ultimately, to cell lysis.38 Various additional studies by different
labs have supported the view that oxidative stress may be central to the Aβ-driven
neurodegeneration and together with the histopathological evidence showing that
oxidation end products are indeed present in the AD brain tissue, the oxidative stress
hypothesis of AD is well acknowledged. Consequently, clinical trials employing
free radical scavengers such as vitamin E (α-tocopherol) have been performed.18

Various investigators have established an Aβ toxicity also in vivo (for review see
ref. 20), which appears to be highly dependent on the particular model conditions
used. Yankner’s group showed convincingly that injected Aβ aggregates can induce
nerve cell death in old primates,39 which shows that it may not be simply the presence
of Aβ in nervous tissue that induces toxicity. Rather certain preconditions and an
increased neuronal vulnerability is necessary, as occurs in the aged brain. Consistent
with that are findings showing that the preincubation of cultured neurons with
glucocorticoids increase the vulnerability of the overall Aβ toxicity.40

In addition to this directly induced oxidative stress, Aβ can also indirectly
generate an oxidative environment via the induction of a local immune response.
Indeed, histopathology clearly demonstrates cellular and soluble mediators of
inflammation in situ and the molecular pathways have been studied in vitro and
ultimately led to the definition of the arthritis of the brain hypothesis of AD (see
above).

In summary, there is good evidence that Aβ can develop neurotoxic effects
under certain conditions. Independent of the particular cell death pathways that are
induced by Aβ aggregates, oxidative stress appears to be a major player at various
stages. There is still some debate whether Aβ may induce apoptosis or necrosis in
situ but it is very likely that both pathways overlap and may occur side by side (for
review see ref. 41). Despite this overwhelming set of data on the Aβ neurotoxicity,
caution is proposed by the neuropathologists since the extent of cognitive decline in
AD does not really correlate with the number of senile plaques. Here, the tau
pathology shows a much more consistent correlation (for review see refs. 42-43).
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AD RISK FACTORS

The cognitive defects that are the major clinical manifestations in AD are a
consequence of dysfunctional synaptic activity and, ultimately, nerve cell loss. Since
most AD cases are age-dependent, it is of great importance to study those factors
and preconditions that may decrease the fitness and increase the vulnerability of
nerve cells with regard to exogenous challenges. When such vulnerability or risk
factors are present, the incidence of AD is increased. But in contrast to the above-
mentioned mutations that dominantly lead to early onset AD, risk factors for AD
increase the basic likelihood of getting the disease. In many cases risk factors
influence the central process of AD pathogenesis including APP and tau biochemistry
or render nerve cells more vulnerable to AD-associated neurodegeneration. AD risk
factors are numerous but two groups can be defined, genetic risk factors and non-
genetic risk factors.

Genetic factors that are AD risk factors are in general much more difficult to
relate to AD than the APP or PS1 mutations since they are not genetically penetrant.
Many more genetic risk factors will be identified in the future, but two such factors
are the apolipoprotein E (ApoE) and interleukin-1 (IL-1).

ApoE is a serum protein that is a major player in the metabolism, storage and
transport of cholesterol. ApoE is polymorphic and is encoded by three different
alleles, named ApoE2, -3, -4. ApoE3 is the most frequently expressed. The exciting
finding was that the prevalence of individuals having either one or two copies of the
ApoE4 alleles in an AD population is significantly greater than in a control
population.44 Interestingly, there is a dose-dependant relationship between Aβ and
ApoE4 and a link has been found between ApoE and oxidative stress. IL-1 on the
other hand is a well known interleukin with a central role in inflammation. The
establishment of IL-1 as AD risk factor is not as well established, but an association
between AD and common population polymorphism in IL-1A and IL-1B genes has
been shown (for review see ref. 25). Additional genetic susceptibility factors have
been reported including also α2-macroglobulin or angiotensin I converting enzyme
genes. Indeed, except for a rather small percentage of AD cases with a clear, dominant
inheritance pattern, the genetic component of the majority of cases consists of a
network of complex interactions of genetic susceptibility factors and very likely
non-genetic and environmental factors (for review see ref. 45).

Non-genetic risk factors for AD represent a variety of preconditions including
trauma and increased age-associated cholesterol-levels (hypercholesteriemia) and
more general factors such as low education. Here, the recent discussion on the role
of cholesterol in AD should be presented briefly. AD pathogenesis has many links to
cholesterol metabolism. First, epidemiology shows that patients with elevated
cholesterol levels have an increased risk for AD. Second, the above mentioned AD
risk factor ApoE4 is involved in cholesterol metabolism and ApoE4 polymorphism
results in elevated cholesterol levels. Third, the putative risk factor α2-macroglobulin
binds to the same receptor as APOE4, the lipoprotein receptor-related protein, and
plays a central role in cellular cholesterol uptake. Fourth, cholesterol, the basic
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constituent of all cellular membranes, has been shown to directly affect Aβ generation:
deprivation of cells in cholesterol suppresses generation.46 This cholesterol-
hypothesis was investigated by a recent cross-sectional analysis of various populations
of patients that received statins, inhibitors of 3-hydroxy-3-methylglutaryl coenzyme
A reductase, the central enzyme of cholesterol biosynthesis. Indeed, a lower
prevalence of diagnosed probable AD was found in patients taking two different
statins (lovastatin and pravastatin).47 While this is an exciting finding that supports
the view that high cholesterol is indeed a risk factor for AD, no causative mechanisms
so far have been proposed that demonstarte a reduction in cholesterol levels interferes
with the central pathways of AD pathogenesis. Nevertheless, experimental in vitro
and in vivo studies attempted to fix such a connection to the Aβ processing. Indeed,
a study using mainly the statin, simvastatin, demonstrated that (1) simvastatin reduces
intracellular and secretory neuronal Aβ 42 and Aβ 40 levels in vitro and (2) that
administration of simvastatin to guinea pigs strongly reduces cerebral Aβ levels.48

Another very recent in vitro study showed that low cholesterol stimulates the non-
amyloidogenic pathway by its effect on the α-secretase ADAM10.49

MOUSE MODELS OF AD

Before the advent of knock-out and transgenic technologies, various types of
animal models were developed that aimed to mimic and reproduce specific effects
of AD pathology. Those models employed Aβ injections or depletion of certain
brain regions in ACh through lesions. These models were rather limited and in most
cases represented acute insults. They did not mirror the slowly progressive
degenerative processes of AD. Today, human familial gene mutations can be inserted
into the germline of mice or target gene expression can be specifically prevented
leading to transgenic and knockout animals (in most cases mice), respectively.
Although genetically modified animal models also suffer from certain limitations
and ignoring that, perhaps, such a complex disease as AD cannot be reproduced in
animals to the full extent, these mouse models are very valuable tools to study single
steps of the disease process and novel therapeutic approaches.

Since various excellent reviews exist that elegantly cover the topic of AD k.o.
and transgenic mice, here only a short summary of the currently available mouse
models is given in Table 1 (for review: Emilien et al50). Since APP, presenilins and
the tau protein appear to be the major AD players, these proteins are the prime
targets of genetic engineering in vivo. APP was the first gene that was overexpressed
in vivo, especially in the familial mutant APP forms using different types of promoters
to boost the expression. Although certain characteristics of AD pathology were found,
including changes in synapses (loss of synaptophysin staining) and modest loss of
neurons, none of the mouse models showed neurodegeneration to an extent seen in
the human AD tissue. While “plaques” could be created in APP transgenic mice, it
was not possible to establish neurofibrillary tangles. These problems point to species
differences and even mouse strain differences in the development of certain AD
characteristics need to be considered. Another view is that rodents simply do not
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live long enough to develop these AD hallmarks. This supports the view that AD is
indeed a multifactorial disorder that only occurs after a combined accumulation of
various genetic and nongenetic risk factors. Besides neuropathology, in mouse models
it is difficult to target behaviorial aspects of the disease such as changes in cognition
and memory. In consequence of the fact that presenilins have been discovered as
AD genes only some years ago and that the large number of PS1 mutations that are
involved in familial AD, the PS1-transgenes have not had quite that impact on AD
research as APP transgenic models had so far. Again, the main hallmark of AD, a
massive loss of neurons, could not be found in PS1-transgenic mice. Even the PS1-
APP double mutant does not develop significant neurodegeneration in the typical
AD target regions (e.g., hippocampus, prefrontal cortex).

Various “tau-mice” have been created. Recently, mainly transgenic mice that
overexpress a tau transgene derived from a human PAC that contains the coding
sequence, intronic regions, and regulatory regions of the human gene were generated.
It was found that the various isoforms of human tau are represented in the transgenic
mouse brain at the mRNA and protein levels and human tau is distributed in neurites
and at synapses, but is absent from cell bodies. A comparison between the genomic
tau mice and mice that overexpress a tau cDNA transgene shows that overall, the
distribution of tau is similar in the two lines, but human tau is located in the
somatodendritic compartment of many neurons in the “cDNA mice”. Interestingly,
tau-immunoreactive axonal swellings were found in the spinal cords of the “cDNA
mice”, which correlated with a hind-limb abnormality. On the other hand,
neuropathology was essentially normal in the genomic mice up to 8 months of age.51

CLINICAL AD THERAPY

The current therapy of AD that is used in patients on a daily basis is exclusively
hypothesis-driven and not causal. Indeed, there are only a limited number of drugs
currently available. All these compounds are ACh-esterase inhibitors, which have
only a modest effect on the progression of AD. Although stabilization of the
neurotransmitter ACh is an obvious approach and may help to some extent to keep
up the ACh-driven neurotransmission necessary for complex processes such as
cognition and memory, these drugs are not the long awaited breakthrough (for review
see ref. 6). The drop in the ACh levels in AD is a consequence of disease processes
that starts upstream in the neuron. It is believed by many researchers and especially
by the pharmaceutical companies that targeting the main AD hallmarks, such as Aβ
formation, Aβ deposition and, perhaps its clearance from the tissue will lead to the
development of the AD drug of the future. In addition the prevention of NFTs and
most importantly the stabilization of the neuronal homeostasis and survival are prime
targets. Various drug developments are going on at the experimental levels and some
of these therapeutic approaches will be pointed out shortly below.



487ALZHEIMER'S DISEASE

EXPERIMENTAL AD THERAPIES

Vaccination

The idea of this recent approach is that the immunization with Aβ induces an
immune response. This immune response tackles Aβ generated during the AD
pathogenesis and facilitates clearance of Aβ. And indeed, Schenk et al first reported
that Aβ deposition as plaques was successfully prevented in APP transgenic mice
carrying a mutant APP gene after immunization of the animal with Aβ 42.53

Interestingly, the immunization was successful when applied before Aβ accumulation
as well as after Aβ deposition. Various aspects of this initial work were reproduced
by two independent investigations. In addition, they showed that age-related
behavioral deficits which are present in non-immunized animals were significantly
attenuated by immunization.54,55 These latter reports were successful not only at the
neuropathological level (effect on Aβ deposition) but most importantly also at the
behavioral level. First pilot studies in humans are going on and these future results
can be awaited with great excitement.

Secretase Inhibitors

Based on the detailed knowledge of the APP processing including the cloning
of BACE and the data that are already accumulated concerning γ-secretase activity
one major therapeutic approach is the inhibition of the “pathological” processing of
APP leading to Aβ generation. Although various experimental inhibitors are tested
in in vitro paradigms, some drawbacks have to be considered, such as the accessibility
of the enzymes and as with all inhibitors the specificity to avoid the interruption of
physiological processes. In any case, in the future such inhibitors also will be tested
in transgenic mice with an increased Aβ load in the brain tissue.

Anti-Inflammatory Drugs

As mentioned earlier, this concept is based on the fact that there is a strong
inflammatory reaction in AD brain and that patients on chronic therapy with NSAID
showed significantly lowered AD risk. Aspirin, ibuprofen and naproxen may be
candidates to be tested. Employing ibuprofen in APP transgenic TG2576 mice, a
significant reduction in the concentration of IL-1b in the brain, a reduced gliosis and
a significant reduction in the overall Aβ deposition was found.56 Due to possible
side-effects in long-term treatment of these NSAID inhibitors of the enzyme
cyclooxygenase-2 (COX-2) that are used for the treatment of arthritis and are known
to have fewer side effects may be a better choice in the future.
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Anti-Oxidants

Evidence is constantly accumulating that the brains of patients suffering from
AD are challenged by severe constant oxidative stress. As pointed out earlier, this
increased oxidative burden is a result of Aβ deposition, inflammation, a disturbed
intracellular calcium homeostasis, or mitochondrial dysfunction. Among the drugs
and formulations used so far for AD treatment are vitamin E (α-tocopherol),
idebenone, estrogen, and extracts of Gingko biloba. Other antioxidatively acting
new structures that are under clinical development include also so-called spin trapping
agents such as a-phenyl-t-butylnitrone.

The most prominent of all antioxidants is the lipophilic free radical scavenger
vitamin E. Vitamin E prevents the oxidative damage induced by Aβ and delays
memory deficits in various animal models. A placebo-controlled, clinical trial of
vitamin E in patients with moderately advanced Alzheimer disease was conducted
by the Alzheimer’s Disease Cooperative Study. Subjects in the vitamin E group
were treated with 2000 IU vitamin E per day. The results indicated that vitamin E
may slow functional deterioration leading to nursing home placement. New clinical
trials are planned that will examine whether vitamin E can delay or prevent a clinical
diagnosis of Alzheimer's disease in elderly persons with mild cognitive impairment
that is frequently discussed as a first stage of AD (for review see ref. 57).
Pharmacologists may ask whether vitamin E, which is a rather large molecule can in
fact enter the brain via the blood-brain-barrier and may call for smaller antioxidant
compounds with improved pharmacodynamic properties. Indeed, developments in
that direction are under way and the authors lab just introduced a small phenolic
compound with a high antioxidant neuroprotective potential.58 2,4,6-Trimethylphenol
is currently being tested in various acute neurodegenerative conditions that are
associated with oxidative stress including animal models of stroke and of Parkinson’s
disease. Whether such a “lead compound” may also act as neuroprotectant in AD
will be investigated in the future.

The 2-year efficacy and safety of idebenone were studied in a prospective,
randomized, double-blind multicentre study in patients with mild to moderate AD.
During the placebo-controlled period (the first year of treatment), idebenone displayed
statistically significant dose-dependent improvement with respect to various
parameters. There was no evidence for a loss of efficacy during the second year of
treatment, as a further improvement of most efficacy variables was found in the
second year in comparison to the results at the 12 months visit. A dose effect
relationship was maintained throughout the second year of treatment. This indicates
that idebenone exerts its beneficial therapeutic effects on the course of the disease
by slowing down its progression. Safety and tolerability of idebenone were good
and similar to placebo.59

Based on many experimental data that present a neuroprotective activity for
extracts of the plant Ginkgo biloba (e.g., Guidetti et al60), such plant formulations
were also used to treat AD. While additional trials are ongoing some memory
enhancing and otherwise beneficial effects have been reported.61,62
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Neurotrophic Factors

This short overview of potential but up to now only experimental AD therapies
should mention the use of neurotrophic factors. The well-studied nerve growth factor
(NGF) is the prototype of a neurotrophin and is intimately related to the maintenance
of the cholinergic function in the brain. Cholinergic neurons of the forebrain are the
only cells in the adult brain that express high levels of the low-affinity p75 receptors
for NGF. Of course, NGF may have various trophic functions in the brain which
may lead to untoward side effects. Therefore, not NGF but rather certain NGF-
mimetic compounds with selected activities and drugs that increase the expression
and activity of certain neurotrophins is a strategy that is currently followed.

AD PREVENTION

On the basis of the experimental and clinical data, various preventive compounds
can be considered in addition to antioxidants and anti-inflammatory drugs. Bearing
in mind that the metabolism of cholesterol is of importance for AD pathogenesis,
statins may act as preventive compounds. The prevention of an age-associated rise
in cholesterol levels can be reached by various statin formulations. Also nutritional
factors need to be investigated concerning their potential neuroprotective activities.
Indeed, several studies have shown the existence of a correlation between cognitive
skills and the serum concentration of folate, vitamin B12, vitamin B6, and homocysteine
(for review see ref. 63). Of course, all the molecular and biochemical effects of all these
factors with respect to AD-associated pathological processes are hard to determine and
they may serve more general protective functions in the bodies physiological
homeostasis.

In addition, the replacement of hormones whose levels decline during aging
has to be included in this discussion. One main target hormone is the female sex
hormone estrogen. Women more frequently suffer from sporadic AD compared to
men and, at least in part, the massive drop in estrogen levels during menopause is
believed to account for this effect. Since estrogen is a general neuroprotective factor
with a wide range of neuronal effects, this is easy to conceive and will be pointed
out below. Last but not least, psychosocial approaches should be mentioned, such as
“brain-jogging” and an enhanced social and familial interaction.

By concentrating on the elucidation of the molecular signaling steps of AD-
associated neurodegeneration, novel potential pharmaceutical targets for prevention
and therapy will be elucidated. On the other hand it is clear that nerve cell death is
the very final step in the pathology of AD, and many pathological alterations which
affect neuronal function mainly at the synaptic level start years before cell death.
Consequently, the cause of AD may not be described exclusively as a disease of
nerve cell death but rather as a long-term impairment of neuronal function including
synaptic neurotransmission. As mentioned above (see also Table 1) one central
problem of AD research is the lack of good animal models. The first so-called
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Alzheimer-mouse (“The Games mouse”) was generated as a mouse transgenic for
the Swedish AD mutation driven by a platelet-derived growth factor promoter.64

This mouse is characterized by an age-related increased deposition of Aβ and by
synaptic loss in certain areas. The investigation of synaptic changes induced by
various toxic stimuli, including Aβ, and also inflammatory mechanisms may lead to
a better understanding of the molecular processes in AD pathogenesis. So far,
transgenic mouse models have failed to represent the full spectrum of the pathological
changes seen in human AD.

Is AD a Disease of Lost Neuroprotection?

But still another point needs to be seriously considered. The observed age-
related decline in various neurotrophic and neuroprotective stimuli may render
neurons more vulnerable to functional changes and ultimately to cell death. With
respect to oxidative stress a decline in antioxidant defense systems might be of
importance. Therefore, AD could be also defined as a disease of lacking trophic
input (Loss-of-Protection-Hypothesis). Indeed, intrinsic neuronal protective
mechanisms decline over time and leave behind neurons and their synaptic
connections less well stabilized and less protected. One prominent example is the
drop of the level of the female sex hormone estrogen after the menopause that is
directly associated with an increased incidence of AD.65 Consequently,
supplementation through estrogen-replacement-therapy (ERT) reduces the AD risk
significantly in females (see refs. 66-67). Therefore, ERT may be seen as a valuable
approach for AD prevention (for review see ref. 68). The female sex hormone
estrogen, has been shown to be a neuroactive and neuroprotective factor at various
cellular levels. In addition to its hormone receptor-dependent neurotrophic activities
such as the beneficial effects on neuronal morphology and synaptic function (for
review see ref. 69), estrogen is also a powerful phenolic antioxidant with
neuroprotective activities against oxidative apoptosis (for review see refs. 72-73).70,71

Several lines of experimental in vitro and in vivo evidence support the conclusion
that the female sex hormone estrogen (17β-estradiol, the physiologically active
compound) acts as neuroactive and neuroprotective compound (for review see ref.
73). Estrogen is a steroidal hormone and may exert its neuroprotective activities via
binding to and activation of intracellular steroid receptors, which act as transcription
factors. In the brain, where estrogen receptors (ERs) are expressed, the classical
mode of estrogen action induces neuroprotection through a variety of processes
such as an enhanced expression of nerve growth factor receptors or through the
stimulation of an increased synaptic density and neuronal sprouting (for review see
ref. 69). Interestingly, besides these classical delayed genomic activities various
non-genomic and rather rapid interactions of E2 within the cells may take part in
neuroprotective actions. Such rapid activities can act independently from the classical
ER activation and are believed to be mediated in part via estrogen “cross talk” with
various intracellular signaling pathways. Examples of such signaling pathways are
cyclic-adenosine-mono-phosphate, G proteins, kinases, the redox-sensitive
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transcription factor NF-κB, and the mitogen-activated protein kinase (MAPK) sig-
naling pathway (for review see ref. 74). In summary, the possibilities of interactions
of estrogen with nerve cells are immense, and it is hard to pin down the actual
mechanisms that are directly responsible for the neuroprotective activity.

In addition to the direct neuroprotective activities that are dependent or
independent from ERs, another exciting link between the female sex hormone and
AD exists. Estrogen affects APP processing. It has been shown that long-term
incubation of cultured clonal and primary neurons with E2 enhances the α-processing
of APP, therefore, increases the release of sAPPa and, correspondingly, decreases
the formation of Aβ 1-42.

34 This dramatic effect of estrogen on the processing of APP
also occurs in vivo. From these exciting data it can be speculated that the cessation
of ovarian estrogen production in postmenopausal women might facilitate the
formation and deposition of Aβ by increasing the local concentrations of Aβ 1-40 and
Aβ 1-42 in brain. The modulation of Aβ processing and metabolism may be one way
by which ERT prevents or delays the onset of AD in postmenopausal women.75

Recently, we provided a direct link between two observations: (1) estrogen activates
MAPK-signal pathways and (2) estrogen modulates APP processing leading to the
enhancement of the α-secretory pathway. We found that in neuronal cells estrogen
activates the phosphorylation of the MAP-kinases ERK1 and ERK2 within minutes
and that this activation mediates the estrogen-driven α-processing of APP.35

Also the levels for another hormone, corticotropin-releasing-hormone (CRH),
drop during aging. CRH is the central player of the stress response and of the
hypothalamic-pituitary-adrenal-system (for review see ref. 76). We recently found
that the activation of the CRH-R1 by its ligand CRH directly protects neurons against
oxidative apoptosis and that this protection is associated with an increased release
of sAPPa.77 Therefore, as with estrogen we suggest that CRH is an intrinsic
neuroprotective hormone that while present gives a permanent trophic input to the
cells. A loss of this intrinsic system may lead to an enhanced sensitivity of neuronal
cells to exogenous insults. Consistent with this view is the finding that CRH has
cognition-enhancing effects and the increase of endogenous levels of CRH has been
already proposed as potential therapeutic approach for AD (for review see ref. 78).

In conclusion, in the search for novel neuroprotective pathways, genes and
pharmaceutical targets, attention should also be given on the elucidation of intrinsic
mechanisms that protect neurons against death. By the investigation of the
downstream genetic programs that are induced (or repressed) by neurotrophic factors
such as estrogen and/or CRH, novel target genes of neuroprotection will be identified.
With the advent of molecular high-throughput techniques to determine the mRNA
expression profiles of cells employing DNA-array/DNA-chips, the expression
patterns induced by neuroprotective signals will be identified. Such genes are then
potential pharmaceutical targets for AD prevention.

Finally, intracellular signal pathways that affect nerve cell survival need to be
studied with respect to their function in the development and prevention of AD.
Here only the redox-sensitive transcription factor NF-κB should be mentioned that
has been demonstrated to mediate the resistance of neuronal cells against oxidative
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apoptosis.79 The identification of NF-κB-dependent gene expression will identify
resistance genes which may then, ultimately, be regulated in their expression with
pharmacological drugs. The admittedly idealistic idea is that a drug can specifically
increase the expression of intrinsic protective factors that make the nerve cells more
stable and prevents insults. Indeed, the analysis of genes that are up-regulated and/
or down-regulated in cell types in vitro or brain regions in vivo that are selectively
resistant against AD-associated neurodegenation can identify such resistance genes.
The expression of the gene for the flavin-adenine-dinucleotide-dependent
oxidoreductase seladin-1 is downregulated in vulnerable regions and up-regulated
in resistant areas of the brain. It is concluded that the decreased expression of seladin-
1 in specific neurons may be a cause for selective vulnerability in AD.80

FINAL REMARKS

The incidence of AD will increase in the future. This means more and more
people that suffer from this disease need full-time care, especially in the late stages
of the disease. Besides the fatal consequences for the patient, this effort will be an
enormous personal burden for the caregivers and a financial burden for the society.
So what is needed so desperately are (1) markers that specifically detect this
devastating disease early in its development or even before onset of the disease and
(2) drugs for prevention and therapy. Immense research efforts in the last decades
have identified crucial steps in the pathogenesis of AD. The biochemistry and the
biology of AD target proteins such as APP, the presenilins, and BACE are studied
and step by step their modes of action are understood. Clinically, we are still at the
level of improving the neurotransmission by ACh in using ACh-esterase inhibitors.
But many promising therapeutic approaches that are currently still more or less at
the experimental stage are on the horizon including vaccination and the inhibition
of γ- and β-secretase activity. Moreover, in consequence of many epidemiological
studies various genetic and non-genetic risk factors have been identified which then
in turn lead to novel preventive approaches. One good example is the risk factor
high cholesterol and the preventive drug statins. More general preventive compounds
include antioxidants, and the development of novel antioxidants when compared to
vitamin E improved pharmacology and pharmacokinetics will improve the in vivo
activity of these compounds. Finally, the identification and the functional analysis
of target genes that are regulated by physiological modulators of neuroprotection
such as neurotrophins and estrogen will bring even more potential targets for
prevention into discussion. Ideally, all these research efforts in the search for AD
therapy and prevention should be followed side-by-side with the same intensity,
since we have to face the fact that due to the possible multifactorial origin of
AD we will not be able to solve the AD problem with a single drug but rather
with a combined pharmacological approach.
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