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Abstract

Dysregulation of life and death at the cellular level leads to a variety of diseases. In the nervous
system, aberrant neuronal death is an outstanding feature of neurodegenerative diseases. Since
the discovery of the caspase family of proteases, much effort has been made to determine how
caspases function in disease, including neurodegenerative diseases. Although many papers have
been published examining caspases in neuronal death and disease, the pathways have not been
fully clarified. In the present review, we examine the potential players in the death pathways,
the current tools for examining these players and the models for studying neurological disease.
Alzheimer’s disease, the most common neurodegenerative disorder, and cerebral ischaemia, the
most common cause of neurological death, are used to illustrate our current understanding of death
signalling in neurodegenerative diseases. A better understanding of the neuronal death pathways
would provide targets for the development of therapeutic interventions for these diseases.
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INTRODUCTION

The balance of life and death at the cellular level is critical from development through
maturity. Developmental neuronal death shapes the nervous system, but, after development,
the majority of the post-mitotic neurons should live for the life of the organism. In
neurodegenerative diseases, aberrant neuronal death occurs and, although much has been
postulated about the mechanisms of the death in various diseases, we still have no clear
understanding of these processes. From a mechanistic viewpoint, it is important to first
understand what the potential players may be and then how the mechanisms can be
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elucidated. In the present review, we discuss the molecules involved in death pathways,
potential mechanisms of neuronal loss, and the tools to study neuronal death. We illustrate
the current understanding of neuronal death employing two diseases of neuronal loss, AD
(Alzheimer’s disease), which is the most common chronic neurodegenerative disorder, and
cerebral ischaemia/stroke, the third most common cause of death in the Western world,
which is an acute neuronal disorder with chronic sequelae. Evaluation of the relevance of
data requires an appreciation of the pathology of the disease and the fidelity of models under
study to the disease itself.

DEATH MOLECULES

Caspases

Central to apoptotic death is the caspase family of proteases. There are many studies of
caspases in neuronal death and disease (for a recent review, see [1]). In order to evaluate
this literature, first we should consider how to approach the study of caspases. Caspases
are a multi-membered family that is conserved from nematode worms through mammals.
However, although there is only one death-related caspase in Caenorhabditis elegans, there
are 13 different mammalian caspases, as shown in Figure 1. This multiplicity of caspases
raises the questions of why there are so many and whether they have unique functions.
Specific non-redundant functions for individual caspases would provide potential therapeutic
targets. In order to address the question of the function of individual caspases, appropriate
tools must be used. Our understanding of caspases and the manner in which to study them
has been constantly evolving.

The first of these proteases, caspase 1, was identified in 1992 as the IL (interleukin)-15-
cleaving enzyme (ICE) [2,3]. Within a few months, an enzyme with significant homology
with ICE was identified in C. elegans and was found to execute apoptosis [4]. Over the

next few years, many more mammalian homologues were identified, and the term ‘caspase’,
for cysteine dependent, aspartate-specific protease, was agreed upon for the mammalian
family. The 13 different mammalian caspases can be divided into two groups based on

their structure, and three groups based on putative actions (Figure 1). Structurally, caspases
segregate into those with short prodomains (caspases 3, 6, 7 and 14) and those with long
prodomains (caspases 1, 2, 4, 5, 8, 9, 10, 11 and 12). Caspase 14 is probably involved in
keratinocyte differentiation [5] and will not be discussed further. Caspases 3, 6 and 7 are the
effectors of apoptosis. Of the caspases with long prodomains, caspases 2, 8, 9 and 10 are
initiators of apoptosis, although caspase 2 may act as both an initiator and effector. Caspases
1, 4, 5 and 11 process cytokines: caspases 4 and 5 are found only in humans, whereas
caspase 11 is present only in rodents. The generation of cytokines, as discussed below, can
also lead to death, often by an autocrine mechanism. Thus, although these caspases may not
be direct apoptosis initiators, their activity can lead to death. Caspase 12 may be involved

in cytokine processing or in death; its function is unclear, as is its expression: although the
gene for caspase 12 is expressed in rodents and humans, the protein is expressed in rodents,
but only in a small number of humans [6]. The most recent studies of caspase 12 suggest
that it acts as a dominant-negative regulator of caspase 1 activity and that the caspase 12
proteolytic activity results only in autoprocessing [7].
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Caspases are also grouped on the basis of their mechanism of activation (Figure 2). For
effector caspases, cleavage of the intersubunit linker is essential for activation [8]. For
initiator caspases, the initial step is dimerization with a structural change that provides for
formation of an active site [9,10]. The longer intersubunit linker allows flexibility, leading to
formation of an active site. Most of the initiators exist as monomers in the zymogen form;
however, the caspase 2 zymogen is a dimer [11]. Interaction of the specific adaptor protein
with the prodomain leads to dimerization and to activation. Once the zymogen is activated,
there is limited proteolysis, best studied for caspase 9. For a review of the apoptosome,

the caspase 9 activation platform (Figure 3), see [12]. After caspase 9 is incorporated

into the apoptosome, there is autocleavage to a p35 fragment. There is also cleavage of
caspase 9 to p37 by caspase 3; this cleavage does not activate caspase 9, but potentiates
activation by preventing XIAP (X-linked inhibitor of apoptosis protein) inhibition of caspase
9 [13], as described below. The activation platform for caspase 2 is proposed to be the
PIDDosome, a complex of PIDD (p53-inducible protein with a death domain), RAIDD
{RIP (receptor-interacting protein)-associated ICH-1 [ICE/CED-3 (cell-death determining 3)
homologue 1] protein with a death domain} and caspase 2 [14]. Recent data suggest that,

in primary neurons, this complex may exist in healthy cells and that knockdown of PIDD
leads to activation of caspase 2 [15]. Other studies on the PIDD complex in tumour cell lines
showed that overexpression of PIDD induces RAIDD-dependent cell death [16] and that
PIDD function in those cells depends on the cleavage state of PIDD [17]. Partially cleaved
PIDD, PIDD-C, complexes with NEMO [NF-xB (nuclear factor xB) essential modulator]
and leads to NF-«B activation and survival signalling. Further cleavage of PIDD produces

a fragment, PIDD-CC, that complexes with RAIDD and leads to cell death (Figure 4). A
recent study examined three isoforms of PIDD [18]: isoform 1 contains full-length PIDD
and can be processed to PIDD-C and PIDD-CC; isoform 2 has a deletion of 146 amino
acids at the N-terminus and an 11-amino-acid deletion at position 580; and isoform 3 has

a 17-amino-acid deletion at position 705. Isoform 2 cannot form the PIDD-CC fragment.
Expression of these isoforms is tissue-and cell-type-specific: isoform 2 is present mainly

in transformed cell lines and in normal liver, pancreas and leucocytes, whereas isoforms 1
and 3 are found in normal tissue, with the exception of skeletal muscle. Isoform 1 is also
expressed in transformed cell lines, and isoforms 1 and 2 are found in several tumours.

It is possible that PIDD function is different in tumour cell lines, which are mitotic and
transformed, and in primary neurons, which are post-mitotic. This would have interesting
implications for the regulation of caspase 2 function in the different cell types. In general,

it is important to consider the context in which data have been obtained. Much of our
knowledge of caspase function is from studies of tumour cell lines. By definition, tumour
cell lines are immortalized cells, and thus the regulation of life and death is not necessarily
the same as it is in post-mitotic non-transformed cells.

Caspase 8 (found in humans and rodents) and caspase 10 (found only in humans) are
activated in the canonical extrinsic pathway, where there is a receptor-mediated event
leading to assembly of the DISC (death-inducing signalling complex). After incorporation
into the DISC, caspase 8 undergoes autocleavage [19] (Figure 3). Recent work suggests
that TNFa (tumour necrosis factor a) induces two different caspase 8-activation pathways,
a RIPK1 (receptor-interacting serine/threonine protein kinase 1)-dependent and a RIPK1-
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independent pathway [20]. There is also phosphorylation-mediated regulation of caspase 8
activity [21].

Endogenous inhibitors of caspases, the IAP (inhibitor of apoptosis protein) family

The 1AP family is classified by the presence of BIR (baculovirus IAP repeat) domains
(Figure 5). In humans, eight 1APs have been identified (see [22] for a recent review).

clAP (cellular IAP) 1, clAP2 and XIAP, have been shown to bind to caspases (Figure

3). Of these three, XIAP may be the only one to inactivate caspases [23]. Other IAPs do
inhibit cell death, but not by inhibiting caspase activity directly. XIAP is the best studied

of the caspase-binding IAPs and the most potent inhibitor of cell death. XIAP binds to and
inactivates active caspases 3 and 7 via the BIR2 linker region. clAP1 and clAP2 can also
bind to active caspases 3 and 7, but lack the region necessary for inactivating the caspases
[24]. However, binding to the caspases may alter cellular localization and block access of the
caspases to their substrates. XIAP-BIR3 binds to and inactivates caspase 9, binding to the
neo-epitope generated by autocleavage of caspase 9 at position 315. XIAP cannot bind to the
caspase 9 neo-epitope generated by caspase 3 cleavage of caspase 9 at position 330. Thus
caspase 3 cleavage promotes activity of caspase 9 by preventing the inhibition of caspase

9 by XIAP. The BIR3 domains of clAP1 and clAP2 contain only one of the four residues
required to inactivate caspase 9 [23]. Caspase 8 also has an endogenous inhibitor, c-FLIP
(cellular FLICE [FADD (Fas-associated death domain)-like ICE]-inhibitory protein), which
is caspase 8 without the active site [25]. c-FLIP dimerizes with caspase 8, preventing its
activation.

Endogenous inhibitors of IAPs

There are several endogenous inhibitors of IAPs. In the mitochondria of healthy cells,

there are Smac (second mitochondrial-derived activator of caspase)/Diablo (direct IAP-
binding protein with low pl) [26,27] and HtrA2/Omi [28], the N-terminal amino acids

of these proteins form the IBM (IAP-binding motif). These proteins are released when

the mitochondria are permeabilized during death and interfere with the IAP inhibition of
caspases, resulting in potentiation of cell death (Figure 3). Another endogenous inhibitor of
IAPs is XAF1 (XIAP-associated factor 1) [29]. Originally identified as a specific inhibitor of
XIAP, it is now reported that XAF1 can also bind to clAP1 and clAP2 [30]. As the function
of clAP1 and clAP2 is not quite clear, it is also not clear what the function of XAF1 binding
to these molecules would be.

Regulation of mitochondria in apoptosis

Permeabilization of the mitochondrial membrane leads to selective release of compounds
such as cytochrome ¢, Smac/Diablo, HtrA2/Omi and AIF (apoptosis-inducing factor). The
Bcl-2 family of proteins has multiple members that can regulate events at the mitochondria
[10]. Bcl-2 family members are identified by the presence of a BH (Bcl-2 homology)
domain and are grouped into anti-apoptotic which contain four BH domains, pro-apoptotic
containing three BH domains, and pro-apoptotic containing only a BH3 domain. Some
members contain transmembrane domains and are found in the mitochondrial membrane,
whereas others are cytoplasmic. There is also evidence that caspase 2 may regulate
mitochondrial permeability in some death pathways [31].
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Measurement of caspase activation/activity

There is a distinction between activation and activity that is not always observed in studies
of caspases. Activation can lead to activity, but an activated caspase is not necessarily
active because it can be inhibited by an IAP. This is an important distinction from a
functional perspective. Methods used to measure caspase activity and activation include
Western blotting, immunocytochemistry and synthetic peptide substrate/inhibitor assays.
Western blotting with specific antibodies reveals changes in levels of the caspase and
appearance of fragments generated by proteolytic processing. As noted above, proteolytic
processing of the zymogen is required only for effector caspases (3, 6 and 7) and thus
appearance of the p18/20 and p10/12 fragments indicates that these caspases have been
activated. However, caspases 3, 7 or 9 may have been inhibited by an 1AP /n situ, but

lysis of the cells for Western blotting disrupts the IAP—caspase complex. Thus activated
but inhibited caspases cannot be distinguished from active caspases using Western blotting
of cell lysates. For initiator caspases, interpretation of Western blotting data is even more
problematic. Both caspase 8 and caspase 9 undergo autoproteolysis when incorporated into
their respective activation complexes, although the full-length caspase has activity as well
[13,32,33]. Caspase 2 may also undergo autoproteolysis [11]. Western blotting has also been
used in some studies to compare the relative amounts of zymogen and cleaved fragments in
a given sample. These are not valid measures. The antigen presentation of the different
protein and protein fragments does not always yield the same amount of signal, thus
different protein fragments cannot be quantified relative to one another, but quantification
and comparison of amounts of a particular band across different samples is a valid measure.
Immunocytochemistry can be used to examine changes in the subcellular localization of

a caspase or appearance of cleaved caspase fragments using antibodies which detect the
neo-epitopes, with the same caveats noted above for Western blotting.

A great deal of work has been published utilizing synthetic peptide pseudosubstrate caspase
inhibitors/substrates, despite work from over a decade ago showing that these reagents are
not specific for individual caspases [34,35]. A recent study has evaluated what these reagents
measure and found that all of the so-called specific caspase inhibitors/substrates are best

at detecting caspase 3, and some do not even detect the targeted caspase [36]. This means
that data acquired using these reagents need to be re-evaluated. To date, the best measure

of the activity of a specific caspase is with active site affinity ligands, such as b-VAD-fmk
(biotin-valyl-alanyl-aspartyl-fluoromethylketone), where there is irreversible binding of a
biotinylated substrate to the active caspase in the cell. Once bound, the caspase is no longer
active, so this is a measure of which caspases are active at the time at which the b-VAD-fmk
is present; downstream events will be inhibited. Thus the time of applying the b-VAD-fmk
will determine which caspases are detected. Tu et al. [37] showed that pre-loading cells
with b-VAD-fmk detected initiator caspases, activated in a death-stimulus-specific manner;
addition of b-VAD-fmk when the cells were harvested detected active effector caspases.
The biotinylated affinity ligand—caspase complex is isolated with streptavidin and separated
by SDS/PAGE, and the specific caspase bound is detected using Western blotting for
individual caspases. This method has shown that the initiator caspases that bind the affinity
ligand are uncleaved, while the effectors are cleaved, supporting the proximity-induced
dimerization model of activation (no cleavage necessary) for initiator caspases. Adaptation
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of this method to animal studies will enable the detection of which caspases are active in
vivo. Functional measures of activity are also important. Molecular knockdown/knockout
of individual caspases provides specific data about the functional relevance of the targeted
caspase. Abrogation of death shows that specific caspases are critical for execution of

the death pathway under study. Thus, as measures of caspase activation, Western blotting
for cleaved caspases and immunocytochemistry for neo-epitopes will provide data about
activation of caspases 3, 6 and 7. The only measure of active caspases is the affinity ligand
method.

Determining mechanisms of neuronal death in neurodegenerative diseases

It is clear that there are distinct death pathways, mobilizing different combinations of death
molecules. What is not clear is how the specificity is determined: by stimulus, by cell type
or by both. Caspases can cleave many proteins; cleavage is limited (cleavage at one or two
sites), as illustrated by the activation of effector caspases by initiator caspases. There have
been multiple reports of substrate cleavage changing the activity of the substrate, that is
converting a pro-apoptotic protein into an anti-apoptotic one, or vice versa. Such events
serve to amplify the signalling pathways leading to death or survival. Although predictions
have been made, careful time courses of substrate cleavage events, combined with specific
blockade of these events will be required to determine the function of such cleavage in
individual death pathways. The study of diseases requires the use of models of the disease.
We present two diseases that are among the most highly prevalent human neurological
disorders of aging and consider what the appropriate models are and what the current
understanding of the death pathways is in each disease.

ALZHEIMER’S DISEASE

Lifespan in industrialized countries has increased an average of 25 years during the last
century. With this increased life expectancy, the age of the population has shifted, with more
people living beyond 80 years of age. AD affects 2-3% of people at the age of 65 years, but
the incidence of this disease doubles for every 5 years of age afterwards, affecting approx.
50% of individuals over the age of 85 years. There are approx. 4.5 million cases of AD

in the U.S.A. [38]. Because of increasing life expectancy and expanding population, it is
estimated that by 2050, the number of individuals with AD will be approx. 14 million in

the U.S.A. and over 100 million worldwide [38]. AD is the most common form of dementia
among the elderly population and represents the fourth cause of death in industrialized
countries [39,40].

First described in 1907 by Alois Alzheimer, AD is characterized by a progressive
impairment of cognitive functions. The most frequent symptom is gradual loss of

memory, mainly of recent events, called episodic memory. As the disease progresses,

there is impairment in several brain regions controlling language, cognition, reason and
temporospatial orientation, together with other changes in mood and personality. The initial
clinical symptoms are followed by continuous and progressive decline characterized by
mutism, vegetative state, inanition and finally death. This period lasts 5-20 years after

the detection of the first symptoms of the disease. A definite diagnosis of AD can only
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be obtained from brain tissue, thus the clinical diagnosis can be of possible or probable
AD, as biopsies are rarely done and tissue is usually obtained post-mortem. The two main
histopathological hallmarks required for the definitive diagnosis of AD are [41]: (i) senile
plaques, extracellular congophyllic deposits composed mainly of Ag (amyloid- S peptide),
and (ii) NFTs (neurofibrillary tangles), intraneuronal filamentous aggregates composed of
hyperphosphorylated tau proteins and PHFs (paired helical filaments).

The lack of a clear-cut clinical diagnosis, the chronic nature of the disease and the insidious
onset of symptoms have not allowed a clear understanding of the order of events in the
development of the disease. It has been postulated that an important factor in AD is the
progressive loss of synapses and neurons in limbic and cortical areas, which is translated
as a disconnection between different brain areas, thus leading to the manifestation of the
clinical symptoms [42,43]. At the beginning of the disease, this initial disconnection does
not seem to have repercussions on behaviour if we keep in mind that the gradual loss

of synapses and neurons seems to start 20-40 years before the manifestation of the first
symptoms [44,45]. The NFT distribution correlates better than the amyloid plaque burden
with the severity of dementia and neuronal death [46-50]. However, as there are no studies
of progressive pathological analysis of single patients over time, all of the human data with
regards to molecular mechanisms need to be considered as correlative, but not definitive.

Genetics of AD

Although neither the aetiology of the disease nor the molecular mechanisms underlying AD
is clear, it is accepted that AD is a complex multifactorial disease in which both genetic and
environmental factors are involved and modulate the progression of the disease. In approx.
10% of AD cases the first symptoms occur before the age of 60—65 years. This type of

AD is known as EOAD (early-onset AD). The remaining 90% is associated with cases

in which the clinical presentation takes place after the age of 65 years and is referred to

as LOAD (late-onset AD). Approx. 50% of EOAD shows autosomal dominant Mendelian
inheritance [51]. To date, both sporadic and familial forms of the disease have similar
clinical presentation and manifestations suggesting common pathogenic mechanisms.

Genetic analysis from families has allowed the identification of three genes linked to AD:
APP (amyloid precursor protein) [52], located on chromosome 21, PSEN (presenilin 1)
[53] and PSENZ2[54] located on chromosomes 14 and 1 respectively. Some 85% of familial
EAOD cases correspond to a mutation in the PSENI gene, whereas mutations in PSEN2
or APPare much less frequent [55,56] (Figure 6). Today, 157 mutations in PSENI and
ten in PSENZ have been described worldwide. There are families with a clear genetic
component that have not been associated with mutations in any of these three genes. This
raises the idea that other genes may be involved. Only one gene, from a long list of
susceptibility genes, has been confirmed as a risk factor for sporadic LOAD: the APOE
(apolipoprotein E) gene located on chromosome 19 [57]. However, less than 50% of the
sporadic LOAD cases are carriers for ApoEe4 [58]. We must emphasize that risk factors
function as predisposition markers for the disease; they have not been shown to be causal
agents and by themselves cannot induce the disease. They modify the risk of developing
disease, increasing it compared with the non-carrier population. Genes involved in AD, as
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causative genes or as or risk factors, are summarized in Table 1. Many of the proposed
susceptibility genes are proteolytic enzymes, membrane receptors or growth factors. Most
of them have been implicated in the proteolytic processing of APP and/or the degradation/
clearance of AB[59-62].

Mouse models in AD: pros and cons

After the identification of genetic mutations in AD, mouse models were generated for

the study of AD. Several transgenic mice lines overexpressing human mutant APP
reproduce several histopathological hallmarks of AD such as amyloid deposits, abnormal
tau hyperphosphorylation, gliosis, and memory and learning impairments [63—69]. Figure
7 shows the location of the majority of the identified APP mutations. However, despite

the presence of hyperphosphorylated tau, the brains of these mice do not exhibit NFTs

or neuronal loss. Owing to the lack of tau pathology and neuronal loss in those APP-
overexpressing mice, several new models overexpressing several tau isoforms and mutants
have emerged in order to recapitulate the remaining pathological features lacking in the
previous models [70-80]. More recently, transgenic mice have been crossed with other
transgenic mice with the intention of affecting several genes involved in AD. Table 2
summarizes the salient features of several of the different types of mouse model. These
new tools provide the advantage of allowing the study of pathological interactions that
exist between several genetic factors involved in the disease and may also increase the
understanding of the order in which these neuropathological events take place in the human
AD cases. However, some of these models overexpress mutant genes that are not even found
in AD cases, so the results extracted from these models should be treated with caution. It

is also important to consider whether the phenotype observed in the mouse represents a
real phenocopy of the disease. However, although these mice do not exhibit every single
hallmark of the disease, they are a valuable tool for: (i) understanding the interaction
between genetic factors able to modify the /n vivo production and deposition of Ag, (ii) the
identification of molecular targets; and (iii) the evaluation of new therapies designed to stop
or slow down the pathological and clinical manifestations of this devastating disease.

In vitro models of AD: testing the amyloid hypothesis

In vitro models have been used to decipher the pathological mechanisms underlying

the disease. Primary neuronal cultures provide the opportunity to decipher molecular
mechanisms. Cell cultures have been used to test how mutations in certain genes affect

A metabolism, secretion and/or degradation [81]. /n7 vitro models of familial AD showed
an enhancement of the APP processing via alterations in the y -secretase complex [82,83]
and an increase in the intracellular concentration of Ag species [84]. These modifications in
the proteolytic processing led to the alteration in the ABo/ABso ratio [85-87]. Cultured cells
have been used to determine the cellular compartment in which APP is processed and how
Apis generated and transported along different cellular compartments [88]. Thus /n vitro
models are a critical tool in the study of the secretases. Primary cultures and hippocampal
slices have been widely used in order to determine the influence of A species and for
electrophysiological purposes. But probably the most relevant use of /n vitro models is to
unravel the neurotoxic species triggering the progression of the disease. The relevant role
of Agand the so-called amyloid hypothesis still remains questionable in the aetiology of
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AD, mainly because there is little correlation between the amyloid burden and the clinical
progression of the disease. However, this idea may be readdressed since the discovery

that early memory impairment and synaptic dysfunction correlate better with the levels

of oligomeric Ag, and not with the fibrillar species. In order to reproduce the neuronal
degeneration observed in AD brains, researchers have used a wide variety of cell systems,
different lengths of peptides and several degrees of aggregation. An important fact to keep
in mind is that Ag is in active equilibrium with its environment: the assemblies are highly
dynamic. This property makes it very difficult to ascribe specific toxic characteristics to

a certain type of aggregation state. However, there are several studies that try to identify
the relationship between toxicity and aggregation. This idea was established in 1998 with
the characterization of non fibrillar oligomeric species, ADDLs (Ag-diffusible-derived
ligands), and their neurotoxic properties [89]. ADDLs caused neuronal death in primary
hippocampal neuron cultures and inhibited LTP (long-term potentiation) in cultured slices
from rat brains. However, when 500 nM ADDLSs were incubated with organotypic mouse
brain slices for 1 h, no overt neuronal loss was detected, although the blockage of the

LTP was highly dramatic [89,90]. The latest modification of the /in vitro systems employs
naturally produced cell-derived AB oligomers [91,92]. 7PA2 cells [CHO (Chinese-hamster
ovary) cells] were modified to overexpress human mutant APPy,717¢. These modified cells
generated SDS-stable oligomers that generate dimers, trimers and occasionally tetramers
[92]. Intracerebral injection of culture medium containing oligomeric AgB species into rat
brain showed inhibition of LTP [92]. Oligomers as large as dodecamers have been isolated
from AD brains [93] and from transgenic mice [94]; these species are also toxic in primary
neuronal cultures and impair LTP in hippocampal slices [95]. Taken together, it seems that
oligomeric Ag species alter hippocampal potentiation and synaptic plasticity both /n vitro
and /n vivo.

In vitro systems play a crucial role in unravelling the cytotoxic properties not only of AgS,
but also of the fragments derived from the proteolysis of its precursor APP, particularly the
CTFs (C-terminal fragments). For many years, it was thought that the CTFs derived from »-
and S-secretases were inert, but it has been shown that expression of C99 is toxic to neurons
[96] and that expression of C99 in rodent brains induced Ag deposition, neurodegeneration,
alterations in behaviour and synaptic deficits [97]. The mechanism underlying these effects
is still unknown, but previous findings suggest that the cytoplasmic tail of APP can be
cleaved by caspases at Asp®* (APP695), generating a new CTF of 31 residues named C31
[97,98]. Since expression of C31 alone is cytotoxic to the cell, it is believed that subsequent
cleavage of CTFs to generate C31 may potentiate susceptibility to apoptosis [99]. Moreover,
mutations in APP to abolish the caspase cleavage site significantly attenuate the cytotoxic
effects of C99 [98]. PDAPP mice carrying the cleavage mutation [PDAPP(D664A) mice]
deposit AB, but do not develop behavioural deficits, supporting a role for C31 in the
potentiation of AD deficits [100].

Death molecules in AD

The detection of cleaved caspases and the accumulation of cleaved caspase substrates in
post-mortem AD brain tissue support the hypothesis that apoptosis may play a role in the
subsequent neuronal loss found in AD brains [101,102]. There is evidence demonstrating
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that caspases are increased in brains from patients with AD. Analysis from AD brain

tissue showed elevated mRNA expression of caspases 1, 2, 3,5, 6, 7, 8 and 9 in the

brain of AD patients compared with controls [103]. Pyramidal neurons from vulnerable
regions involved in the disease showed an increase in activated caspase 3 and 6 [104,105].
Synaptosomes prepared from AD brain frontal cortices showed an enrichment in caspase

9 compared with non-demented controls [99]. APP contains caspase cleavage sites and it
has been described that caspases 3, 6, 7 and 8 can cleave APP [102,104,106]. Cultures of
neuronal cells deprived of serum showed activation of caspase 6 and subsequent processing
of APP by caspase 6 generating a 6.5 kDa fragment that contains AB[104]. In this context,
caspases may play an active role in Ag-induced neurotoxicity. Amyloid plaques are enriched
in caspase-cleaved APP [102]. However, caspases do not only process APP, as caspase
cleavage of tau enhances tau filament polymerization /in vitro [107,108]. Neurons from
caspase 2-knockout mice and from caspase 12-knockout mice are resistant to A5 [109,110].
As noted above, caspase 12 protein is expressed in only a subset of people and there is

no increase of AD in this population [111]. These data demonstrate that caspases are very
closely linked to the degeneration process found in AD brains, but that the specific caspases
involved have not been adequately defined. Table 3 summarizes the current evidence of a
role for each caspase in AD.

Although caspases are the main players involved in apoptosis, there are other molecules
involved in the progression of the apoptotic cascade that are relevant to human AD. The
Bcl-2 family of proteins has members that regulate apoptosis by forming mitochondrial
permeability transition pores, contributing to the release of calcium and controlling the
release of mitochondrial apoptogenic factors into the cytosol [112-114]. It is known that
mutations in PSEN sensitize cells to undergo apoptosis, and it has been reported that
PSEN1 and Bcl-2 interact in cultured cells [115] and also that PSEN1 interacts with
calcium-binding proteins [116-118]. In this context, the interaction of these two proteins
may contribute to the maintenance of calcium intracellular levels and help to maintain the
integrity of the cell. Not only Bcl-2, but also Bcl-X|, an anti-apoptotic member of the Bcl-2
family, has been found in association with PSEN1 and PSEN2 [119]. Moreover, this group
described that presenilins may enhance the pro-apoptotic effects of Bax and influence the
release of cytochrome ¢ [119]. Other studies support the idea that the Bcl-2 family members
are linked to AD, since it has been shown that Bcl-2 and Bax active sites highly co-localize
in frontal cortex from AD patients, whereas the levels of co-localization in control cases

is non-significant [120]. A recent study showed that crossing 3XTg AD mice with mice
overexpressing Bcl-2 showed a decrease in caspase cleavage of tau, a decrease in APP
cleavage and decreased AS deposition [121]. /n vitro studies have shown that A induces an
up-regulation of pro-apoptotic molecules such as Bax and down-regulation of anti-apoptotic
proteins such as Bcl-2, Bcl-X| or Bel-w [122]. But Bcl-2 has also been reported to be
up-regulated /7 vivoin transgenic models of amyloidosis [123]. The striking result is that
only those regions that exhibit high amyloid load exhibited the elevated expression of Bcl-2,
suggesting that A deposition is triggering the Bcl-2 overexpression. Another member of
the Bcl-2 family has been implicated in the pathophysiology of AD. Bim (Bcl-2-interacting
mediator of cell death), a pro-apoptotic protein, is induced in both cortical and hippocampal
neuronal cultures after Ag exposure and its induction is essential for the neurotoxic effects
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of AB[124]. Moreover, analysis of post-mortem human AD brains showed a marked up-
regulation of Bim immunoreactivity in entorhinal cortex, but not in cerebellum, of AD cases
compared with non-demented controls [124]. In conclusion, it seems that several levels of
regulation are required in order to control the apoptotic cascade and to prevent neurons
from dying. Misregulation of this pathway at any level will activate the apoptotic machinery
finally leading to neural death, the most critical hallmark of AD. Figure 8 shows a possible
pathway for AD.

CEREBRAL ISCHAEMIA

Stroke is an acute neurodegenerative disorder that is one of the leading causes of death and
disability in major industrialized countries [125]. Most strokes (approx. 85%) are ischaemic
and result from an occlusion of a major cerebral artery by a thrombus, which leads to a
focal loss of blood flow. Less commonly, stroke results from the absence of blood flow to
the entire brain due to cardiac arrest or systemic haemorrhage. Without recovery of normal
blood flow within a short period of time, death of all cells within the ischaemic territory is
typically the final outcome; however, the pathway of destruction remains unclear.

Ischaemic stroke initiates a complex series of events, both spatial and temporal, that

evolve over hours and days. They include inflammation and altered microvascular
permeability, which produces tissue oedema, in addition to direct effects on cells that
triggers glutamatergic excitotoxicity, ionic imbalance and free-radical reactions, among
others. Over the last few years, the awareness of the relevance of dynamic interactions

of the neurovascular unit (the complex of neurons, the microvessels that supply them, and
the supportive cells: astroglia and microglia, and other resident inflammatory cells) has
increased. The relative proportions of the components of this unit may vary in different brain
areas and between species. This variation could account for morphological and functional
differences in the reaction to ischaemia in different areas of the brain and between species
[126]. The neurovascular unit places stroke in the context of an integrative tissue response
disease with a significant vascular component where some risk factors are diabetes, elevated
homocysteine blood levels, elevated arterial blood pressure or artheriosclerosis (for a review,
see [127]). In addition to the loss of oxygen and glucose, disruption of the BBB (blood—
brain barrier) allows entry of vascular inflammatory cells and proteins that are toxic to
neurons.

Traditionally, the cell death following cerebral ischaemia was considered to be necrotic in
nature, but research in the last decade has revealed that there is a pattern of combined
necrotic and apoptotic cell death. In cerebral ischaemia, there is complete energy depletion
in the central lesion, the core, and a gradient from the core towards the bordering zone,

the penumbra. The core has been considered to be necrotic [128,129], whereas, in the
penumbra, apoptotic mechanisms are activated [130-132]. However, there is still much
debate about this. Benchoua et al. [133] have suggested that the initial events in the core are
apoptotic, and secondary necrosis results from a rapid failure to fully develop the apoptotic
programme because of the maintained depletion of apoptosis-requiring energy stores in the
core.
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The morphological manifestations of apoptosis as initially described by Kerr et al. [134]
are controversial when considering cell death in the adult brain. Hypoxic/ischaemic insults
during the neonatal period can cause typical morphological changes of apoptosis, although
these morphological changes are less consistent in adult brain, perhaps because neurons in
adult brains are equipped with anti-apoptotic molecules that raise the apoptotic threshold
[135]. However, despite this apparent contradiction, there is a large body of evidence

that there is caspase-mediated cell death after ischaemia [136]. Furthermore, there are a
growing number of studies that implicate apoptotic pathways after ischaemia [137]. Martin
et al. [138] suggest that cell death in the CNS following injury can coexist as apoptosis,
necrosis, and hybrid forms along an apoptosis—necrosis continuum. Although some caspase-
dependent apoptosis might occur in the adult brain, there are also alternative mechanisms
of death that result in different morphologies that might rely on either caspases or calpains
as the dominant execution proteases [139,140]. An alternative explanation is offered by the
attractive concept that, under anoxic/ischaemic conditions, apoptosis may be masked by
necrosis [141]. /n vitro studies have provided several examples of shifts towards apoptosis
from necrosis, resulting from abrupt environmental perturbations [142].

Another important aspect in the death mechanisms in stroke is the reperfusion damage
that is associated with the sudden return of blood flow to the oxygen-starved energetically
compromised tissue [143]. It is held that much of the injury produced by transient
ischaemia, such as the disruption of the BBB and formation of brain oedema, results from
reperfusion itself [144].

Animal models of stroke

The present understanding of stroke pathogenesis has been derived from studies involving
cell lines, primary and organotypic cultures under anoxia, hypoxia, and oxygen- and
glucose-deprivation conditions. These models allow the dissection of the pathways that may
take place under a particular insult, such as excitotoxicity, oxidative stress, ionic imbalance
or the implication of a particular molecule, either in one cellular type or in a mixture

of them representing the relationship between the neurovascular unit elements. However,
animal models are mainly used to mimic human stroke. Unlike other neurodegenerative
diseases, there are excellent animal models of stroke that provide evidence for mechanisms,
prevention and treatment efficacy /n vivo that allow for control of collateral factors.

Models of cerebral ischaemia can be performed in small and large animals, but rodents

are most widely used. Despite the differences in anatomy and functionality between rodent
and human brains, these models permit a careful dissection of mechanisms of injury and
neuroprotection and allow examination of events that occur from seconds to days after the
ischaemic event (for a review, see [145]). Unlike other neurodegenerative diseases, in stroke,
we know the primary insult that triggers the pathology and the actual models provide a good
approach to recreate this acute insult.

There are a variety of models that reflect the assortment of insults in humans. These can be
divided into three subgroups: global ischaemia, focal ischaemia and haemorrhagic infarct.
Global models involve occluding the major blood vessels that supply the forebrain, but
these models are considered to mimic consequences of cardiac arrest rather than stroke
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[146]. Focal models occlude a specific vessel, usually the MCA (middle cerebral artery),
because the majority of human ischaemic strokes result from an occlusion in the region
of the MCA [146]. MCAo (MCA occlusion) models are either permanent (pMCAO) or
transient (tMCAO0), allowing examination of the damage that results from both ischaemia
and reperfusion.

In the last decade, the failure of neuroprotectants against stroke in clinical trials had brought
into question the value of the animal models in pre-clinical research. A proof of confidence
in the value of animal models is that changing several physiological parameters, such as
reperfusion, hyperglycaemia, hyperthermia or blood pressure, has similar effects on the
outcome of stroke in humans and in animal models (for a review, see [146]). Nevertheless,
although animal models mimic quite well the onset of the stroke, small animal brains are
quite different from human brains in function and morphology, and this may influence the
efficacy of the therapies. This phenomenon was represented recently in an in silico model
which considers the differences in the percentage of white matter and glia between rodents
and humans [147]. If this hypothesis is correct, the efficacy of the therapies should be
apparent when animal models with a more similar brain composition to that of humans are
used.

Since there is a logistical problem in treating patients at early time points, clinical
investigators should focus on mechanisms that occur later in the ischaemic cascade.
However, there are also clinical settings where the risk of stroke is increased, such as
cardiac surgery, where preventative treatments would be useful. Additionally, it is important
to consider how much protection is achieved in pre-clinical trials, a reduction of at least 50%
of the ischaemic damage has been the goal, as well as to develop appropriate behavioural
tests. There are complex mechanisms occurring simultaneously and sequentially during
stroke, so the best outcome may be achieved by a combination of neuroprotective agents
that interfere at different points in the ischaemic pathways. The administration of these
compounds should be at the appropriate time to prevent the targeted event. Therefore it is
important to know the chronology and the relevance of the different mechanisms that are
occurring as a consequence of ischaemia and reperfusion.

In vitro models of ischaemia

In vitro models have been utilized for over two decades in the study of cerebral
ischaemia [148]. The OGD (oxygen/glucose deprivation) model is believed to most
resemble the /n vivo ischaemia setting [149,150] although hypoxia alone has also been
studied in detail [151-153]. OGD is normally simulated by incubating cells in glucose-
free medium and placing them in an anoxic gas chamber [142,149,154] or by infusing
nitrogen into the medium [155]. Typical insults last for 30-90 min and are followed
immediately by reperfusion, i.e. addition of glucose to the medium and return to normoxic
conditions [142,149]. Additionally, acute ischaemic insults (10-20 min) are used for
electrophysiological analysis in hippocampal neurons [156,157] as well as spiny/aspiny
striatal neurons [158,159]. The discussion below gives a brief overview of work in
hippocampal primary cultures or brain slices, unless stated otherwise.
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Early evidence with the OGD model suggested that ischaemic injury is mainly necrotic

and mediated by glutamate excitotoxicity [160-162]. These reports proposed that apoptosis
was not a major cause of neuron loss in ischaemia. However, Gwag et al. [142] showed

that apoptosis does occur in OGD in primary cultures, but it is masked by glutamate
receptor activation. Additionally, apoptosis in primary cultures is a delayed event (~24-36

h post-insult), whereas glutamate-mediated necrosis was observed as early as 2 h after the
insult [149]. However, hippocampal brain slices exhibit different death behaviour with OGD
compared with primary cultures. In slices, apoptosis occurs early after the ischaemic episode
(=3 h post-insult) [153] and coincides with glutamate-dependent necrotic tissue injury
[153,163,164]. Therefore necrosis and apoptosis are not mutually exclusive in organotypic
slice cultures. These discrepancies could result from differences in the preparation of the
cultures or other procedural artefacts. Alternatively, they could signify the importance of the
neuron—glia context in studying ischaemia in vitro.

The role of caspases has been studied in limited detail in OGD [153,164-167].

These studies show that caspase 3 is activated by OGD, and can be regulated by
pan-caspase inhibitors. OGD cells treated with NMDA (A-methyl-p-aspartate) receptor
antagonists undergo apoptotic death that can be inhibited by a pan-caspase inhibitor, z-VAD-
fmk (benzyloxycarbonyl-valyl-alanyl-aspartyl-fluoromethylketone) [153,165]. Another
caspase inhibitor, Ac-YVAD-cmk (acetyl-tyrosyl-valyl-alanyl-aspartyl-chloromethylketone)
exhibited similar neuroprotection in OGD brain slices [164]. These inhibitors are not
specific for individual caspases [36], therefore these studies do not clarify which caspases
are important in promoting death in this ischaemia model. Knockout of caspase 3 is also
neuroprotective against OGD [168]. It has also been shown that cleaved caspase 7 and
caspase 3 are found exclusively in microglia and neurons, and not astrocytes in OGD

in mixed primary cultures [166], again suggesting that the neuron—glia interactions are
important in modelling ischaemia.

Another cellular model that may be useful in deciphering the molecular mechanisms

of ischaemia is the down-regulation of SOD1 (superoxide dismutase 1). In this model,
knockdown of SOD1, the cytoplasmic SOD, leads to neuronal death [169,170]. This death
is mediated by activation of caspase 1, secretion of IL-14, and generation of peroxynitrite.
These molecules have been shown to be important in the progression of ischaemia /in

vivo [171-174], and thus this model may provide a cellular model for investigation of the
mechanism of neuronal death in ischaemia.

Caspases in stroke

Ischaemic stroke was the first neurodegenerative disease in which activation of a caspase
was documented [175]. A considerable amount of research has been done since then that has
suggested a very important role of caspases in ischaemic cell death. Although there are some
contradictory studies in the literature, caspases have been established as key molecules in the
death mechanisms after either permanent or transient ischaemia. Nevertheless, this activation
is more consistent following a transient ischaemic injury as a consequence of the reperfusion
injury [136,143].
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Schielke et al. [176] have shown that mice deficient in the caspase 1 gene exhibited reduced
ischaemic damage. Indeed, several lines of evidence point to an important role for this
caspase. The pro-inflammatory cytokine IL-14, which is processed by caspase 1 into its
active form, is rapidly increased within the brains of rats subjected to focal/global ischaemic
[177]. But more significant is the almost 80% protection in IL-18-null mice after the
ischaemic damage [173]. Thornton et al. [178] have shown that IL-13 neurotoxicity is
mediated by glial cells, but only in the presence of caspases and ROS (reactive oxygen
species), supporting the importance of considering the interconnection of the neurovascular
unit components as a consequence of the ischaemic damage.

Caspase 3 is present in the ischaemic penumbra [179], and its deletion renders mice

more resistant to ischaemic injury [168]. However, although caspase activation is generally
described in the penumbra of focal infarcts, immunohistochemical analysis in MCAo
models has detected neurons containing caspase 3 in the infarct core [180,181]. In humans,
although there is limited information available, there is a pro-caspase 3 increase within
hours resulting from permanent arterial occlusion [182], and activated caspase 3 and cleaved
PARP [poly(ADP-ribose) polymerase] have been detected in some neurons several days
after cardiac arrest with reperfusion [136].

Harrison et al. [183] reported a strict transcriptional regulation of caspase expression
following pMCAOo in rats. There is a pattern of expression with an increase of caspase

1, 3,6, 7,8 and 11 mRNA and a decrease of caspase 9 was detected at different time points.
Caspase 2 mRNA shows no changes. But in this study, the cellular types expressing these
proteases are not examined. An increase in pro-caspase 1, 3, 8 and 9 immunoreactivity in

a tMCAo0 model in adult rats has also been reported [184]. The knowledge of the pathways
and molecules that interconnect these caspases is still elusive and more research has to be
carried out in this area. Table 4 summarizes the evidence for a role for specific caspases in
stroke.

Additionally, several /n vivo studies have shown that the IAPs, the endogenous caspase
inhibitors, are involved in the ischaemic process. In a tMCAo model, there is an increase
in XIAP in the core and in the penumbra. Interestingly, the overexpression of this molecule
promotes the attenuation of the ischaemic damage by the down-regulation of caspase 3
expression [185]. Indeed, after MCAO, there is an interaction between XIAP and Smac/
Diablo [186]. How this occurs has been postulated in a SOD-1-overexpression model,
where, as a consequence of the reduction of oxidative stress, there is a down-regulation of
caspase 9 expression, as well as of Smac/Diablo and XIAP [187]. Overexpression of NAIP
(neuronal apoptosis inhibitor protein) also reduces ischaemic damage in the hippocampus
[188]. There is also evidence that ischaemic preconditioning may increase clAP2 and thus
prevent activated caspase 3 from killing cells [189].

Pro-apoptotic Bcl-2 members are implicated in apoptosis in ischaemia/reperfusion models.
Overexpression of Bcl-2 with a herpes simplex virus vector protected against tMCAo
through the inhibition of caspase activity [190]. This protection was produced in different
models of ischaemia, either transient [190-192] or permanent [193]. Bax is translocated
from the cytosol to the mitochondria in ischaemic brain [194]. The ‘BH-3 only”’ factor Bid
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has been considered an important component of hypoxia-induced apoptosis [195]. Again,
using a model of tMCAo, Bid-null mice show a reduced infarct volume. It is postulated that
caspase 8 is responsible for Bid cleavage to truncated Bid (t-Bid), which is then translocated
to the mitochondria, activating a death response [196]. It is interesting to address here that
almost all of these Bcl-2 member proteins are implicated in ischaemic/reperfusion models,
suggesting that the processes where they are implicated are a secondary consequence of
reperfusion. Figure 9 illustrates potential mechanisms of ischaemic death.

FUTURE DIRECTIONS

Although it is clear that apoptotic death mechanisms play an important role in neuronal
death in neurological disease, much still remains to be elucidated about the specific
pathways that operate in these diseases. Although many of the previous studies have
provided circumstantial evidence for caspase involvement in neuronal diseases, much of
the previous work was hampered by the use of measures of caspases that it is now clear did
not actually provide data about specific caspases. In order to delineate the death pathways,
it is important that appropriate tools and interpretations of data be used. Although this

may sound obvious, a quick look at the literature will show how many studies still use the
pseudopeptide inhibitors/substrates as evidence for function of specific caspases, and still
equate caspase cleavage, as is evident from Western blotting, with activity. The literature
will continue to be confusing until appropriate tools for measuring caspase function are
used. At present, the best tools are molecular manipulation and affinity ligands. The

next issue in the study of human disease is the models available. In the case of cerebral
ischaemia, the /n vivo models mimic the human disease quite accurately and offer excellent
systems for studying death mechanisms. The cellular models of ischaemia, while providing
the advantages of cell-based models in the study of biochemical and molecular events,

do not offer the complexity of the various elements clearly involved in evolution of the
ischaemic event. For AD, the animal models available still do not provide an accurate model
of the human disease. Very few of the animal models display neuronal death, thus making
the study of death mechanisms in these animals difficult. The animals that do display
neuronal death express mutant genes not found in humans with AD, providing concern that
signalling mechanisms in these animals may not replicate those found in humans. Thus,

at present, the cell models and the hippocampal slice systems offer the best models for
studying death mechanisms in AD. Much work is ongoing to produce animal models that
more accurately replicate AD, and these are eagerly awaited.

Abbreviations used:

AB amyloid B-peptide

AD Alzheimer’s disease

ADDL Ap-diffusible-derived ligand
ApoE apolipoprotein E

APP amyloid precursor protein
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BBB
BH
Bim
b-VAD-fmk
clAP
CTF
DISC
EOCAD
IAP
BIR
Diablo
IL
ICE

c-FLIP

LOAD
LTP
MCA
MCAo
NF-xB
NEMO
NFT
OGD
PHF
PIDD
pMCAo
PSEN

RAIDD
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blood-brain barrier

Bcl-2 homology

Bcl-2-interacting mediator of cell death
biotin-valyl-alanyl-aspartyl-fluoromethylketone
cellular inhibitor of apoptosis protein
C-terminal fragment

death-inducing signalling complex
early-onset Alzheimer’s disease
inhibitor of apoptosis protein
baculovirus IAP repeat

direct IAP-binding protein with low pl
interleukin

IL-18-cleaving enzyme

cellular FLICE [FADD (Fas-associated death domain)-like ICE]-
inhibitory protein

late-onset Alzheimer’s disease
long-term potentiation

middle cerebral artery

MCA occlusion

nuclear factor xB

NF-xB essential modulator
neurofibrillary tangle
oxygen/glucose deprivation
paired helical filament
p53-inducible protein with a death domain
permanent MCAo0

presenilin

RIP (receptor-interacting protein)-associated ICH-1 [ICE/CED-3

(cell-death determining 3) homologue 1] protein with a death domain
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RIPK1 receptor-interacting serine/threonine protein kinase 1
Smac second mitochondrial-derived activator of caspase
SOD1 superoxide dismutase 1
t-Bid truncated Bid
tMCAo temporary MCAo0
XIAP X-linked inhibitor of apoptosis protein
XAF1 XIAP-associated factor 1
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Figure 1. Mammalian caspases

Caspases are cysteine-aspartate proteases critically involved in apoptosis. There are 13
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Caspase-1
Caspase-4

Caspase-5

Caspase-11
Caspase-12

Caspase-14

Caspase-3
Caspase-6

Caspase-7

Caspase-8

Caspase-10
Caspase-9

Caspase-2

mammalian caspases and they can be divided into three groups according to their functions:
inflammatory caspases (1, 4, 5, 11, 12 and 14), effector caspases (3, 6 and 7), and initiator
caspases (2, 8, 9 and 10). CARD, caspase recruitment domain; DED, death effector domain.
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Figure 2. Caspase activation
Initiator caspases differ from effector caspases not only at the structural level, but also

in the mechanism of activation. Whereas effector caspases require cleavage for their
activation, initiator caspases become activated by proximity-induced dimerization, leading to
a conformational change that generates the active site.
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Figure 3. Intrinsic and extrinsic death pathways
The intrinsic pathway is illustrated on the left-hand side of the Figure. This pathway is

mediated by permeabilization of mitochondria, followed by release of cytochrome ¢, which,
in an ATP-dependent fashion, assembles Apaf-1 (apoptotic protease-activating factor 1; the
specific adaptor of caspase 9) and pro-caspase 9 into the apoptosome where caspase 9
dimerizes, resulting in a conformational change and caspase 9 activation. On the right-hand
side of the Figure is the extrinsic pathway. Death receptor ligands, illustrated here with

Fas ligand (FasL), bind the appropriate receptor and recruit death adaptor proteins [FADD
(Fas-associated death domain)], which dimerize and activate caspase 8 in the DISC. Active
caspase 8 and active caspase 9 cleave and activate effector caspases, leading to cell death.
The DISC can potentiate the intrinsic pathway through the cleavage of BID to t-Bid,

which enhances mitochondrial permeabilization. The cytosolic IAPs can inhibit caspases
3, 7 and 9. 1APs can be inhibited by Smac/Diablo, which is released from permeabilized
mitochondria. C-, caspase.
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Figure 4. Caspase 2 activation: the PIDDosome
Recently, an activating complex for caspase 2 has been identified comprising caspase 2,

RAIDD and PIDD, called the PIDDosome. In this complex, RAIDD is the specific adaptor
for caspase 2 and contains a CARD (caspase recruitment domain) at the N-terminal region
through which it interacts and recruits caspase 2. RAIDD also has a death domain (DD)

at the C-terminal region and via this domain RAIDD establishes a homotypic interaction
with PIDD, a p53-inducible protein containing a death domain. PIDD can also interact
with RIP1 (receptor interacting protein 1) and NEMO activating the NF-xB pathway and
promoting cell survival. Different binding partners associate with different PIDD fragments.
PIDD C-terminus forms the complex with NEMO leading to cell survival, whereas PIDD-
CC complexes with RAIDD and caspase 2, modulating cell death. These two different
complexes suggest a dual role for PIDD in the modulation of the balance between cell
survival and death.
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Figure 5. Mammalian | AP family
There are eight human IAPs and they are characterized by the presence of BIR domains.

BIRs can be divided into two groups: Type | bind to and inhibit caspases, and Type Il bind
to caspases, but also have a role in cell-cycle regulation (Survivin/BIRC5, BIRC6/Bruce/
Apollon). The RING (really interesting new gene) domain located on clAP1, clAP2, Livin
and ILP2 (1AP-like protein 2) is an E3 ubiquitin ligase. clAP1 and clAP2 also contain a
CARD (caspase recruitment domain) at the C-terminal region of unknown function since the
typical CARD exhibiting protein—protein interactions with other CARD-containing proteins
is located at the N-terminal region. The common name as well as the BIRC number are
given for each IAP.
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Figure 6. Geneticsin AD

Schematic representation of the impact of LOAD compared with EOAD. Over 90% of
total AD cases are late-onset and only ApoE &4 has been identified and confirmed as a
susceptibility gene which modifies the risk of developing LOAD. Approx. 50% of LOAD
cases are carriers for ApoEe4. Although the majority of the AD cases are of late-onset,
approx. 10% of AD cases are of early-onset. To date, three genes have been identified

as causative genes: APP located on chromosome 21 (5% of EOAD cases), PSENI on
chromosome 14 (60% cases) and PSENZ2 on chromosome 1 (5% cases).

Presenilin-1: 60%
Chromosome 14
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Figure 7. Mutationsin APP
Location of the most relevant mutations causing EOAD. The majority of the mutations

are located close to the secretase cleavage sites. One example is the Swedish mutation
(APPg70471), located on the N-terminal region of ABand close to the B-secretase cleavage
site. Another example is the London mutation (APP717) located on the C-terminal region
and in the area surrounding the y-secretase site.
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Figure 8. Proposed pathway of neuronal dysfunction/death in AD
Although during the last decade, our knowledge of AD has increased greatly, the correct

pathway and the order of the events leading to the neurodegeneration process associated
with this disease remain unclear. AZ is generated by proteolytic processing from APP, and
Apis then released into the extracellular space. Ag aggregates and will deposit into fibrils
forming a ‘seeding’ or nucleation core. Continuing production of Ag increases deposition
around the core forming the so-called amyloid plaque. There is a dynamic equilibrium
between Ag fibrils, oligomers and monomers. Although the critical species involved in the
aetiology of AD remains unknown, there is increasing evidence that oligomers, not fibrils,
are critical in activating caspases leading to kinase activation, tau hyperphosphorylation
and NFTs. Moreover, Ag by itself is able to activate kinases leading to NFT formation
potentiating these effects. NFTs enhance the process generated by A contributing to
microtubule destabilization and axonal transport impairment leading to synaptic dysfunction
and spine loss. Caspases will trigger mitochondrial damage which in turn will activate
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downstream effectors and finally the death of the compromised cell. An animated version of
this Figure can be seen at http://www.BiochemJ.org/bj/415/0165/bj4150165add.htm.
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Figure 9. Proposed pathway of eventsin cerebral ischaemia
During cerebral ischaemia, a depletion of energy combined with the disruption of the BBB

triggers both inflammatory and excitotoxic responses to different degrees in the ischaemic
core and the penumbra. Whereas the core has traditionally been considered necrotic, recent
data reveal the implication of caspases in this region as well as in the penumbra. The
secretion of diffusible factors by damaged cells triggers an apoptotic cascade which affects
surrounding healthy cells increasing the overall response to the ischaemic event. IL-16R,
IL-18receptor; NMDA, N-methyl-p-aspartate; nNOS, neuronal nitric oxide synthase; ROS,
reactive oxygen species; TNF-a, tumour necrosis factor a; TNFR |, TNF-a receptor |.
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ACT, al-antichymotrypsin gene; A2M, a,-macroglobulin gene; BCHE, butyrylcholinesterase gene.

Causative and susceptibility genesinvolved in AD

Table 1

Gene Locus Onset  Status I nvolvement
APP 21921.3-22.05 Early  Familial Demonstrated
PSEN1 14q24.3 Early  Familial Demonstrated
PSENZ  1q31-g42 Early  Familial Demonstrated
APOE  19qg32.2 Late Familial/sporadic = Demonstrated
ACT 14932.1 Late Sporadic Suggested
AZM 12p Late Sporadic Suggested
BCHE  3026.1-926.2 Late Sporadic Suggested
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Caspasesimplicated in AD

Page 42

Multiple caspases have been implicated in the progression of AD. Measure indicates the method of detecting
caspase changes. As we can appreciate, the majority of the studies are based on alterations at the mRNA levels
between AD cases and control non-demented subjects for the caspase(s) under study. siRNA, small interfering

RNA.
Caspase Paradigm Measure Reference
1 AD brains Increased mMRNA [101]
2 AD brains Increased mRNA [101]
2 APy, treatment of primary hippocampal neurons  Death blocked by antisense to C2; C2-null neurons [109]
3 AD brain pyramidal neurons Increased activated caspase 3 [105]
3 AD brains Increased MRNA [101]
4 ApBys_35 treatment of SK-N-SH cells Death blocked by siRNA to C4 [199]
5 AD brains Increased mMRNA [101]
6 AD brains Increased cleaved caspase 6 [104]
6 AD brains Increased mRNA [101]
7 AD brains Increased mMRNA [101]
8 AD brains Increased mRNA [101]
9 AD brains Increased mRNA [101]
12 ApByo treatment of primary cortical neurons Death blocked by antisense to C12; C12-null neurons  [110]
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Table 4

Caspasesimplicated in ischaemia
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Several caspases have been implicated in both pMCAo and tMCAo animal models of stroke and in the cellular

model of OGD. The time of occlusion in the pMCAo0 model or the time of analysis post-reperfusion in

the tMCAo0 model are indicated in parentheses. Measure indicates the method of detecting caspase changes.

Ac-IETD-AFC, acetyl-isoleucyl-glutamyl-threonyl-aspartyl-7-amino-4-trifluoromethyl coumarin; Ac-YVAD-
AFC, acetyl-tyrosyl-valyl-alanyl-aspartyl-7-amino-4-trifluoromethyl coumarin; IHC, immunohistochemistry;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling.

Caspase Paradigm Measure Reference
1 tMCAo0 (3 h) Knockout mice [176]

1 tMCAO (3 h) Dominant-negative caspase 1 ([200], but see [201])
1 pMCAo0 (30 min, 1and 12h)  Ac-YVAD-AFC [133]

1 pMCAOo (at 24 h) MRNA levels [183]

3 tMCAO (2 h) Knockout mice [168]

3 pMCAo Western blot, cleaved caspase 3 [180]

3 pMCAo (1 and 12 h) Ac-DEVD-AFC, Western blot, IHC [133]

3 pMCAO (at 24 h) mRNA levels [183]

3 OGD Western blot, cleaved caspase 3 [166]

6 pMCAOo (only at 6 h) MRNA levels [183]

7 pMCAO (from 6 h) mRNA levels [183]

8 pMCAO (at 24 h) mMRNA levels [183]

8 pMCAO0 (30 min, 1and 12 h)  Ac-IETD-AFC, Western blot, IHC [133]

8 pMCA0 Western blot, cleaved caspase 8 [180]

9 tMCAo0 (1 and 4 h) IHC, caspase 9 [184]

9 tMCAOo canine (2 h) Release of caspase 9 from mitochondria  [202]

11 pMCAO (from 6 h) mRNA levels [183]

11 pMCAo knockout Mice (TUNEL-positive cells) [203]
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