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Abstract

In this study, markers of programmed cell death were examined in the superior
temporal, parietal and inferior frontal cortices of age-matched and Alzheimer’s
brain tissues and in the septum and dorsal hippocampus from fimbria-fornix
axotomized rats. Activation of proteases belonging to the caspase and calpain
family has been implicated in the mediation of programmed cell death in acute
injury and chronic neurodegenerative disorders. The main risk factor for
Alzheimer’s disease, ageing, is associated with a gradual impairment of critical
cellular homeostasis processes such as glucose metabolism, mitochondrial
integrity and scavenging of reactive oxygen species. These changes in concert
with dysmetabolism of the amyloid precursor protein and/or the microtubule
associated protein Tau may compromise cell function beyond a threshold that
commits neurons to die. Programmed cell death, a highly regulated pathway that
entails an organized disassembly of the cell may contribute to the progression of
neuropathology in Alzheimer’s disease. Using antibodies to neo-epitopes
generated by caspase-3-mediated cleavage of the amyloid precusor protein and
spectrin, I have localized by immunohistochemistry these caspase-3-generated
neo-epitopes in autopsied Alzheimer’s and age-matched control brains, as well as
in the forebrain of rats that have been subjected to axotomy of the septo-
hippocampal pathway. Elevated levels of caspase-3-cleaved amyloid precursor
protein were detected in Alzheimer’s disease with respect to age-matched control
brains.  Immunopositive profiles were observed in particulate elements
resembling dystrophic neurites, as well as in dense-core neuritic plaques, and in a
subpopulation of neurons and glial cells. Caspase-3 cleaved amyloid precursor
| protein co-localized with some TUNEL-positive cortical neurons indicating that
DNA fragmentation was indeed occurring in neurons undergoing programmed
cell death. However, while there was some overlap between caspase-3 cleaved
amyloid precursor protein and senile plaques or neurofibrilary tangle-bearing
neurons, the fact that was a significant degree of non-overlap between these
immunohistochemical markers suggests that programmed cell death may occur

independent of classic histopathological features of Alzheimer's disease. Using



an antibody that recognizes nonphosphorylated neurofilaments of medium and
high molecular weight (SMI-32) to identify large pyramidal neurons that are
vulnerable in Alzheimer’s disease, caspase-3 cleaved spectrin was clearly
observed in a subset of vulnerable large pyramidal neurons of layers IIl and V
from temporal and frontal association cortices of Alzheimer’s patients. Although
these neurons showed signs of caspase-3 activation, they still displayed SMI-32
immunoreactivity suggesting that caspase activation may be an early event in the
pathological processes that result in the loss of these neurons in Alzheimer’s
disease. A theoretical model is proposed in which caspase activation triggers
cortical pyramidal neuron dysfunction that in turn promotes cortico-cortical
disconnection establishing a positive feedback cycle that exacerbates Alzheimer's
pathology. Using a rat model of acute septo-hippocampal disconnection, calpain,
but not caspase-3, was found to be activated in the terminals and cell bodies of
axotomized cholinergic neurons in the septum. Inhibition of axotomy-induced
calpain activation by central administration of calpain inhibitors attenuated the
cholinergic response in the septum to septo-hippocampal disconnection but did
not prevent terminal degeneration. Taken together, these results demonstrate a
role for caspase activation in the early events leading to neuronal dysfunction in
Alzheimer's disease and calpain activation in the response of septo-hippocampal

neurons to axotomy.
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RESUME

Des marqueurs subrogés de la mort cellulaire programmée ont été évalués dans
des tissus de cortex temporal supérieurs, pariétal et frontal inférieurs de cerveaux
de patients atteints de la maladie d’Alzheimer, de cerveaux de patients contrbles
du méme Aage ainsi que dans le septum et ’hippocampe dorsal de rats dont la
fimbria et le trigone ont ét€ axotomisés. L’ activation de protéases des familles des
des caspases et de la calpaine a ét€ mise en cause dans la cascade biochimique de
la mort cellulaire programmée subséquente aux traumatismes aigus ainsi que dans
les maladies neurodégénératives chroniques. Dans la maladie d’ Alzheimer, ’4ge,
principal facteur de risque, est accompagné de la dégradation graduelle de
mécanismes de contrdle de fonctions critiques au maintien de ’homéostasie du
tissu. Ces mécanismes sont li€s au métabolisme du glucose, a !'intégrité
mitochondriale et au systeme de contrble des métabolites actifs de I’oxygene. Ces
changements biochimiques, ajouté aux troubles du métabolisme de la protéine
précurseur de 1’amyloide et/ou a ceux de la prot€ine Tau, associée aux
microtubules, peuvent compromettre la fonction cellulaire au point de dépasser le
stade de non retour engageant ainsi la mort cellulaire. Il est probable que la mort
cellulaire programmée, une voie métabolique hautement contrOlée impliquant le
désassemblage organisé€ des cellules, puisse contribuer a la progression de la
pathologie de la maladie d’ Alzheimer.

Nous avons utilisé des anticorps dirigés contre des néo-€pitopes générés par
Paction de la caspase-3 sur la protéine précurseur de ’amyloide pour examiner
I’expression et pour localiser par immuno-histochimie ces néo-épitopes produits
par 1’action de la caspase-3 et de la calpaine dans des tissus d’autopsie de patients
atteints de la maladie d’ Alzheimer, de patients contrbles du méme age ainsi que
dans des tissus de rats ayant recu une I€sion aigué€ de la voie septo-
hippocampique. Nos résultats montrent, dans la maladie d’Alzheimer par rapport
aux cerveaux contrbles, une augmentation du clivage de la protéine précurseur de
I’amyloide par la caspase-3. Le profil immuno-positif que nous avons identifi€ se

localise dans des €léments corpusculaires semblable & des névrites dystrophiques



ainsi que dans des plaques séniles denses et dans une sous population de neurones
et de cellules gliales. La co-localisation du produit de clivage de la protéine
précurseur de I’amyloide par la caspase-3 avec des neurones TUNEL positifs,
indique que la fragmentation de I’ADN accompagne la mort cellulaire
programmée des neurones. Cependent, alors que ’on a pu observer une certaine
co-localisation du produit de clivage de la protéine précurseur de I’amyloide par
la caspase-3 avec des plaques séniles et des neurones montrant des
enchevétrements neurofibrilaires, le manque significatif de superposition de ces
marqueurs suggere que la mort cellulaire programmée peut avoir lieu
indépendamment des marqueurs caractéristiques de I’histopathologie de la
maladie d’Alzheimer. L’utilisation d’un anticorps qui reconnait les
neurofilaments non phosphorylés de poids moléculaire moyen et élevé (SMI-32)
pour identifier les grands neurones pyramidaux vulnérables dans la maladie
d’ Alzheimer a permis de clairement observer a la spectrine clivée par la caspase-3
dans une sous population vulnérable ces neurones pyramidaux dans les couches
I et V des cortex associatifs frontaux et temporaux chez les patients atteints de la
maldie d’ Alzheimer. Bien que ces neurones montraient des signes d’activation de
la caspase-3, ils montraient aussi de I’immunoréactivité SMI-32. Ceci suggeére que
Iactivation de la caspase peut €tre un événement précoce dans les processus qui
résultent en la perte de neurones dans la pathology d’ Alzheimer. Nous proposons
un modele théorique dans lequel I’activation des caspases produit une dysfonction
des neurones corticaux pyramidaux. Cette dysfonction produit a son tour une
déconnection cortico-corticale, qui génere ainsi un processus de feedback positif
qui exacerberait la pathologie de la maladie d’Alzhéimer. Nous avons montré
chez le rat, dans un modele aigu de section septo-hippocampique, que la calpaine
et non pas la caspase-3 était activée dans la terminaisons nerveuses et le somas
des neurones septaux cholinergiques axotomisé. Le blocage, par administration
central d’inhibiteur, de 1’activation de la calpaine induite par I’axotomie, diminue
la réponse cholinergique 2 la déconnection septo-hippocampique dans le septum
mais ne module pas la dégénérescence des terminaisons nerveuses. Ces résultants

montrent un réle de ’activation des caspases dans les €vénements précoces qui

VI



. méenent a la dysfonction neuronales dans la maladie d’Alzheimer. Ils montreant
aussi D’activation de la calpaine dans la réponse septo-hippocampique a

1’axotomie.
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Chapter 1
1. Introduction

1.1 Primary Characteristics of Alzheimer’s disease

Alzheimer’s disease affects more than 12 million people worldwide, being the
most prevalent cause of dementia during senescence. If the current rate of 360,000 new
cases per year continues, the diagnosed population of patients with this neurodegenerative
disorder will double in the next 20 years (Cummings and Cole, 2002). Alzheimer’s
disease will become an ever-increasing public health issue in the current millennium,
because of augmented life expectancy and the high social and economic cost of care-
given services for affected individuals.

Named for the German psychiatrist Alois Alzheimer who described its
pathological hallmarks in 1907, Alzheimer’s disease has been increasing recognized as a
multifactorial pathological entity with at least four neurobiological dimensions: (1) the
presence of histopathological features characterized by the abundant accumulation of
extracellular amyloid B (AP) peptides in neuritic plaques and neurofibrillary changes,
which include intracellular tangles, neuropil threads, and dystrophic neurites investing
plaques in specific areas of the brain. The neuronatomical evolution of these changes has
been extensively detailed (Braak and Braak, 1991; Katzman et al., 1988; Naslund et al.,
2000; Morris and Price, 2001); (2) dysfunctional metabolism of classical
neurotransmitters and neuromodulators, such as acetylcholine, glutamate and
somatostatin (Davies and Maloney, 1976; Perry et al., 1977; Davies et al., 1980; Bartus et
al., 1982; Whitehouse et al., 1982; Greenamyre et al., 1989; Francis et al., 1993; Bartus,
2000; Terry and Buccafusco, 2003); (3) topography of central nervous system
involvement, where neurodegenerative processes tend to selectively involve
topographically or functionally related neural systems, as a consequence, the medial
temporal, limbic, and temporal-parietal associational cortices are mainly affected
becoming atrophic (Pearson, 1985; Braak and Braak, 1991) and (4) degree of hereditary
transmission encompassing both early onset of autosomal dominant forms, mutations in

amyloid precursor protein (APP), presenilin 1 (PS1) and presenilin 2 (PS2) genes, and



some late life sporadic familial forms of the disease, e.g., apolipoprotein E (ApoE) and o-
macroglobulin (Corder et al., 1993; Scheuner et al., 1996; Czech et al., 2000; Gomez-Isla
et al., 1999; Fraser et al., 2000). Altogether these neurobiological dimensions represent a
conundrum of potential etiological factors and consequences associated with the
progressive nature of this syndrome leading to a global decline of cognitive function and

memory as well as impairment in social and occupational functioning.
1.2  Dynamics of Histopathological Features of Alzheimer’s Disease

Definitive diagnosis of Alzheimer’s disease relies on postmortem determination
of density and distribution of histopathological hallmarks on brains from those diagnosed
with probable Alzheimer’s disease during the last years of their lives. Pathological
evaluation of autopsied brain tissues has been useful in characterizing distinct types of
degenerative or destructive changes with respect to normal aging or senescence.
Although controversy persists as to whether senile plaques (SP), neurofibrillary tangles
(NFT) and neuronal loss are disease-specific or also can occur with normal brain aging,
recent studies have suggested that when Alzheimer’s disease or other disorders are
carefully excluded, aging itself may not result in substantial accumulation of senile
plaques, neuronal loss and cognitive decline.

Age-related neuronal loss does not occur in most regions of the neocortex, it
appears to be specific to the frontal cortex and some hippocampal regions. For instance,
West et al., (1993) reported a total neuron loss of about 30% and 50% in the dentate hilus
and subiculum (but not in the dentate gyrus), respectively. Furthermore, Simic et al.,
(1997) reported a significant neuron loss in the subiculum and CAl area of the
hippocampus. More recently, Uylings and de Brabander, (2002) detected a progressive
reduction of length of dendritic fields in layer V of the dorso-lateral frontal cortex in aged
brains. In agreement with these results, brain mapping by magnetic resonance imaging
techniques have estimated a trend for diffuse gray matter loss of around 0.9% per year
during healthy senescence (Thompson et al., 2003)."

The neuropathology associated with Alzheimer’s disease may affect cognitive

ability and daily function long before the symptoms become severe enough to warrant a



diagnosis of dementia. Initial clinical symptoms seem not to be directly caused by the
deposition of amyloid or the formation of intracellular neurofibrillary tangles, but rather
by the loss of neurons and, in particular, synaptic attrition (Hyman et al., 1984; Terry et
al., 1991; Dekosky and Scheff, 1990). As the disease progresses, dementia evolves from
barely detectable memory loss to widespread cognitive failure with language impairment
associated with progressive neuronal loss of the superior temporal sulcus (Gomez-Isla et
al., 1997; Price and Morris, 1999; 2001).

Development of neurofibrillary tangles and deposition of amyloid in senile
plaques seem to be independent events that can be dissociated both spatially and
temporally during the progression of Alzheimer’s disease. Tangle density in limbic
structures slowly increases with age, whereas plaques are usually absent from aged but
nondemented individuals even in the ninth decade of life. However, it seems that with
substantial deposition of AP peptide in senile plaques, the rate of neurofibrillary tangle
formation may be accelerated. As a result, dystrophic neurites and disorganized neuropile
may result accompanied by expression of clinical dementia (Braak and Braak, 1997; Price
and Morris, 1999; Morris and Price, 2001; Riley et al., 2002).

A variety of factors may explain the poor correlation between the number of
senile plaques or end-stage of AP deposition and the degree of cognitive impairment in
Alzheimer’s disease such as the complexity of the kinetics of Af accumulation,
multiplicity in compartments where AP is generated, physical states in which the peptide
may exist (soluble or insoluble), as well as its relative degree of secondary structure and
state of aggregation (Gomez-Isla et al., 1997; Riley et al., 2002). Using improved
techniques of extraction and quantification for AP(i-4oya42 levels, it has been
demonstrated that there is a significant positive correlation between the load of amyloid
in the frontal, temporal, parietal and entorhinal cortices and dementia severity
measurements as assessed by CDR (clinical dementia ratings) scores in Alzheimer’s
disease (McLean et al., 1999; Naslund et al., 2000).

Progression of neurofibrillary pathology, as suggested by Braak and Braak,
evolves in a predictable sequence across medial temporal lobe structures, subcortical
nuclei, and neocortical areas of the brain. The sequence occurs in six stages: In the trans-

entorhinal stage (stages 1 and II), neurofibrillary pathology is essentially confined to the



transentorhinal and entorhinal cortex with mild involvement of the CA1/CAZ2 sections of
the hippocampus. The limbic stage (stages III and IV), involves a higher degree of
neurofibrillar pathology in entorhinal areas, moderate tangles in the hippocampus, and
spread to the amygdala, thalamus, hypothalamus, and basal forebrain. Finally, the
neocortical stage (stages V and VI) involves abundant neurofibrillary pathology in the
neocortex. The initial clinical characterization of these stages suggested that the trans-
entorhinal stage was “clinically silent” representing a preclinical period of Alzheimer’s
disease while the limbic stages represent incipient Alzheimer’s disease, reflecting the first
appearance of clinical symptoms. The neocortical stage is characterized by fully
developed Alzheimer’s disease from both a pathological and clinical perspective (Braak
and Braak, 1991).

The transition from stage to stage is gradual and sequential, extending over a
period of two to four decades. In addition to the number and location of neurons
involved, another time-dependent process is the evolution of neurofibrillary tangles by
itself. Recent work suggests that possession of neurofibrillary tangles within neurons
does not indicate immediate cessation of cell function, neurons in which neurofibrillary
tangles form may remain alive for many years before they die (Hatanpaa et al. 1996;
Morsch et al., 1998).

Adaptive responses in local circuits may precede gross changes in brain
architecture because of A deposition and neurofibrillary tangles and may explain the
onset of cognitive decline in the elderly Alzheimer’s disease subject. Ultrastructural
studies of biopsied cortical tissue from the frontal lobe of subjects with mild to moderate
Alzheimer’s disease have demonstrated a significant reduction in the number of synapses
that is accompanied by a significant increase in synapse size. As a consequence, a
compensatory enlargement of synaptic size may allow a stable total synaptic contact area
(Dekosky and Scheff, 1990). Furthermore, up-regulation of choline acetyl transferase
(ChAT) activity in the frontal cortex and hippocampus in mild cognitive impairment is
suggestive of an intrinsic property of the cholinergic system to compensate regional
deficits at early stages of the disease (Dekosky et al., 2002).

Despite comprehensive research dedicated to understanding the relative

contribution of amyloidosis and neurofibrillary pathology to the progression of the



disease, interaction between these histopathological features has remained elusive.
However, recent findings from Lewis et al, (2001) and Gotz et al, (2001) have
independently established that amyloid precursor protein or accumulation of AB may
influence generation of neurofibrillary tangles. Crossing of transgenic mice carrying
mutated forms of the amyloidal precursor protein (APP) Swedish mutation (APPsy)
(Tg2576) and the fronto-temporal dementia with parkinsonism linked to chromosome 17
(FTDP-17) (JNPL3) have produced a double mutant mice with a marked increase in
neurofibrillary tangles in limbic areas. Eventhough, neurofibrillary tangles were not
associated with amyloid deposits, these findings are suggestive of an environment of
dysfunctional APP or accumulation of Af may modulate or promote neurofibrillary
tangles. In support of this observation, intrahippocampal administration of AB;.4z) results
in an increase of neurofibrillary tangles in the amygdala of the FTDP-17 (JNPL3)
transgenic mice (Gotz et al., 2001; Lee, 2001).

1.3 How Do Neurons Die in Alzheimer’s Disease?

This primary question has been a source of extensive experimental analysis.
Although the precise mechanism of cell death in Alzheimer’s disease is currently
unknown, seminal publications established that neuronal survival requires trophic
support. Developing neuronal circuits are shaped by target-derived trophic factors that
are in limited supply; when the trophic support is absent, neuronal death may occur by
programmed cell death (Oppenheim, 1991; for a review see Yuan and Yankner, 2000).

In contrast with developing neurons and their dependence on trophic factor
supply, survival of mature neurons seems to be less dependent on trophic factor support
suggesting that loss of trophic factor supply is not a primary pathogenic mechanism in
adult neurodegenerative disorders. There is abundant literature suggesting that sporadic
Alzheimer’s pathology may occur as a consequence of at least two main metabolic
conditions: i) energy-depletion (Vander Heyden et al., 2000) and i1) oxidative stress
(Slater et al., 1995). Additionally, dysmetabolism of APP and subsequent accumulation
of AB (Yankner, 1996) as well as increased hyperphosphorylation of Tau may contribute
to pathophysiology found in Alzheimer’s disease (Cotman and Su, 1996).



There are several epidemiological studies that have identified vascular risk
factors and/or vascular disease associated with Alzheimer’s disease. For instance, risk
factors for Alzheimer’s pathology reported in the Rotterdam Study include the following:
diabetes mellitus, thrombotic episodes, high blood fibrinogen concentration, high serum
homocysteine, atrial fibrillation, smoking, alcoholism, low level of education and
atherosclerosis (for a review see de la Torre, 2002). All these conditions share at least
one element: the reduction or impairment of optimal brain blood perfusion. For instance,
patients with Alzheimer's disease more frequently have asymptomatic or silent brain
infarcts on magnetic resonance imaging (MRI) than do control subjects without dementia.
The prevalence of silent brain infarcts is also high in elderly populations without
dementia.

Energy-depletion and oxidative stress may precede the hypometabolic and
neurodegenerative state in Alzheimer’s disease. Indeed, de la Torre, (2002) quoted at
least 4 conditions that reinforce the proposal that energy-depletion, as a result of cerebral
hypoperfusion, may elicit oxidative stress, neurodegeneration and cognitive decline.
These conditions are: 1) Regional microvessel degeneration is independent of
Alzheimer’s stage severity; 2) Regional hypometabolism in Alzheimer’s brains appears
before senile plaques and does not occur as a consequence of amyloid deposition; 3)
abundant density of senile plaques, neurofibrillary tangles that met neuropathological
criteria for Alzheimer’s disease have been found in a large percentage of cognitively
normal, elderly brains at autopsy; 4) abnormal patterns of perfusion similar to those
individual with Alzheimer’s disease has been found in young patients with Down
syndrome at an age when senile plaques and neurofibrillary tangles are still absent from
their brains and before any dementia is apparent.

The prevalence of hypometabolism and oxidative stress in several pathological
conditions associated with vascular dementia and Alzheimer’s disease suggest that cell
death in these disorders may occur by similar mechanisms. In the following review, I
have summarized the evidence concerning a role for programmed cell death in

Alzheimer’s disease.



14 Programmed Cell Death. Basic Mechanisms

The number of cells that an organism has at a single moment in time is the net
result of cell proliferation and cell removal. Under a particular set of conditions,
imbalance between these two processes may lead to proliferative disorders such as cancer
or neurodegenerative disorders such as Alzheimer’s disease.

The starting point in cell death occurs when survival conditions are overcome by
apoptotic triggers in such a way that commit a particular population of cells to die. When
a cell dies, a characteristic morphological appearance or apoptosis evolves including
blebbing of the plasma membrane, chromatin condensation, nuclear fragmentation, loss
of adhesion, rounding and shrinkagé. Biochemical features associated with these
morphological events involve changes in membrane integrity (externalization of
phosphatydilserine) (Martin et al., 1995), internucleosomal cleavage of DNA with a
subsequent accumulation of oligonucleosomal laddering (Cohen et al.,, 1994) and
proteolytic cleavage of multiple substrates (Fischer et al., 2003).

Programmed cell death is mediated by aspartate-specific cysteine proteases
(caspases) that systematically dismantle a cell by cleaving substrates necessary for cell
survival (Cohen 1997; Porter and Janicke, 1999). The caspase gene family contains at
least 14 mammalian members, of which, 11 human enzymes are known. Caspases share
similarities in amino acid sequence, structure, and substrate specificity (Nicholson and
Thornberry, 1997). Expressed as zymogens, caspases are activated to fully functional
proteases by two cleavage events. The first proteolytic cleavage divides the protein into
large and small caspase subunits, and a second cleavage removes the N-terminal
prodomain. The active caspase is a tetramer of two large and two small subunits, with
two active sites. The large subunit contains the active site thiol (cysteine) group
necessary for activity in a conserved QACXG motif (Thornberry and Lazebnik, 1998).
Cleavage by caspases occurs with an absolute requirement for cleavage after aspartic acid
residues (Stennicke and Salvesen, 1998). Noticeably, the presence of aspartate at the
maturation clevage site is consistent with the ability of caspases to auto-activate or to be
activated by other caspases as part of an amplification cascade (Zimmermann et al.,

2001).



Evidence for the sequential activation of caspases has lead to the concept of a
caspase cascade. This cascade begins with autocatalytic activation of initiator caspases
(caspase -2, -8, -9 and -10) that, in turn, transmit the signal by cleaving and thereby
activating downstream effector caspases (caspases-3, -6 and -7). Coincident with a role
of signal integrators for programmed cell death, long prodomain sequences of around 100
amino acids in initiator caspases have distinct motifs, including death effector domains
(DED, caspase-8 and -10) and caspase recruitment domains (CARD, caspase-1, -2, -4, -5
and -9) (for a review see Morrison et al., 2002).

Activation of caspases occurs mainly by two signal transduction events: i) an
extrinsic pathway triggered by ligation of a death receptor or ii) an intrinsic pathway
activated by the release of proactivators from intracellular organelles such as

mitochondria sensing disturbances of cellular homeostasis.

1.4.1 Extrinsic Pathway of Programmed Cell Death
1.4.1.1 Death Receptors and Death Ligands in Alzheimer’s disease

Death receptor pathways mediated by members of the tumor necrosis factor
receptor (TNFR) family are involved in a number of physiological processes, including
neuronal cell death during development and after injury. This family of receptors
includes Fas/CD95/Apol, TNFR1, TNFR2, DR3/TRAMP/Wsl-1, TNF-related apoptosis-
inducing ligand (TRAIL) receptors and p75N™® that have been characterized mainly in
non-neuronal cells (Morrison et al.,, 2002). In Alzheimer’s brain tissues, the

Fas/CD95/Apol death receptor has been the most extensively characterized thus far.
1.4.1.1.1 Fas/CD95/Apol Death receptor

Activation of the Fas receptor pathway by binding of Fas ligand (FasL) to this
receptor leads to trimerization of the Fas receptor and results in the recruitment of an
intracellular adé\pter protein, FADD (Fas-associated death domain). Multidomains in

FADD may interact with homologous sequences such as the DEAD domain in the
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Fas/CD95/Apol receptor and through the DEAD adaptor domain within the prodomain in
caspase 8. The trimeric complex, receptor, FADD and pro-caspase 8 form the death
inducing signaling complex (DISC). Pro-caspase 8 subsequently undergoes autocatalytic
cleavage to yield its active form, which in turn cleaves and activates the effector caspases
-3, -6, or -7. Activation of the death receptor is sufficient for cell death (Morrison et al.,
2002).

Fas receptors and Fas ligand (FasL) are expressed on both astrocytes and neurons
in normal rat and human brain. Early reports from Nishimura et al. (1995) suggested that
Fas death receptor immunoreactivity was associated with senile plaques and a minor
subpopulation of glial fibrillary acidic protein immunopositive cells.  Increased
expression of Fas and p53-immunoreactive neurites and glial cell processes was observed
in Alzheimer's brain tissues with respect to age-matched controls. These findings
suggested that programmed cell death through the extrinsic pathway was shared by
neurons and glial cells in Alzheimer's disease (De la Monte et al., 1997; 1998). More
recently, Fas receptor and FasL immunostaining have been reported not to be associated
with senile plaques and dystrophic neuritis (Ferrer et al., 2001). In this study, these
markers were equally expressed in tangle-bearing and non-tangle bearing neurons in
Alzheimer's brain tissues, whereas FasL. was highly concentrated in reactive astrocytes
(Ferrer et al., 2001). In contrast, Su et al., (2003) have detected FasL expression in both
senile plagues and neurofilament-positive dystrophic neurites. These conflicting findings
indicate that the role of the death receptor activation in Alzheimer's disease remains

undefined.
1.4.1.1.2 Signal Transduction Pathways in Programmed Cell Death

In general, signal transduction of survival and death stimuli may occur through
amplification systems based on phosphorylation. Signaling kinases that have either pro-
or anti-programmed cell death effects have been described in neuronal cell lines and in
Alzheimer’s brain tissues.

A signaling pathway of survival involving the mitogen-activated protein (MAP)
kinases family (ERK or p42/p44 MAP kinase) and the phosphoinositide 3-kinase (PI3K-
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Akt) signaling pathway is counterbalanced by MAP kinase family members known as
stress activated protein kinases (SAPKs): c-Jun terminal kinases (JNKs) and the p38
MAP kinase (p38 MAPK) (Morrison et al., 2002).

1.4.1.1.3 phosphatydil inositide 3- kinase Akt signaling

The PI3K-Akt pathway functions downstream of growth factor receptors,
triggering the expression of proteins involved in the control of glucose uptake,
metabolism and cell survival. Loss of regulation of glucose metabolism has particular
relevance in senescence and age-related pathologies that may be followed by decreased
neuronal activity, which is an essential characteristic of Alzheimer’s disease. However,
major issues concerning the pathogenesis of Alzheimer’s disease are: i) whether
histopathological features, e.g., senile plaques and neurofibrillary tangles are causally
related to decreased neuronal activity, or vice versa ii) decreased metabolic activity
induces SP and NFT or iii) metabolic changes and histopathology are independent.
Reports from Swaab et al, (1998) support the proposal that senile plaques, neurofibrillary
tangles and decreased metabolic activity would seem to be independent processes in
Alzheimer’s pathology.

A decreased cerebral metabolic rate ranging from 19% to 40% has been detected
in mild to severe Alzheimer’s patients (Hoyer et al., 1988; 1991). Furthermore, reduced
glucose metabolism in the hippocampus has been observed by positron emission
tomography in patients with mild cognitive impairment or Alzheimer’s disease with
respect to age-matched controls (De Santi et al., 2001). These changes seem to be related
to altered insulin action or insulin receptor function in the brain. Decreased levels of
insulin in the cerebral spinal fluid, elevated plasma insulin levels and reduced insulin-
mediated glucose disposél have all been reported in patients with Alzheimer’s disease
(Watson and Craft, 2003).

Historically, the main role of insulin has been considered to be the control of
glucose utilization in the body. However, recent evidence suggests a role for insulin in
the modulation of cerebral function by mechanisms that are independent of its

glucoregulatory functions. For instance, epidemiological studies have established a link



11

between insulin resistance, diabetes mellitus and Alzheimer’s disease {For review, see
Gasparini et al., 2002).

Recently, compelling evidence has emerged implicating insulin and IGF-1 in the
metabolism and clearance of AP peptide. Insulin directly increases A} secretion and
decreases the intracellular levels of AP peptides by stimulating their intracellular
trafficking in neuronal cultures (Gasparini et al., 2001). In addition, IGF-I stimulates
clearance of AP through an increase in the translocation of A protein carriers, albumin
and transthyretin into the brain through the choroid plexus. After IGF-I administration,
entrance of albumin and transthyretin was accompanied by increased levels of A protein
bound to these proteins in the cerebrospinal fluid and blood (Carro et al., 2002).

Modulation of the balance between phosphorylation and dephosphorylation of
the microtubule associated protein (MAP) Tau has been showed to be influenced by
insulin and IGF-I. As a consequence, insulin and IGF-I could play a key role in
neurofibrillary tangle formation by increasing phosphorylation of MAP Tau. These
findings suggest that insulin and IGF-I may have therapeutic potential in Alzheimer’s

disease and perhaps in other neurodegenerative disorders (Gasparini and Xu, 2003).

1.4.1.1.4 Extracellular-signal-regulated kinases (ERK)/MAP kinases signaling

Early studies on alterations in kinase signaling in neurodegenerative disorders
noted an activation of the mitogen-activated protein kinase pathway in Alzheimer's
disease autopsied brains (Arendt et al., 1995). More recently, the accumulation of
MEK1/2 and ERK1/2 proteins has been found in brain tissues with similar patterns of
neurofibrillary pathology in Alzheimer's disease. Furthermore, active forms of MEK1/2
and ERK1/2 were found at initial stages of neurofibrillary pathology prior to the
deposition of AB. Interestingly, active forms of MEK1/2 and ERK1/2 were found not
only in pretangle-like neurons and neurons with classic tangles but also in neurons that

did not show abnormally phosphorylated Tau (Pei et al., 2002).
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1.4.1.1.5 ¢-JUN N-terminal kinase (JNK)/stress activated protein kinases (SAPK) and
p38 kinase: MAP kinase signaling

Among the major pathways involved in regulating cellular responses to
genotoxic stress (UV irradiation, pro-inflammatory cytokines, mitogens), activation of
JNK and p38 has been implicated in growth arrest and programmed cell death (Morrison
et al.,, 2002). Programmed cell death may occur in mammalian cells subjected to
oxidative stress via activation of JNK/SAPK and the p3v8 kinase. Reactive oxygen
species (ROS), by-products of normal mitochondrial respiration, are normally removed
promptly, but toxic effects resulting from impaired scavenging efficiency of ROS may
accumulate with age. Indeed, increased levels of highly oxidized proteins, DNA and
lipids, and the increased appearance of advanced glycation-end products has been found
in neurons of Alzheimer’s disease brains (Nunomura et al., 1999; Sayre et al., 2001).

Early studies detected increased levels of c-Jun, the nuclear transcription factor
activated by JNK/SAPK, in Alzheimer’s brain tissues. c-Jun was significantly increased
in paired helical filament bearing neurons and in glial fibrillary acidic protein
immunopositive cells (Anderson et al., 1994; 1995). More recent studies have
demonstrated increased expression of JNK/SAPK and neuronal phospho-JNK/SAPK is
associated with neurofibrillary tangles. Localization of inactive JNK/SAPK in the cytosol
is associated with neurofibrillary tangles in late stages of Alzheimer’s disease. By
contrast, prominent nuclear staining of JNK/SAPK in mild cases of Alzheimer’s
pathology suggests that activation and nuclear translocation of JNK/SAPK is an early

event that coincides with the formation of neurofibrillary pathology (Zhu et al., 2001).
1.4.1.1.6 p38 MAP kinases

Activation of p38 by multiple stimuli (environmental stressors, growth factors,
cytokines) associated with programmed cell death has suggested p38-mediated
phosphorylation can be deleterious to neuronal cell survival. Intracerebral administration
of ABg4 in the nucleus basalis of rats produces an increase of phospho-p38
immunoreactivity colocalized with microglial activation (Giovannini et al.,, 2002).

Phospho-p38 immunoreactivity appears in early stages of neurofibrillary tangle formation
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that increases as the pathology progresses. However, partial colocalization of p38
immunoreactivity with phospho-Tau immunopositive cells suggests that activation of p38
may be associated with phosphorylation of Tau (Pei et al., 2001; Sun et al., 2003; Johnson
and Bailey, 2003).

1.4.2 Organelle-Dependent Programmed Cell Death Pathways

1.4.2.1 Mitochondria

Programmed cell death can be induced by external stressors or by ligation of the
plasma membrane death (Fas) receptors, which stimulate the extrinsic pathway. It is also
conceivable that when stressful or pathogenic stimuli produce damage beyond a critical
threshold a sensor system may be activated involving subtle changes in local signal
transduction that elicit a convergence of death signals on the mitochondria. According to
this theory, a hypothetical self-amplifying system or “central executioner” device
involving mitochondrial membrane permeabilization (MMP) and/or caspase activation
result in the coordinated disassembly of individual organelles promoting cell death (for
review, see Ferri and Kroemer, 2001).

In many cell types, MMP involves loss of protein from the outer membrane and
a reduction of the normal electrochemical proton gradient generated by the electron
transport chain used to generate ATP. MMP triggers extrusion of proteins normally
confined to the mitochondrial intermembrane space, such as cytochrome c, which
stimulate the cytosolic assembly of the apoptosome and subsequent activation of caspase-
9 that in turn triggers capase-3 activation. Caspase-3 has been shown activated a DNase
capable of translocating to the nucleus where it promotes DNA fragmentation and
chromatin condensation (Morrison et al., 2002). A variety of second messengers elicited
by cellular stressors such as elevated intracellular Ca+2, oxygen radicals, nitric oxide,
ganglioside GD3, arachidonic acid and peroxynitrate, toxic metabolites such as bile salts
and AP, proteins encoded by infectious agents and classic inhibitors of the respiratory
chain may induce MMP and subsequent programmed cell death (Ferri and Kroemer et al.,

2001).
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1.4.2.2 Nucleus

Early evidence of DNA damage in Alzheimer’s disease came from studies where
DNA fragmentation was determined using TdT-mediated dUTP nick-end labeling
(TUNEL) (Su et al., 1994; Lassman et al.,, 1995; Smale et al., 1995; Cotman and
Anderson, 1995; Troncoso et al., 1996). Although DNA laddering has been considered a
typical feature of programmed cell death, TUNEL has been demonstrated to be a more
sensitive marker. TUNEL labeled cells are significantly increased with respect to age-
matched controls and some of them were positively identified as undergoing programmed
cell death on the basis of morphological characteristics such as apoptotic cell bodies (Su
et al., 1994; Cotman and Anderson, 1995). However, several groups have seldom found
cells positive for DNA fragmentation and morphological features of apoptosis in
Alzheimer’s brain (Lassman et al., 1995; Troncoso et al., 1996; Lucassen et al., 1997,
Stadelmann et al., 1998). These contradictory findings have suggested that the TUNEL
technique is not a reliable indicator of programmed cell death and that neuronal cell death
may occur independently of morphological changes indicative of apoptosis.

Activation of the phospho-nucleoprotein p53 may occur as a direct consequence
of DNA damage as well as a diverse array of cellular stresses, including accumulation of
reactive oxygen species (Kitamura et al., 1999; Morrison et al., 2002). Mitochondria are
particularly vulnerable to oxidative damage. As a result, the increase in oxidative stress
associated with aging is likely accompanied by damage to mitochondrial DNA and
mitochondrial adenine nucleotide translocase (ANT). ANT is a component of the
mitochondrial permeability transition pore, which is a key regulator of programmed cell
death (Vieira et al., 2000).

Increased p53 immunoreactivity has been reported in DNA-fragmented cortical
neurons and glial cells of temporal and frontal cortices from Alzheimer’s disease brains
(Kitamura et al.,, 1997; de la Monte et al., 1997). In vitro studies have shown that
accumulation of AB-induced oxidative species is associated with activation of p53.
Pretreatment of neurons with o-pifithryn, a specific p53 inhibitor, resulted in a 50-60%

reduction of AB-induced programmed cell death (Tamagno et al., 2003).
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One of the actions of this transcription factor is to cause up-regulation of pro-
and down regulation of anti-apoptotic members of the B cell leukemia-2 (Bcl-2) family.
Increased permeability of the outer mitochondrial membrane also recruits Bcl-2 proteins
that may modulate the voltage-dependent anion channel (VDAC) and other components
of the mitochondrial permeability transition pore (Harris and Thompson, 2000). A
complex interaction may occur between Bcl-2 and Bcl-X;, and their pro-apoptotic
counterpart Bax, Bak and Bad. The ability of Bcl-2 family members to form dimers is
essential for functional activity. For instance, homodimerization or heterodimerization
between pro- and anti-apoptotic members of the Bcl-2 family following the principle of
mass action will promote survival or cell death. In addition, the ratio of phosphorylated
forms of Bcl-2 family members may also play a role in cell survival (Hengartner, 2000).

Formation of the MMP allows release of intermembrane proteins like
cytochrome ¢, and the mitochondrial-derived activator (Smac/DIABLO), that promote
proteolytic activation of caspases through interaction with members of the inhibitors
apoptotic protein (IAPs) family and a third apoptosis-inducing factors (AIF), which
activates a nuclear DNAse that induces chromatin condensation and DNA fragmentation
in a caspase independent manner.

Activation of caspases occurs by two distinct pathways: i) the extrinsic pathway,
and the ii) the intrinsic pathway. In the extrinsic pathway, initiator caspases either -8, and
-10, or -2 and -9 through their death effector domain or caspase recruitment domain,
respectively, interact with a death inducing signaling complex at the death receptor.
Otherwise, the intrinsic pathway is initiated by the release of cytochrome c that triggers
formation of the apoptosome. The apoptosome consist of caspase-9, cytochrome ¢ and
apoptotic protease activating factor-1 (Apaf-1), which activates caspase-9. Once initiator
caspases are activated, they can promote proteolysis and activation of executioner
caspases-3, -6 and -7. As a result of caspase executioner activity, a large number of
proteins with caspase-3 consensus sequences (DEXD) that are responsible for cellular
homeostasis are cleaved by this protease and result in an orderly loss of cell function and
integrity. A comprehensive review of caspase substrates has been recently published
(Hengartner, 2000; Fisher et al., 2003).
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1.4.2.3 Endoplasmic reticulum

Accumulation of unfolded proteins and elevated intracellular calcium levels may
elicit activation of caspase-12 and up-regulation of pro-apoptotic Bcl-2 proteins. Indeed,
mutations in presenilin-1 gene which are associated with early familial forms of
Alzheimer’s disease generate an increased production of AP that likely affects
mobilization of calcium from the endoplasmic reticulum that subsequently activates
calpain, which in turn may promote caspase-12 activation (Nakagawa et al., 2000). Once
caspase-12 is activated it cleaves Bcl-xy converting it into a pro-apoptotic MMP inducer

protein (Ferri and Kroemer, 2001).
1.5  Activation of Caspases in Alzheimer’s Disease

The balance between promoters (Bak and Bad) and inhibitors (Bcl-2 and Bcl-xy)
of programmed cell death may be critical to the survival of individual neurons.
According “the rheostat model”, an increase of promoters of programmed cell death is
accompanied with an increase in inhibitors of both members of the Bcl-2 family. These
findings | support the role of a counterbalanced activity of pro- and anti-apoptotic
modulators in Alzheimer's pathology (Kitamura et al., 1998; Shimohama et al., 2000). In
agreement with this hypothesis, Masliah et al., (1998) reported an increase of Bcl-2
immunopositive pyramidal neurons in the frontal cortex and a positive correlation
between pro-caspase-3 immunoreactivity in neurons and the extent of DNA
fragmentation (Masliah et al., 1998). Furthermore, increased expression of pro-caspase-
2, -3, -8 and -9 has been found in Alzheimer's disease when compared to age-matched
control brains (Shimohama et al., 1999; Engidawork et al., 2001). A recent study has also
éhown changes in caspase gene expression as a function of clinical progression in
Alzheimer’s pathology. Up-regulation of caspases was accompanied by cognitive
impairment as assessed by clinical dementia ratings (Pompl et al., 2003).

Studies of caspase activation in Alzheimer’s disease have yielded conflicting
results. Extremely low levels of active caspase-3 in neurons and granulo-vacuolar

deposits of Alzheimers’s patients have been reported by Stadelmann et al., (1999). While
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Su et al., (2001) found high numbers of neurons displaying DNA fragmentation but no to
low colabeling of active caspase-3 with senile plaques and neurofibrillary tangles
suggesting that programmed cell death as defined by caspase-3 activation may occur
independently of Alzheimer’s pathology. In support of this proposal, increases of active
caspase-3 have been observed in subjects with mild cognitive impairment but not in late
stages of Alzheimer’s disease. Consequently, caspase activation may occur as an early
but not a late event in this pathology (Gastard et al., 2003).

In neurons compromised by oxidative stress, due to amyloid burden, caspase
activation may occur resulting in impaired cellular homeostasis, and the initiation of
mechanisms associated with programmed cell death. If an adverse environment either at
the cell body or in the synaptic terminal challenges cell integrity, an anterograde or
retrograde wave of death signaling may spread from the site of origin. Overactivation of
glutamate receptors located in postsynaptic regions of dendrites appears to be an
important trigger of neuronal death in both acute and chronic neurodegenerative
conditions. Conversely, activation of programmed cell death resulting from trophic factor
withdrawal is based on the rational that insufficient pro-survival trophic factor signaling
from target cells to presynaptic neurons will trigger cell death. Compelling evidence has
been accumulated indicating that altered signaling in synaptic compartments triggers both
developmental and pathological neuronal death. Degeneration of the neuronal axon may
therefore precede the death of the cell body in many different neurodegenerétive disorders
including Alzheimer’s disease, stroke, epileptic seizures, traumatic brain injury,
Parkinson’s and Huntington’s disease (for review, see Mattson and Duan, 1999). In
support of this proposal, exposure of cortical synaptosomes to A results in membrane
lipid peroxidation, impairment of glucose and glutamate transporters that may triggers
neuronal cel death. In addition, AP induces expression of prostatic apoptotic related 4
protein (Par-4), caspase activation and mitochondrial dysfunction (Mattson and Duan,
1999).

In apparent contradiction with these findings, reports from Finn et al., (2000)
have defined at least two independent mechanisms of degeneration when the cell body is
subjected to nerve growth factor deprivation and the axon is trasected. After axonal

transection, a process called Wallerian degeneration occurs involving degradation of the
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axolemma and axonal cytoskeleton in a Ca* dependent manner, through activation of the
calcium dependent proteases, calpains, but independent of caspase activation. By
contrast, in the cell body, axotomy or nerve growth factor deprivation produced activation
of programmed cell death and subsequent accumulation of active caspase-3.

Evidence of several mechanisms of cell death has been observed in the Wallerian
degeneration slow (W1d®) mice. In WId® mice, after axotomy, axonal degeneration is
significantly delayed with respect to wild type animals in both peripheral nervous system
and central nervous system. Nerve growth factor deprivation experiments on neurons
from this animals have shown that cell bodies rapidly undergoes programmed cell death,
whereas the axon survives for 6 days or more, then when axons start to degenerate
administration of caspase inhibitors fail to block or slow this degeneration. These findings
indicate that in W1d® mice axonal degeneration occurs independent of caspases activation
(For a review see Raff et al., 2002).

Differential activation of calpain and caspases has been historically related to
two conceptually different processes. Calpain-mediated proteolysis has been related to
necrotic neuronal death whereas caspase activation has been associated with programmed
cell death. It has generally been accepted that acute degenerative neuronal death, such as
that seen in cerebral ischemia, traumatic brain injury and spinal-cord injury is necrotic in
nature. However, evidence of DNA fragmentation, and lately, description of caspase
activation have challenged that idea. As a resulf, it has to be considered that neuronal
death in acute and chronic neurodegenerative disorders could result in both, activation of
calpain and caspase proteases (Chan and Mattson, 1999; Wang, 2000).

Dysregulated neuronal calcium homeostasis during acute ischemic insults,
epileptic seizures, and traumatic brain injury and in chronic neurodegenerative disorders
such as Alzheimer’s disease may result in excessive calpain activation (Nixon et al.,
1994; for review, see Nixon, 2000; Huang and Wang, 2001; Nixon, 2003). As a
consequence, activation of calpains may lead to neuronal death through: i) degradation of
cytoskeletal proteins such as actin and fodrin (Saido et al., 1993; Robert-Lewis et al.,
1994; for a review see Chan and Mattson, 1999), ii) activation of caspase-12 and

subsequent execution of programmed cell death (Nakagawa et al., 2000), and iii)
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activation of cyclin-dependent kinase 5 (cdkS) activator protein p35 to p25 may induce
hyperphosphorylation and aggregation of Tau (Lee et al., 2000; Nath et al., 2000).

The family of calcium-activated cysteinyl proteases or calpains, include several
tissue-specific isoforms and two ubiquitous isozymes p-calpain (calpain I) and m-calpain
(calpain II). These isoforms bind calcium with an affinity range from millimolar (m-
calpain) to micromolar (ji-calpain) and have been found to be expressed in a variety of
cell types and tissues (Siman et al., 1983; Sorimachi et al., 1997). In the central nervous
tissue, p-calpain is located mainly in neurons, existing in high concentration in the
dendrites and cell bodies, whereas m-calpain seems to be located predominantly in axons
and glia (Nixon, 1986). Calpains are expressed as proenzyme heterodimers consisting of
an 80 kDa catalytic subunit, unique to each isozyme and a 29 kDa regulatory subunit,
encoded by a different gene and shared by both isozymes. Each subunit of the
heterodimer contains and EF hand domain characteristic of most calcium binding
proteins. The 29 kDa subunit also contains, a hydrophobic glycine-rich domain that
maintains the enzyme in association with cell membranes. The catalytic site containing
the critical cysteine and histidine residues is located on the larger subunit of the dimer
(Sorimachi et al., 1997).

Physiologically, the activity of calpains is stimulated by an increase in
intracellular free calcium concentration, that promotes autocatalytic processing to produce
a heterodimer of 78 kDa and 18 kDa that is negatively regulated by low concentrations of
calcium and the endogenous protein inhibitor calpastatin. Activation of caspases and
calpain by physiological activity and subsequent cleavage of structural proteins such as
actin and spectrin, or APP is suggestive that these proteases are also involved in
remodeling of growth cone during development and synaptic plasticity that occurs in the
mature nervous system (for a review see Chan and Mattson, 1999).

There are several potential confounding factors involved in examining the
activation of caspases and calpains in the Alzheimer's disease brain. First, in the case of
caspases, these enzymes are expressed at nominal concentration within neurons, and
therefore, detecting a true signal above background is difficult. Secondly, the turnover of
caspase is so rapid that active pools are inactivated and cleared before they can be

captured in a single section of autopsied brain tissues.  Finally, in chronic
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neurodegenerative disorders, coincident with the protracted duration of disease, neuronal
death as a result of activation of caspase and calpains may have occurred under strongly
controlled conditions as a discrete phenomena, as a result only a small amount of cells in
a particular period of time may be expected to show accumulation of active proteases.

Many of these limitations using antibodies to the active fragments of proteases
may be overcome by directing antibodies to calpain- and caspase- cleaved substrates.
Calpain- and caspase- cleavage products are stable, accumulate over time and are present
even when the neurons die and, therefore may represent better targets to examine caspase-
and calpain activation in the Alzheimer's brain or in acutely injure models. A major
drawback of these tools is production of a reliable antibody without significant cross
reactivity with parental forms of cleaved substrates.

Site-directed calpain-cleavage fodrin antibodies were first used to show spatial
resolution of fodrin proteolysis in gerbil postischemic brains (Saido et al., 1993).
Because fodrin is also a substrate for caspase, accumulation of calpain or caspase-
cleaved proteolytic fragments may indicate differential activation of these proteases.
Subsequent development of caspase- and calpain- cleaved fodrin antibodies has been
useful in understanding the role of these proteases in acute neuronal injury (Robert-Lewis
et al., 1994; for see a review Wang et al., 2000).

The first report using sequence-directed caspase-cleaved actin antibody, showed
a significant accumulation of caspase-cleaved actin proteolytic fragments in processes
and neurons as well as in plaque-associated microglia in Alzheimer’s disease with respect
to age-matched control brains. Noteworthy, the authors also reported double-labeling
with TUNEL and a caspase-cleaved actin antibody, indicating that execution of
programmed cell death occurrs in this disorder (Yang et al., 1998). A short time there
after, using a similar approach, our laboratory developed a neo-epitope directed caspase-
cleavage antibody to APP. These studies had important implications, first, as a
consequence of the dysmetabolism of APP, elevated levels of AP produce amyloidosis
and subsequent amyloid deposits in the Alzheimer’s disease brain. Because elevated
concentrations of AP may activate the programmed cell death cascade, caspases may
further process APP to AP and feed a vicious cycle that amplifies this deleterious cascade

even more. Second, caspase-cleaved APP immunoreactivity was detected in AP senile
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plaques in Alzheimer’s disease brain, suggesting that activation of programmed cell death
occurs in this disorder (Gervais et al., 1999). I have reviewed the literature and dedicated
a particular section to discussion.

Studies from Rohn et al., (2001) reported significant accumulation of caspase-
cleaved spectrin in Alzheimer’s brain with respect to age matched controls. Findings
from these studies also showed a correlation between neurofibrillary tangle formation and
caspase-3 cleavage of spectrin in Alzheimer’s disease, suggesting that caspase-3
activation occurs in tangle-bearing neurons. In this study, application of the caspase-
cleaved APP antibody was used to characterize caspase-3 activation and to identify
immunoreactive profiles in Alzheimer’s and age-matched controls brains. In the present
study, I asked whether programmed cell death is the mechanism responsible for neuronal
cell death associated with Alzheimer’s disease. I have devoted a chapter of this thesis to
this hypothesis, results from this study have been reported and published. I also
developed caspase-3 and calpain- cleaved spectrin antibodies to assessed programmed

cell death in association cortices of Alzheimer’s and age-matched control brains.

1.6 Axotomy of the Fimbria-Fornix Pathway: A model of cholinergic septo-

hippocampal dysfunction

Studies of the brains of those of advanced age and Alzheimer's disease have
consistently found histopathological features such as neurofibrillary tangles, Lewy bodies
and cell loss in the nucleus de Meynert, together with deficits in the cholinergic system in
the neocortex and hippocampus (Whitehouse et al., 1982). These changes have been
linked to cognitive and memory decline and might be related to alterations in
consciousness experienced by patients with Alzheimer's disease (Perry et al., 1999). Asa
result, decline in the cholinergic innervation in the central nervous system correlates with
deficits in memory performance (Bartus et al., 1982; 2000). These findings have led to
the proposal of the so-called "cholinergic hypothesis” that attempts to explain the key role
of ACh in cognitive decline associated with advanced age and Alzheimer's disease.

The septo-hippocampal projection consist of cholinergic and GABAergic

neurons of the medial septum-diagonal band (MS-DB) complex, that form an essential
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neurotransmitter system controlling function of the hippocampus. The key role of the
septo-hippocampal cholinergic system in regulating memory is supported by findings that
indicate that memory performance is correlated with cholinergic activity in the
hippocampus assessed by changes in choline acetyl transferase activity (ChAT),
acetylcholine (ACh) levels and particularly high-affinity choline uptake. As a proof of
concept, disruption of the fimbria-fornix septo-hippocampal projection interferes with
memory retention (For review see, Van der Zee and Luiten, 1999).

~ Cholinergic efferents of the MS-DB complex project through the fimbria-fornix
pathway to innervate all major hippocampal cell types that are, glutamatergic pyramidal,
granule and GABAergic interneurons, while septal GABAergic neurons innervate
GABAergic interneurons (Shute and Lewis, 1966; Freund and Antal, 1988). A
subpopulation of hippocampal GABAergic cells, projects back to the GABAergic cells of
the MS-DB complex. As a result, the major reciprocal communication between the
septum and the hippocampus is mediated by ACh and GABA from the MS-DB to
hippocampal glutamatergic and GABAergic neurons (Gulyas et al., 1991; Leranth et al.,
1992).

The extent to which septo-hippocampal neurons degenerate following
transection of the fimbria-fornix pathway and the factors that contribute to the
degeneration process have been a matter of controversy. Certainly, the finding that
numerous septo-hippocampal projection neurons that were first retrogradely labeled and
then axotomized survived over extended periods of time of up to 10 weeks, is indicative
that cholinergic cells of the MS-DB complex do not die after axotomy (Peterson et al.,
1990). In agreement with these results, reports from Sofroniew and Isacson, (1988) have
showed that cell loss in the MS-DB complex is a function of the distance between the cell
bodies and the place of transection, i.e. the further from cell bodies the axotomy is
performed the less cell loss occurs.

We have developed a paradigm of axotomy of the fimbria-fornix pathway in
order to identify whether caspase or calpain activation occur after septo-hippocampal

transection.
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1.7 Amyloid Precursor Protein Promotes Programmed Cell Death in Alzheimer’s

disease

Despite extensive research on APP, its role in the pathogenesis of Alzheimer’s
disease remains unclear. Historically, once senile plaques were successfully extracted
from Alzheimer’s disease brains, identification of its major constituent, a protein of
around 4 kDa, was characterized biochemically. This hydrophobic peptide aggregates to
form a characteristic B-pleated sheet structure, due to a spontaneous tendency to self-
aggregation and organization on fibers and fibrils (Glenner and Wong, 1984; Masters et
al., 1985; Kang et al., 1987). Subsequent cloning of the APP gene and mapping to
chromosome 21, and the discovery that Alzheimer’s neuropathology was invariable
linked to trisomy of chromosome 21 (Down’s syndrome) as well as the finding that
mutations in the APP gene occur in autosomal dominantly inherited familial Alzheimer’s
disease have lead to the proposal that AP derived from APP is a a causative agent for
familial Alzheimer’s disease.

Epidemiological studies have determined that the majority of cases diagnosed
with Alzheimer’s disease are not related to familial forms of the disease, around 95% of
Azheimer’s disease cases are sporadic. The discovery that senile plaques and
neurofibrillary tangles are common histopathological features in familial and sporadic
cases, lead to “the amyloid cascade hypothesis”. According to this hypothesis,
dysfunctional metabolism of APP is the main cause of the accumulation of AP, triggering
pathological changes in the brain of Alzheimer’s patients (Selkoe, 1994; Hardy, 1997
Sommer, 2002; Hardy and Selkoe, 2002). Identification of familial forms of Alzheimer’s
disease resulting from mutations of the microtubule associated protein Tau led to the
alternative proposal of “the TAU hypothesis” in development of Alzheimer’s pathology
(Hardy et al., 1998; Spillantini and Goedert, 1998; Lewis et al., 2000).

The physiological role of APP still remains a matter of controversy, known as a
multidomain molecule, APP may be involved in several cellular processes, such as cell
adhesion, neuronal remodeling and neuronal death (for a review see Mattson, 1997).
Encoded by a gene that by alternative splicing yields eight isoforms containing 677 to 770

amino acids, APP is a typical type I protein consisting of an extracellular amino-terminal
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domain followed by a single transmembrane segment and a short intracellular carboxy-
terminal domain.

Proteolytic processing of APP by a-secretase produces APPsa and a carboxy-
terminal fragment of 83 residues precluding the production of the amyloid AB protein.
Alternative cleavage of APP by B-secretase produces a soluble form of APP (APPsp) and
a carboxy-terminal fragment of 99 residues. Subsequent proteolysis of the carboxy-
terminal fragment by ‘y-secretase generates amyloid AB.40) and AB.42) proteins. Most of
AP, in particular AB;.40), is secreted from cells and can be detected in the cerebrospinal
fluid as well as in the plasma of normal subjects, whereas in Alzheimer’s disease brain,
greater accumulation of Af.), with respect to AP0, is the first species to be
deposited, which is followed by subtle accumulation of AB14g) protein (for review, see
Bayer et al., 2001; Morishima-Kawashima and Thara, 2002).

In addition to the cleavages that result in the formation of AB, APP can be
cleaved at its C-terminus by caspases (Gervais et al., 1999; LeBlanc et al., 1999;
Pellegrini et al.,, 1999; Weidemann et al., 1999). Several studies have shown that
cleavage of amyloid precursor protein by caspases may favor the event of production of
AP (Gervais et al., 1999; LeBlanc et al., 1999). Indeed, previous studies shown that
serum deprivation, a known inducer of programmed cell death may increase generation of
AB (LeBlanc et al., 1995).

Accumulation of caspase-3 cleaved proteolytic fragments of APP, either the N-
or the C-terminal portion (C-31), are increased in Alzheimer’s with respect to age-
matched controls brains (Gervais et al., 1999; Lu et al., 2000; Ayala-Grosso et al., 2002;
Suet al., 2002). Activation of caspases and subsequent the cleavage of amyloid precursor
protein may generates a C-terminal fragment that seems to have neurotoxic properties (Lu
et al, 2000; Dumanchin-Njock et al., 2001; Bertarndt et al., 2001; Nishimura et al., 2001)
dissociated from generation of AP (Soriano et al., 2001). Recent studies have shown that
AB-induced neurotoxicity and C-31 induced programmed cell death are dependent on the

presence of amyloid precursor protein (Lu et al., 2003).
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1.8 Amyloid P Protein: Physiology and Neurotoxicity

The physiological role of the amyloid B protein is uncertain. Several studies
have established conditions by which AP may promote growth and survival as well as cell
death (for review, see Iversen, 1995). Abundant literature has been generated concerning
a main role of AP as a neurotoxin. However, lack of consistency in the data generated
has been pointed out based on the complex properties of the AP molecule that changes as
a function of its concentration, state of aggregation, size and composition of the peptide
(Mattson, 1997).

The precise mechanism by which AB induces neuronal damage is still a matter of
discussion. Early studies showed that A interacts with the plasma membrane because its
intrinsic hydrophobic properties. Indeed, aggregated amyloid may form amphipathic
structures that may disturb the plasma membrane leading to intracellular ionic unbalance.
The current literature suggests a central role for oxidative stress in AP induced
neurotoxicity and subsequent activation of programmed cell death. ROS such as the
superoxide anion and hydrogen peroxide, as well as 4-hydroxynonenal, a major product
of lipid peroxidation, may mediate AP induced cytotoxicity. For instance, AB deposition
is accompanied by generation of ROS, in conjunction with binding of redox-active
transition metals, or through interaction of AP fibrils with cell-surface receptors
associated with the inflammatory response. Microglia, which are the most frequent cell
surrounding senile plaques are major sites of ferritin-bound iron and in addition a source
of nitric oxide and superoxide anion. Trace metals such as aluminum, iron, zinc and
copper accelerate aggregation of AP and seem to be redox active and thus capable of
mediating ROS production (Sayre et al., 2001).

Studies from Lorenzo et al, (2000) have suggested that fibrillar AP interacts with
membrane-bound-holo-APP in order to produce neurotoxicity. Fibrils of AB co-
precipitate with APP to detergent-extractable neuronal membrane proteins at high
nanomolar concentrations. Lack of interaction between AP with soluble APP have
suggested that fibrillar AP may interact with APP transmembrane, carboxy-terminal or
particularly topologically oriented APP membrane-inserted domains in order to produce

cytotoxicity.
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So far, the literature suggests that the main mechanism for neurotoxicity of AP is
through dysregulated metabolism of APP followed by an increase in the turnover of Af§
that may lead to accumulation of insoluble AP .42 and subsequent generation of ROS.
However, accumulation of ROS and reactive nitrogen intermediates can cause cell death
either by necrosis or programmed cell death. A role for oxidative stress in the induction
of apoptosis is suggested by studies where the addition of low levels of ROS induce
programmed cell death and the observation that various antioxidants such as N-
acetylcysteine can inhibit cell death (for a review see Curin et al., 2002). A dynamic |
interaction between increased ROS and activation of programmed cell death has been
shown to be dependent on the APP molecule. Binding of a monoclonal antibody that
recognizes an epitope of 34 aminoacid residues in the extracellular domain of APP is
followed by accumulation of surrogate markers of oxidative stress and subsequent
activation of programmed cell death. Attenuation of cell death by the epitope used to
raise the antibody or after administration of antioxidants and pan caspase inhibitors serve
to demonstrate that APP itself may be linked to a transduction signaling pathway that
eventually promotes increased oxidative stress and caspase activation followed by

subsequent cell death (Rohn et al., 2000).
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Chapter 2
Objectives

2.1 To determine the extent of colocalization of the caspase-3 cleaved APP
fragment (0AC™F —APP) and AR amyloid peptide in autopsied Alzheimer’s disease
brains.

2.2 To determine whether caspase-3 cleaved spectrin occurs in specific
populations of neurons in the cerebral cortices of Alzheimer’s disease, and age-matched
control autopsied brains.

2.3 To determine the role of caspase-3 and calpain activation in a model of
cholinergic septohippocampal disconnection produced.by transection of the fimbria-

fornix pathway.
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3.1 Abstract

Caspase-3 mediated cleavage of the amyloid precursor protein (APP) has been proposed
as a putative mechanism underlying amyloidosis and neuronal cell death in Alzheimer’s
disease. We utilized an antibody that selectively recognizes the neo epitope generated by
caspase-3 mediated cleavage of APP (0dAC*? —APP) to determine if this proteolytic event
occurs in senile plaques in the inferior frontal gyrus and superior temporal gyrus of
autopsied Alzheimer’s disease and age-matched control brains. Consistent with a role for
caspase-3 activation in Alzheimer’s disease pathology, 0AC™P-APP immunoreactivity
colocalized with a subset of TUNEL-positive pyramidal neurons in Alzheimer’s disease
brains. tAC®P-APP immunoreactivity was found in neurons and glial cells, as well as in
small and medium size particulate elements, resembling dystrophic terminals and
condensed nuclei, respectively, in Alzheimer’s disease and age-matched control brains.
There were a larger number of dAC*P—~APP immunoreactive elements in the inferior
frontal gyrus and superior temporal gyrus of subjects with Alzheimer’s disease pathology
than age-matched controls. GAC®P~APP immunoreactivity in small and medium size
particulate elements were the main component colocalized with 30% of senile plaques in
the inferior frontal gyrus and superior temporal gyrus of Alzheimer’s disease brains. In
some control brains, atAC*? ~APP immunoreactivity appeared to be associated with a
clinical history of metabolic encephalopathy. Our results suggest that apoptosis
contributes to cell death resulting from amyloidosis and plaque deposition in Alzheimer’s

disease.
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3.2 Introduction

Amyloid plaques and neurofibrillary tangles that extend progressively to neocortical brain
areas accompanied by an extensive synaptic and neuronal loss are prominent features of
Alzheimer’s disease (Cummings et al., 1998; Dekosky et al.,, 1999; Delacourte et al.,
2000). Programmed cell death or apoptosis has been proposed as a mechanism of
neuronal cell death in acute and chronic neurological diseases including stroke,
Parkinson’s disease, amyotrophic lateral sclerosis, frontotemporal dementia (FTD) and
Alzheimer’s disease (For review see Zheng et al., 2000; Nijhawan et al., 2000; Robertson
et al., 2000; Mattson et al., 2001).

In Alzheimer’s disease, a role for apoptosis is supported by studies linking
Alzheimer’s disease-associated genes such as APP, presenilin 1 and presenilin 2 with
neuronal cell death. (Yamatsuji et al., 1996; Guo et al., 1997; Wolozin et al., 1996; Ivins
et al., 1999; Pellegrini et al., 1999; for review see Neve et al., 2000). Mutations in the
secretase cleavage sequences of APP generate recognition sites prone to cleavage by
caspases enzymes (Gervais et al., 1999). Moreover, a caspase-cleaved APP proteolytic
fragment called C31 that induces apoptosis in cell lines is elevated in Alzheimer’s brains
(Lu et al., 2000).

Apoptosis effectors such as, Bcl-2, Bel-x, Bax, Bak and Bad, as well as cysteine
proteases such as caspase-2 (ICH-1) and caspase-3 (CPP-32) have been found to be up-
regulated in Alzheimer’s disease (Kitamura et al., 1999; Masliah et al., 1998; Shimohama
et al.,, 1999). In addition, a variety of proteins responsible for structural and metabolic
integrity have been shown to be substrates for caspase-3, suggesting a key role for this
primary cell death effector protease in neuronal apoptosis in Alzheimer’s disease (Marks
and Berg, 1999).

Senile plaques and neurofibrillary tangles as well as apoptotic-like mechanisms
are present in Alzheimer’s disease, but the question of whether these features are causally
related to cell death remains an unresolved issue. DNA fragmentation assessed by
TUNEL labeling has been observed in Alzheimer’s disease brains (Su et al., 2001; Smale
et al., 1995; Troncoso et al., 1996). However, despite large numbers of cells with DNA
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fragmentation, only a few cells display the morphological characteristics of apoptosis
such as membrane blebbing and chromatin condensation (Lassman et al., 1995; Troncoso
et al.,, 1996; Lucassen et al., 1997), or labeling for the c-jun/activating protein-1
(apoptosis-specific protein) (Stadelmann et al., 1999). Furthermore, DNA fragmentation
has also been observed in necrotic cells injured by oxidative damage (Tsang et al., 1996)
or by postmortem autolysis (Stadelmann et al., 1999) indicating that this event is not a
specific marker of apoptosis.

Increased expression of prostate apoptosis response-4 (Par-4) in a subset of
neurons that show accumulations of abnormal tau protein is strong evidence that neuronal
death in Alzheimer’s disease may be due to apoptosis (Guo et al., 1998). Besides,
colocalization of neurofibrillary tangles and caspase-cleaved fodrin proteolytic fragments
as well as active caspase-3 have been recently reported in Alzheimer’s disease brains
(Rohn et al., 2001; Su et al., 1994). In contrast, several studies have reported a lack of
colocalization between neurofibrillary tangles and putative apoptotic markers such as
DNA fragmentation (Su et al., 1997; Bancher et al.,, 1997, Lassman et al., 1995).
Furthermore, lack of active caspase-3 in Alzheimer’s disease (Selznick et al., 1999) or
exceptionally low numbers in Down syndrome (DS) autopsied brains (Stadelmann et al.,
1998) suggest that a specific role for caspase activation in neuronal death in Alzheimer’s
disease is still unclear.

To further investigate whether caspase-cleaved APP is associated with the
progression of amyloidogenesis in  Alzheimer’s  disease, we  utilized
immunohistochemical methodologies to determine the extent of colocalization of the
caspase-3 cleaved APP fragment (0AC™ —~APP) and AP amyloid peptide in autopsied
Alzheimer’s disease brains. Caspase-3 dependent processing of APP has been proposed
as a putative mechanism that may contribute to the amyloid burden and subsequent
amplification of the apoptotic cascade in Alzheimer’s disease (Gervais et al., 1999). If
caspase activation contributes to Alzheimer’s disease pathology by generating a pro-
amyloidogenic fragment such as 0AC*P-APP, we reasoned that there should be an
increase in tAC™P—APP immunoreactivity associated with senile plaques in Alzheimer’s

disease brains.
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We report here a significant association between 0AC™P~APP immunoreactive
profiles and Alzheimer’s disease pathology. Consistent with this finding, dAC*P-APP
immunoreactivity was present in a subset of pyramidal neurons in early or advanced stage
of DNA fragmentation and chromatin condensation in some cases of Alzheimer’s disease.
In some age-matched control brains, elevated dAC*P-APP immunoreactive elements
were associated with a clinical history of metabolic encephalopathy rather than
Alzheimer’s disease. These results suggest that apoptosis may contribute to the

widespread cell death that occurs in Alzheimer’s disease.

3.3 Materiales and methods

3.3.1Antibodies

The antibody directed against the caspase-cleaved APP neo-epitope, CHGVVEVD,
0AC™P —APP has been extensively characterized by Gervais et al. (1999). This antibody
was used at a dilution of 1/2000. A monoclonal antibody directed against amyloid AB.
12y was used at a concentration of 1/2000 as previously described by Grant et al. (2000).
This antibody was kindly provided by A.C. Cuello (McGill University, Montreal,
Canada). Glial fibrillary acidic protein (GFAP) was detected with a monoclonal antibody
from Sigma Chemical Co. (St Louis, MO) and used at a dilution of 1/2400. Active
caspase—3 immunoreactivity was detected using a polyclonal purified rabbit antibody
from Pharmingen (San Diego, CA) at 1/2000. An enhanced Vectastain ABC Elite or
ABC alkaline phosphatase kit was used from Vector Laboratories (Burlingame, CA) to
visualize GAC™P~APP, AB.12 positive senile plaques and GFAP immunoreactivities<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>