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VI Abstract

A ccum ulation  o f  the endogenously  produced  beta-am yloid  (A(3) peptide in senile 

plaques is involved  in the developm ent o f  A lzh e im er’s disease. This study reports on 

potential m olecu lar m echanism s underly ing the cell death  induced by A|3(i.40) (2^M ) on 

cuhured prim ary  cortical neurons. Particular attention w as paid to the dow nstream  effects 

o f  in A (3-induced increase in [Ca^'^Ji and on in tracellu lar organelles that included the 

m itochondria, lysosom es and endoplasm ic reticulum .

A|3 evoked a tim e-dependant increase in D N A  fragm entation , w hich paralleled  

m orphological changes associated w ith apoptosis. The (40-1) reverse sequence peptide o f  

A p did not alter cell m orphology or DN A fragm entation and was reported as non-toxic to 

cuhured neurons over prolonged incubation tim es. B oth calpain  and caspase-3 activ ity  

were transiently increased by A(3 at 24hr, returning to basal levels at subsequent tim epoints. 

The ca lpain  inh ib ito r M D L28170 (10[aM) reduced  A |3-m ediated activation  o f  calpain, 

cleavage o f  the D N A  repair enzym e poly-A D P ribose po lym erase (F A R ?) and D N A 

fragm entation, ind icating  a substan tial p roportion  o f  A ^-in d u ced  apoptosis is calpain- 

dependent. A(3 induced a translocation  o f  cytochrom e-c from  the m itochondria into the 

cytosol at 6hr, w hich was observed upstream  o f  caspase-3 activation at 24hr. A(3-mediated 

caspase-3 activity  w as found to be calpain-independent but Ca^'^-dependent, involving both 

extiacellular and intracellular sources o f  Ca^^.

A transient release o f  cathepsin-L  from  lysosom es w as evident at 6hr follow ing A p 

treatm ent, retu rn ing  to norm al expression levels at subsequent tim epoints. Inhibition  o f  

ca tlepsin -L  (lOjaM) reduced A p-induced activation o f  caspase-3 at 24hr, indicating a novel



mechanism in the activation o f caspase-3, with the possibility o f cross-talk between the 

lysosome and the mitochondria. Investigation o f cathepsin-D expression following 

exposure o f cells to Ap, did not indicate any changes in the expression of cathepsin-D. 

Inhibition o f cathepsin-L reduced A|3-mediated PARP cleavage, a finding dissimilar to that 

found using a cathepsin-D inhibitor (10|u,M). However, inhibition of cathepsin-L or 

cathepsin-D did reduce A(3-mediated DNA fragmentation, suggesting that increases in 

cathepsin expression may not always be required in cathepsin-mediated apoptosis.

Cleavage of the endoplasmic reticulum resident protease, caspase-12 was observed 

in A(3-treated cells at 24hr, extending to 96hr. A(3-induced caspase-12 cleavage was found 

to contribute to PARP cleavage and DNA fragmentation, as depletion of caspase-12 protein 

using caspase-12 antisense oligonucleotides reduced the increases mediated by Ap in these 

parameters. A redistribution o f caspase-12 from non-cytosolic compartments into the 

cytosol was believed to underlie the mechanism of caspase-12 activation, which was found 

to be cathepin-L-dependent and possibly calpain-dependent.

Analysis o f the intracellular responses induced by the pro-inflammatory cytokine, 

IL-(3, revealed an IL-l(3-mediated activation of calpain at 24hr. Inhibition of calpain using 

MDL28170 (10|nM) reduced IL-1(3-mediated increases in calpain activity and DNA 

fragmentation. Caspase-3 activity was not altered by IL -ip , suggesting the apoptotic 

pathway mediated by IL-1 (3 is predominantly calpain-dependent.

This study indicates the multifaceted nature of cortical neuronal responses to A(3 

and IL-1|3, involving the cysteine proteases calpain, cathepsin-L, caspase-3 and caspase-12, 

which reflect disruptions in normal homeostatic functioning of mitochondria, lysosomes 

and the endoplasmic reticulum. By inhibiting proteases involved in A(3- and IL-l|3-induced

xix



apoptosis a reduction in neurodegeneration was reported, which may represent beneficial 

targets in preventing a similar fate o f neuronal degeneration seen in A lzheim er’s disease.
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Chapter 1 

Introduction



1.1 Alzheimer’s Disease: A History of Hallmarks

Alzheimer's disease is a form o f senile dem entia that has an earlier age o f onset 

and is characterized by a progressive, global, and irreversible deterioration of cognitive 

functions. Symptom s usually begin with memory problem s, followed by deficits in 

language, mathematical and visuospatial skills, abstract thinking and planning, as well as 

personality and behavioral changes (K atzm an, 1976, Helm es and 0 s tb y e , 2002). 

Pathological changes in the Alzheim er’s disease (AD) brain can go unnoticed for 20-40 

years prior to clinical recognition (Braak and Braak, 1991). To prevent the onset or 

progression o f this debilitating disease, identification o f underlying cellular mechanisms 

that contribute to AD neurodegeneration, m ust be revealed and targeted in future 

therapies.

Age related decline in mental ability has been docum ented as early as the 7”’ 

century B.C., when Pythagoras commented pessimistically on life’s return to “ infancy”, 

at ones later stages in life (Berchtold and Cotm an, 1998). The M edieval period that 

followed the Greco-Roman era was a barren time in pursuing a medical understanding o f 

the disease and it w asn’t until the sixteenth century onwards, where a com bination o f 

interest in m ental sickness, toleration o f  post-m ortem  exam inations and a growing 

interest in underlying physiological changes associated with diseases, led to new theories 

on the causes o f  dem entia. The im proved silver staining technique used by Max 

Bielschowsky (1903) first enabled the cellular components of neurons to be visualized, 

paving the way for identification o f threadlike structures within neurons, known as
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neurofibrils. The Germ an psychiatrist A lois A lzheim er (1907) used this staining 

technique to identify “dense bundles” of neurofibrils and the “deposition of a peculiar 

substance in the cerebral cortex” o f a 51 year old patient who had suffered from 

dementia. This case is now considered the first diagnosis o f AD. Further improvements 

in ultrastructural techniques, such as electron microscopy, allowed Michael Kidd (1963) 

to examine the plaques found in the AD brain, confirming the presence of extracellular 

“amyloid” deposits and intracellular “paired helical filaments” .

The term amyloid, meaning starch-like, was introduced by Virchow (1851) based 

on a positive iodine-staining reaction, probably due to the sulfate proteoglycan constantly 

found in amyloid deposits. The term was conserved, though a few years later it was 

dem onstrated that protein is the major component o f amyloid (Friedreich and Kekule, 

1859). A current definition o f amyloid is defined as a proteinaceous tissue deposit that 

shows a typical green birefringence in polarised light after staining with Congo red, the 

presence of non-branching linear fibrils of indefinite length with an approximate diameter 

o f 10-12 nm and a distinct X-ray diffraction pattern consistent with Pauling's model of a 

cross-beta fibril (Rocken and Shakespeare, 2002).

Today AD is characterized by neuronal cell death and two kinds o f deposits, 

senile plaques and neurofibrillary tangles (NFTs). Senile plaques are roughly spherical 

lesions within the neuropil, up to ISO^im in diam eter and 3-4 îm thick, with a central 

am yloidogenic core surrounded by numerous swollen, degenerating neurites and glial 

cells (Probst et al., 1987). The compact filamentous network described as NFTs, are 

com posed of paired helical filaments (PHFs), the major com ponent of which is tau 

protein (Nukina and Ihara, 1986). Tau is a microtubule associated protein, normally
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serving as a stabilizer of neurofilaments, ensuring the integrity of the cytoskeleton. By 

binding to several unpolymerized tubulin molecules simultaneously, tau proteins speed 

up the nucleation process in tubulin polymerization. However, the hyperphosphorylation 

of tau proteins, mediated by at least two protein kinases, namely cyclin-dependent kinase 

Cdk5 and glycogen synthase kinase GSK3P, causes a destabilization in tau binding to 

tubulin, resulting in the formation of PHFs and NFTs found in the AD brain (Kobayashi 

etal.,  1993; Hanger e ra /., 1992).

O f the two characteristic hallmarks in the AD brain, namely the mature senile 

plaques and hyperphosphorylated tau proteins that lead to the formation o f PHFs (Kosik, 

1990), many studies have tried to identify which characteristic appears first (Love, 2001). 

A correlation betw een plaque burden and neuronal degeneration suggests plaque 

formation is a prerequisite for cell death (Geddes et a i ,  1986), while some groups o f 

researchers propose that hyperphosphorylation o f  tau precedes plaque formation (Su et 

a l ,  1994; Pope et al ,  1994). Plaque deposition and tau hyperphosphorylation in AD are 

likely to be inextricably linked and mechanisms controlling their formation may share a 

common pathway (M udher and Lovestone, 2002). Neuroimaging techniques, including 

X-ray Computed Tom ography, M agnetic Resonance Imaging and Positron Computed 

Tomography, can identify reduced cerebral blood flow and brain metabolism, symptoms 

that precede the formation of amyloid plaques and PHFs (Pietrini et al., 2000). Future 

applications o f such non-invasive techniques present a realistic potential in diagnosing 

AD before clinical symptoms become apparent.
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1.2 Evolution of the Amyloid Plaque

Purified in 1984 (Glenner and Wong) and sequenced for the first 28 amino acids, 

the amyloid substance taken from the post-mortem AD brain was found to be largely 

composed of an aggregated form of peptide cleaved from the amyloid precursor protein 

(APP), a type 1 transmembrane glycoprotein expressed ubiquitously throughout the body 

(Selkoe D.J., et al, 1988). The A|3 peptide has since been characterised as a 4kDa 

hydrophobic non-glycosylated peptide consisting of 39-43 amino acid residues, which 

makes up the majority of senile plaque constituent. (Prelli et al., 1988; Mori etal.,\992\ 

Roher et al., 1993). Cerebral deposition of Ap fibrils in plaques or deposited on vessel 

walls are observed in diseases other than AD, including hereditary cerebral hemorrhage 

with amyloidosis-Dutch type (HCHWA-D), cerebral amyloid angiopathy, Down's 

syndrome (DS), dementia pugilistica, Parkinsonian dementia of Guam and to a lesser 

extent in normal aging (Buee et al., 1994).

Development o f amyloid deposits in the AD brain can be catergorised into three 

stages (A-C), while neurofibrillary tangle formation is divided into 6 stages (I -  VI; 

Braak and Braak, 1991). Amyloid deposition initially develops in poorly myelinated 

areas of the basal neocortex (Stage A), spreading into adjoining areas of the 

hippocampus, neocortex, archicortical areas and amygdala (Stage B), until finally 

populating the entire cortex (Stage C). Figure 1.1 displays stages A-C, during the 

evolution of Ap plaque burden in the AD brain (Braak and Braak, 1997).
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Aged-matched control Stage B

Stage A Stage C

Figure 1.1 Evolution of amyloid deposition during stages A-C in the AD brain.

A growing number of proteins and ions are now known to make up the “non

amyloid component” of senile plaques. Their localisation to senile plaques suggest they 

comprise part of the amyloid fibril and PHF or are intimately associated with them. Table 

1..1 displays amyloid plaque-associated proteins and ions, many of which are now 

believed to be risk factors in the developing pathology of AD (Cataldo et a i,  1990; Sayre 

et al., 2000; Teunissen et al., 2002).
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Table 1.1 Non-amyloid component o f neuritic plaques found in the AD brain

Proteoglycans heparan^ chondroitin, keratin and dermatan sulphate proteoglycans

Inflammatory
molecules

acute phase proteins, cytokines, chemokines, complement proteins, complement inhibitor,
myeloperoxidase and immunoglobulins

Serum related 
molecules amyloid P component

Metal ions Fe, Cu, Zn, Cr, Ni, M n, Pb, A1 and Si

Amyloidogenic related 
molecules

non-A|3 component of AD amyloid (NAC; a-synuclein, represents about 10% o f amyloid plaques)
apoHpoprotein E,

low density lipoprotein receptor-related protein and cystatin -C (gamma-trace peptide)

Protease and 
clearance related 

elements
al-antichym otrypsin, a l-trypsin  lysosomal proteinases^ ubiquitin^ a2-macroglobulin

Antioxidant defense 
proteins

ferritin ceruloplasmin, SOD-1 and SOD-2, HO-1 and possibly catalase

Cholinesterases acetylcholinesterase and bu-tyrylcholinesterase

Other proteins Clusterin (important in both the initial deposition and/or stabilization o f A(3 in amyloid deposits)



1.3 Regulation of AP Production

Attempts to elucidate mechanisms o f Ap production have revealed that the A(3 

peptide is liberated during constitutive processing of a type-1 transmembrane protein 

termed the AP precursor protein (APP; Esch et a l, 1990). Expression of APP is found in 

a variety o f tissues as a family of differentially spliced forms, the transcripts ranging in 

predicted size from 695 to 770 amino acids (Donnelly et al., 1988). The two longer 

forms, known as APP751 and APP770, contain a 56-amino acid domain with homology 

to the Kunitz family o f serine protease inhibitors (Ponte et al., 1988). APP695, the 

splicing variant lacking the Kunitz domain, is preferentially expressed in neuronal tissue 

(Palmert et al., 1988). It has therefore been suggested that proteases which are normally 

inhibited by the Kunitz protease inhibitor domain may contribute to the production of Ap 

from APP695 (Sinha et al., 1990; McGeer et al., 1992).

Enzymatic cleavage of APP is now known to involve at least three “secretases”, 

namely a  , p and y-secretase. Figure 1.2 represents the pathways involved in normal and 

pathological processing o f APP. a-secretase cleaves APP extracellularly at a site 

spanning the AP region, releasing a soluble form of the precursor protein (APPs.„; 

Mundy, 1994), which is known to have a neuroprotective role (Mattson et al., 1993a), 

leaving an 8.7kDa membrane spanning C-terminal fragment (a-CTF) that does not 

contain the Ap sequence (Shizuka-Ikeda et al., 2002). P-secretase (BACE: p-site APP 

cleaving enzyme) cleaves APP at the N-terminus, releasing a soluble lOOkD APP N- 

terminal fragment (APPs-p) and leaving a 12kD membrane bound C-terminal fragment

7



(P 'CTF; Vassar et al., 1999). y-secretase, an endoprotease that releases the C-terminus of 

APP, by cleaving within the hydrophobic transmembrane domain o f APP (Evin et al., 

1995), generates the A(3 peptide fragment (Citron et al., 1995). D ifferences between 

A(3n_40) and Apd.4 2 ) production are believed to arise from different protease activities at 

the Y'Secretase stage of APP cleavage, possibly regulated by calpain (Citron et al., 1996). 

In the past, potential AD therapeutic strategies have m ainly been geared towards 

y-secretase inhibition. However, such strategies alone no longer appear sound as it is also 

known that the (3-CTF fragment itself, which requires |3-secretase, but not y-secretase 

cleavage for generation and includes the entire A(3 peptide, increases ion channel activity 

and is neurotoxic when evaluated in cultured cells (Fraser et al., 1996; Lee et al., 2000)

Membrane

APP
-C O O H

(3-secretasea-secretase

a-CTF -CTF

~ i r
Y-secretase ^

I
or X

y-secretase

^ P ( l - 4 0 )

Figure 1.2 Endoproteolytic cleavage o f APP to A(3

AP,( 1-42)
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1.4 Genetic and Environmental Influences on Alzheimer’s Disease

There is generally a large variability in the age o f onset for AD patients. The age 

of onset allows classification of AD as early-(before 65 years) and late-(after 65 years) 

onset. In more than 90% of cases, AD develops after 65 years of age. It is predicted that 

6% of people over 65 years (Richie, 1995), and as much as 30% of those over 85 years of 

age (Bachman et a i ,  1993), will develop the disease, with a higher incidence in women 

than in men (Stam et a l,  1986). Early efforts in the 1980s to understand the role of 

genetics in AD, focused on rare multigenerational families with early onset, autosomal 

dominant forms of the disease. Today mutations have been discovered in three different 

genes for autosomal dominant cases of AD.

The first genetic locus associated with early-onset familial AD was found on the 

APP gene located on chromosome 21 (Goldgaber et al., 1987; Goate et al., 1991). 

Several missense mutations have since been detected within the APP gene in various 

families (Chartier-Harlin et al., 1991; Sorbi et al., 1995). Inheritance of these mutations 

renders the APP molecule more vulnerable to P-secretase and y-secretase cleavage, 

producing increased amounts of A|3 (Tanzi et al., 1996). Inheritance of an extra 

chromosome 21, as found in Down’s syndrome cases, also results in an increased 

production of A(3, adding further support to the role A|3 production in early development 

of AD pathology (Armstrong, 1994).

Genetic linkage studies revealed another gene associated with autosomal 

dominant inheritance of AD located on chromosome 14 (Schellenberg et al., 1992).
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Positional screening of the chromosomal region identified on chromosome 14 

subsequently allowed isolation of a new gene, the presenilin 1 gene (PS-1), encoding a 

467 amino-acid integral membrane protein with eight transmembrane domains 

(Sherrington et al., 1995). Another gene linked with familial AD has been identified on 

human chromosome 1, based on its high degree of similarity with PS-1, the presenilin 2 

gene (PS-2; Levy-Lahad et al., 1995). PS-1 and PS-2 are predominantly localized within 

the endoplasmic reticulum (ER) and to a lesser extent in the Golgi compartment (Walter 

et al., 1996). Functions of the presenilin proteins are unknown, although some evidence 

suggests that PS-1 and PS-2 could be implicated in both neuronal differentiation during 

neurogenesis (Capell et al., 1997) and neurite outgrowth (Dowjat et al., 1999). Some 

reports have suggested that presenilins act as y-secretase when they form a multimeric 

complex with nicastrin (a transmembrane glycoprotein; Satoh et al., 2001; Kaether et al., 

2002).

However, autosomal dominant forms of AD, involving mutations in APP, PS-1 

and PS-2, represent only 5% of all AD cases. Figure 1.3 represents the percentage of 

autosomal dominant AD cases compared to sporadic cases (Richard and Amouyel, 2001). 

Although more than 95% of AD cases are caused by sporadic late onset, not related to 

single gene mutations, growing interest in genetic susceptibility factors, leading to an 

increased or decreased risk of developing the disease, is now a main objective in 

understanding the genetics of AD. Certain alleles in the genes for APO-e (Strittmatter et 

al., 1993), tau (Vermersch et al., 1996), a2-m acroglobulin (Blacker et al., 1998), 

cathepsin-D (Papassotiropoulos et al., 1999) and angiotensin I converting enzyme 

(Alvarez et al., 1999), increase the production o f A(3 and serve as inherited predisposing
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Autosomal dominant 
mutation cases

(<5%)

APP PSl PS2 
(0.4%) (2-3%) (0 io/„)

\  / /  ^
I J B I  ; . - ^ ( 1.5%)

Sporadic cases 
(> 95%)

APOE
(65%)

Figure 1.3 Distribution of Alzheimer's disease forms and their related genetic 

susceptibility factors.

risk factors for developing AD. Further genetic links may become apparent in the coming 

years, yet there is an equally strong case in favour of an environmental contribution to 

this disease. Head injury causes neuronal changes such as excitotoxic stimulation, 

metabolic disturbances and inflammation, altering APP processing and resulting in the 

production of elevated levels of Ap (Mattson et a l, 1993; Hall et al., 1995; Yan et ai, 

1996). Other epigenetic risk factors include vascular health e.g. high cholesterol, 

depression, hypothyroidism, increased aluminum concentration in drinking water, 

tobacco consumption, alcohol abuse, and early or late parental age (Richard and
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A m ouyel, 2001). Protective factors include antioxidants e.g. vitam ins C, E, B 12, Be, 

homocysteine E and C, anti-inflammatory drugs, polyunsaturated fatty acids e.g. fish oil, 

folate, hormone replacement therapy for wom en, high level o f  education and moderate 

wine consumption (Nourhashemi et a l ,  2000; Richard and Am ouyel, 2001).

1.5 Ap as a Neurotoxic Substance

1.5.1 Aggregated and soluble AP toxicity

The am yloid hypothesis o f  AD, involving the increased production, deposition 

and stimulation o f  neurodegeneration by A p, is a pathway that merits high priority in 

understanding the onset and progression o f  AD. Areas o f  the brain most affected, such as 

the pyramidal cells o f  the hippocampus and neocortex, large neurons in the olfactory 

cortex, the amygdala, basal forebrain nuclei, and several brain stem nuclei, including the 

locus ceruleus and the raphe nucleus, all display large amounts o f  A|3 deposition  

(Goldman and Cote, 1991). Colocalisation o f Ap plaques with neuronal cell death in 

regions severely affected by the disease such as the hippocampus and frontotemporal 

cortices also signify an inextricable link between the formation o f  senile plaques and 

neuronal degeneration (Anderson etal . ,  1996).

Dow nstream  o f  AP production, the characterization o f  toxic m echanism s 

produced by Ap on neurons is a major goal o f  A D  research today, including this study. 

The aggregation o f  soluble Ap peptides into a fibrillar cross-P pleated sheet conformation
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is generally considered to be a critical event in the pathology of AD (Dumery et al., 

2001). Early in vitro experiments using primary hippocampal cultures (Yankner et al, 

1989) and in vivo studies using an SDS-isolated amyloid core injection into rat cortex and 

hippocampus (Frautschy et al., 1991), have demonstrated the toxic nature o f Ap on 

neurons. The requirement for aggregated A(3 in mediating neuronal toxicity in cultured 

cells, was first demonstrated by Pike et al., (1991). It is now known that amino acids 25 

and 35 are necessary for A(3’s ability to aggregate and induce toxicity (Pike et al., 1995). 

However, Ap peptides can exert toxicity before fibril formation. Increasing evidence 

suggests that soluble Ap expression, and not Ap plaques, are the best Ap correlates of 

cognitive dysfunction in AD (McLean et al., 1999). Recent studies have indicated that 

nanomolar concentrations of diffusible Ap oligomers are neurotoxic and inhibit LTP in 

the hippocampus (Lambert et al., 1998; Walsh et al., 2002).

Debate continues today over the normal physiological function o f Ap. An 

upregulation of the APP molecule after brain injury is thought to serve a neuroprotective 

role in cells by maintaining [Ca '̂^Ji and protecting neurons against excitotoxic insults 

(Mattson et al., 1993; Salinero et al., 1998). Although no specific cellular function 

appears to rely on the presence of Ap, the recent termination of a clinical trial using a 

vaccine designed to remove AP from the AD brain, has been met by reports suggesting 

trace amounts o f Ap provide antioxidant effects and regulate membrane lipid dynamics 

(Koudinov and Koudinova, 2001; Kontusch, 2001).

Whether AP is a mediator of AD neurodegeneration or is produced in response to 

an underlying etiology, sufficient evidence now exists to confirm its contribution to AD
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pathology when over produced. Neurotoxicity exerted by A(3 is mediated by three main 

causes, including the generation o f  reactive oxygen species, dysregulation o f  Ca^  ̂

hom eostasis and activation o f  an inflammatory response. Identifying downstream  

mechanisms arising from A P ’s impact on these causes is the main objective in today’s 

research on A|3-induced neurodegeneration, including this study. A description o f  the 

effect A|3 has on oxidative stress, Câ '*' homeostasis and inflammation is outlined in short 

summaries on the following pages.

1.5.2 Ap causes oxidative stress

A well-documented mechanism o f  A(3-induced neuronal cell death is its ability to 

cause oxidative stress through free radical generation (e.g. reactive oxygen species/ ROS; 

Behl et a i ,  1992, 1994), which results in lipid peroxidation and renders a cell more 

susceptible to death (Butterfield et a l ,  1994). Ap has the proclivity to induce oxidative 

stress through a direct interaction with metal ions such as zinc, iron, aluminum and 

copper, resulting in the production o f  H2O 2 (Christen, 2000), or through the indirect 

production o f  nitric oxide following A^-mediated stimulation o f  inflammatory cells such 

as microglia and astrocytes (Meda et al., 1995, Akama et a l ,  1998). In vivo  findings o f  

oxidative damage in areas o f  the brain rich in senile plaques containing redox active 

metals (Smith et al., 1997) and active microglia (Finch and Marchalonis, 1996) further 

support a role for the pro-oxidant potential o f  Ap. Administration o f  anti-oxidants and 

free radical scavengers, such as Vitamin E (Behl et al., 1992) and ferulic acid (Yan et al.,

14



2001), have been shown to attenuate the neurotoxicity associated with A fi-induced 

oxidation.

1.5.3 Ap induces an inflammatory reaction

The processes o f oxidative stress and inflammation are closely linked in the AD 

brain. Oxidative stress can induce cell death and is also known to amplify the generation 

o f the pro-inflammatory cytokine, interleukin-1(3 (IL-1(3; Kasama et al., 1989). In what 

appears to be a positive feedback mechanism, the production o f  A(3 results in cytokine 

stim ulation from m icroglia and astrocytes, which in turn positively influences the 

production o f  additional A(3 (Meda et al., 1995; Forloni et al., 1997). Soluble A(3 binds 

to the microglial receptor RAGE (receptor for advanced glycation end products) causing 

neurotoxicity by inducing proinflammatory mediators (Yan et al., 1996). A scavenger 

receptor that is expressed on m icroglia, but not on astrocytes, neurons, or vessel- 

associated structures, is strongly expressed around senile plaques in the AD brain 

(Christie et al., 1996). Although designed to clear accumulating A|3 fibrils from neuronal 

m em branes, scavenger receptors also m ediate endocytosis of oxidized low-density 

lipoproteins and glucose-m odified extra-cellular matrix proteins, as well as secreting 

reactive oxygen species and causing cell im m obilization (El Khoury et al., 1996). In 

addition to reactive nitrogen intermediates and tumour-necrosis factor-a (TN F-a; M eda 

et al., 1995), increased protein levels in culture media of the interleukin cytokines, IL -ip  

and IL-8, along with macrophage inflammatory p ro te in -la  (M IP -la), have been detected
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in human microglia following exposure to A|3 (Lee et al., 2002). Secretion of such 

proinflammatory cytokines is detrimental to surrounding neuronal viability and may 

exacerbate any existing damage already caused by A(3 deposition.

A beneficial cytokine associated with reducing parenchymal amyloid plaques, A|3 

load in the hippocampus and neocortex, and a decrease in the num ber of dystrophic 

neurites, is transforming growth factor-ip (TGF-1(3; Wyss-Coray et al., 2001). The anti

inflammatory cytokine, IL-10, which is synthesized in the brain and is thought to 

promote cell survival by inhibiting both ligand- and mitochondrial-induced apoptotic 

pathways, may also limit the clinical symptoms of AD (Strle et al., 2001). The balance 

between pro- and anti-inflammatory cytokines, along with sufficient growth factor 

presence in the brain, represents an area o f AD research that will continue to yield 

interesting observations and hopefully lead to a better understanding o f the origins and 

progressive nature of AD.

1.5.4 Ap disrupts normal homeostasis

The Câ "̂  elevation hypothesis o f AD is based on experimental results which 

report an A|3-induced rise in [Câ "̂ ]i (Mattson et al., 1992, Saito et al., 1993; MacManus

“y+-et al., 2000). Potential mechanisms for A(3-induced dysregulation of [Ca ]i involve an 

A^-mediated increase in influx through voltage-gated Ca^"^-channels (N- and L-type 

channels; MacManus et a l, 2000), formation o f a cation-selective ion channel after AP 

peptide incorporation into the cellular membrane (Mirzabekov et al., 1994), reducing
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blockade o f  NMDA receptors allowing increased influx (Henneberry et al., 

1989), and inhibiting channels and the Na^’̂ /Ca^'^ exchanger (Good and M urphy, 

1996).

Previous work in our laboratory blocking L- and N-type voltage-dependent Ca^”̂ 

channels (VDCCs) in cortical synaptosomes, revealed the importance of A(3(i-40)-induced 

[Câ "̂ ]i elevation via an extracellular influx (MacManus et al., 2002). However, A(3 also 

mediates the release of Câ "̂  from intracellular stores. In a recent investigation by He et 

al., (2002), voltage-dependent Câ "  ̂ channels, intracellular Ca^"  ̂ stores and a putative 

Zn^^-sensitive extracellular Ca^^ entry, were found to make up 61.0, 25.1, and 13.9% of 

the contribution to [Ca^^Jj increases caused by A(3 (He et al., 2002).

Intracellular disruptions in Câ "̂  homeostasis are thought to occur through the

ability o f  A (3 to trigger Ca^"^ release from organelles such as the m itochondria,

2+endoplasmic reticulum and lysosome. Reductions in mitochondrial [Ca ]i are implicated 

in normal brain aging and the neuropathology o f AD (Schapira, 1990). It has been 

proposed that A|3 channels might insert in mitochondrial membranes, triggering apoptosis 

via the release o f  mitochondrial Câ "̂  stores (Shevtzova et al., 2001). Endoplasm ic 

reticulum (ER) Câ "  ̂ stores are affected by A(3, as incubation o f  neuronal PC 12 cells with 

thapsigargin (an irreversib le inhibitor o f the endoplasm ic reticulum  associated 

Ca^^/ATPase pumps) following their exposure to A(3, did not cause any further increase 

in [Ca^^]i, indicating ER Câ "̂  stores had already been depleted by Ap (Guo et al., 1997). 

It has also been suggested that A(3 channel formation might occur preferably in a low pH
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compartment such as the lysosom e, triggering the release o f  lysosom al Ca^”̂ ions and a 

range o f  toxic lysosom al contents into the cytosol (Knauer et al., 1992).

Conclusive evidence that A(3 disrupts [Ca^’̂ Jj in the AD brain, resulting in elevated 

[Ca^^Jj, leading to neurodegeneration, is now a widely accepted etiological factor in the 

progression of AD . In addition to synaptic transmission, calcium-dependent processes are 

essential for such activities as m uscle contraction, cell division, growth and protein 

synthesis, a decline o f  which is found in aged and A D  individuals (Kandel and Schwartz, 

1991). A biphasic model describing Câ "̂  alterations in the A D  brain, is now being 

considered when investigating AD pathology before and after A(3 deposition (Abe and 

Kimura, 1996). Such a model aims to reveal the mechanisms involved in A(3 production 

and its toxicity that depends on [Câ "̂ ]; at different stages o f AD . Separating A D  into 

early and late phases, it has been proposed that a Câ "̂  deficit during the early stages o f  

A D  triggers the accumulation o f  Ap and tau which destabilize [Ca '̂ ]̂j, leading to elevated 

[Câ "̂ ]; in the later stages o f  AD (Chen, 1998). Suggestions that a-secretase is Ca^”̂- 

dependent have led to a hypothesis that increased AP production stems from a reduction 

in the ratio o f  a-secretase activity to (3- and y-secretase activity (Chen, 1997). The Câ "̂ - 

dependent protease calpain, is also involved in the biphasic m odel o f  AD . Reduced 

calpain activity (as expected during early A D  due to a Câ "̂  deficit) causes increased 

cleavage o f  APP and production o f AP(i.4 2) (Yamazaki et al., 1997; M athews et a l ,  

2002), while increased calpain activity correlates with the extent o f  AP deposition in the 

A D  brain (N ixon et al., 1994). For the purpose o f  this study, exposure o f  cortical neurons 

to A(3 is taken to represent the later stages o f  AD.
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1.6 Apoptosis in Alzheimer’s Disease

The balance between cell death and cell proliferation is a feature o f all living 

things. From its beneficial role in shaping an organism from the embryonic stage (digit 

formation) and throughout adulthood (cell turnover in normal tissue), to the detrimental 

loss o f cells associated with senescence, cell death is a widely studied aspect o f cell 

biology, aimed at revealing the underlying mechanisms that bring about these effects. 

Kerr et a l,  (1972) first proposed the idea o f normal cell death undergoing a regulated 

sequence o f events, calling the phenom enon “apoptosis” , after the Greek word for 

“ falling o f f ’. Apoptosis is now known as a physiological response to specific suicide 

signals, or lack o f  survival signals, which present identifiable hallm arks such as 

chromatin condensation and migration to the nuclear membrane, DNA fragmentation, 

cytoplasm  shrinkage w ithout m em brane rupture, blebbing o f  plasm a and nuclear 

membranes, packaging o f  cellular contents into membrane bound bodies for engulfment 

by neighbouring cells, presentation o f epitopes marking the cell as a phagocytic target, 

without spillage or initiation o f inflammation (Bursch et al., 1992). Another characteristic 

form o f cell death, know n as necrosis (or oncosis), exhibits chrom atin clumping, 

mitochondrial swelling and rupture, plasma membrane lysis, cell content spillage and a 

triggering o f  an inflammatory response (Hutchins and Barger, 1998). This form o f cell 

death is seen after the cell is exposed to injurious agents such as mechanical damage or 

exposure to toxic chemicals. Suicide signals that initiate apoptotic cell death, include u.v. 

light and x-ray exposure (Thacker, 1986; H arm on and Allan, 1988), generation o f 

oxidative stress, sustained increase in [Ca^^]i, binding o f  death ligands such as tumour
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necrosis factor-a (TNF-a), lymphotoxin and Fas to death receptors, interaction with 

pathogens and exposure to chemotherapeutic drugs (Searle, et al., 1975; Schmitz, et al., 

2000). All originating stimuli initiate apoptosis by activating enzymes in the cytosol, 

which relay a signal to the nucleus that modulates the expression of survival and death 

genes.

In the AD brain, pathological hallmarks of apoptosis such as DNA fragmentation 

and increased expression o f proteins encoded by cell death genes have been detected 

(Behl, 2000). The co-existence o f A(3 deposition at sites of neurodegeneration in the AD 

brain is suggestive o f the two being inextricably linked (Lassmann et al., 1995). In 

support o f this, A(3 peptides have been shown to induce apoptosis in vitro (Forloni et al., 

1993). Although the causes underlying A|3-induced apoptosis remain to be fully 

characterized, candidate factors include oxidative stress (Harris et al., 1995), potentiation 

o f cytokine secretion (Gitter et al., 1995), and elevated influx (Mattson et al., 1992). 

In this study, downstream apoptotic mechanisms stemming from the ability of Ap to

disrupt [Ca '̂^Ji will be examined.
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1.7 Calpain

Calpain is a calcium -activated neutral protease (CANP) w hich requires an 

increase in [Ca "̂ ]̂! to induce activation (Ishiura, et al., 1978). Expressed ubiquitously in 

all cells and throughout species, the calpain superfamily exists as varying homologues 

between invertebrates and vertebrates, with tissue specific isoforms known to exist (Ono 

et al., 1999). Currently the two known major isoenzymes o f calpain found in the central 

nervous system are |j,-calpain and m-calpain (calpain I and II). |o,-calpain has micromolar 

sensitivity to Ca^^, while m-calpain has millimolar sensitivity. W ithin cells o f the central 

nervous system (CNS), )ii-calpain is located primarily in the neuronal soma and dendrites, 

while m-calpain is mainly expressed in glial cells (Hamakubo et al., 1986). Calpain is 

structurally composed o f two subunits, the first being a large calcium-dependent catalytic 

subunit (80kDa) and a smaller regulatory subunit (30kDa; Tsuji and Imahori, 1981). At 

sufficient Ca concentrations, autolysis o f  the catalytic 80kDa subunit to a 76kDa 

subunit occurs, as well as the autolysis o f  the 30kDa regulatory subunit to an 18kDa 

isoform (Hathaway et al., 1982). Activation o f calpain leads to the proteolysis o f many 

endogenous substrates as shown in Table 1.2, overleaf

Calpain plays a role in normal synaptic function. Postsynaptic densities (PSDs) 

are protein structures beneath the postsynaptic membrane that undergo morphological 

changes during development and synaptic plasticity (Geinisman et al., 1991). Limited 

calpain activation and spectrin proteolysis could facilitate reorganization o f  this system.
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contributing to neurodevelopm ent and the dendritic iremodeling seen with synaptic 

plasticity (Dosemeci and Reese, 1995)

Structural
proteins

Integral
membrane

proteins

Cytosolic
proteins

Metabolic
enzymes

Transcription
factors/
nuclear
enzymes

Spectrin Câ "  ̂channels PKC Glycogen
synthase c-Fos

Actinin G-proteins Calcineurin A Pyruvate kinase c-JUN

Neuro filament AMPA
receptor

Neuronal NOS PARP

Tubulin IP3 receptor PLC CREB

Tau AFP IP3 kinase N F-kB

Troponin EGF receptor Calcium
ATPase

c-Myc

Bcl-2

Bax

Table 1.2 Cellular substrates cleaved by calpain (Wang, 2000).

C alpain is also involved in neuronal cell death. A sustained influx o f Câ "̂  ions, such as 

thiose seen in excitotoxicity (Sim an and N oszek, 19H8) and ischem ia (Tolnai and 

Korecky, 1986), are believed to activate calpain to an extent that is detrimental to the cell. 

B'Oth forms o f calpain are inhibited by the endogenous calpain inhibitor calpastatin 

(M urachi et a i,  1980). The physical association o f calpain and calpastatin occurs only in
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the presence o f  ions (Cottin et al ,  1981), changing the conformation o f calpain into 

a form that binds to calpastatin (Tsuji et al., 1981). This inhibition provides a brake 

mechanism that determines the level o f calpain activity that can be sustained by the cell. 

Autoantibodies to calpastatin have been found in patients with rheumathoid arthritis 

(Despres et al., 1995), suggesting a role for calpain in that disease process.

Both a reduction in calpastatin expression (Nilsson et al., 1990) and an increase in 

calpain activity (Nixon et al., 1994), has been detected in post-mortem AD brains, 

compared to age-matched controls. Câ "̂  ion influx and ^-calpain activation may also 

provide a mechanism by which excitatory neurotransmission regulates APP metabolism 

(Siman et a i ,  1990). Calpain appears to be involved in regulating Ap production, but 

varying reports suggesting it possesses AP(|.4 0 )generating y-secretase properties (Klafki 

e t  a l ,  1995) and A|3(i_42)lowering a-secretase properties (Yamazaki et al., 1997; 

Mathews et al., 2002), indicates further analysis is required to conclusively define 

calpain’s involvement in A(3 production.

It has already been reported that A(3(,.40) increases the amplitude o f voltage- 

dependent Câ "̂  channel currents in cultured cortical neurons, resulting in a subsequent 

increase in [Câ "̂ ]; (MacManus et al., 2000). Given that prolonged elevations in [Câ '̂ ]i 

haive been linked to the induction o f cell death in several systems (McConkey & 

Oirrenius, 1997), neurodegeneration may be a potential downstream consequence of A|3- 

miediated influx. This is substantiated by findings that Câ "̂  channel blockers (Ueda 

et al., 1997) and overexpression of Ca^'^-binding proteins (Wemyj et al., 1999) reduce 

A|0-mediated neurotoxicity. A potential mediator of Ap-induced neurodegeneration is the 

Cai^'^-sensitive protease calpain, where the 25-35 amino acid Ap peptide has been shown
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to activate calpain in hippocampal neurons (Jordan et al., 1997). The ability of A(3(i_40)to 

impact on the calpain system in the cortex will be examined in this study.

1.8 Cytochrome -  c

Dysregulation o f mitochondrial function causes the sequential reduction of 

mitochondrial transmembrane potential and generation o f reactive oxygen species, 

preceding cell shrinkage and nuclear fragmentation (Zamzami et a l, 1995). Usually 

found in the intermembrane space and normally required for energy production in the 

electron transport chain, cytochrome-c is released into the cytosol following an opening 

of the mitochondrial permeability transition pore (MPTP). Cytochrome-c release from the 

mitochondria is a rapid process that occurs within Ihr after the induction of apoptosis, but 

not during necrosis (Renz et al., 2001). Cytosolic cytochrome-c binds to Apaf-1 

(apoptosis activating factor), which in the presence o f dATP undergoes oligomerisation 

(Liu et al., 1996; Saleh et a i, 1999). The oligomeric full-length Apaf-1-cytochrome-c 

complex then binds to and processes pro-caspase-9 to active caspase-9, forming the 

“apoptosome”, which in turn cleaves pro-caspase-3 into its active form (Li et al., 1997). 

This series of reactions is known as the mitochondrial pathway of caspase-3 activation.

Around the outer mitochondrial membrane, anti-apoptotic transmembrane 

proteins belonging to the Bcl-2 family, such as Bcl-2 and Bclxi, maintain mitochondrial 

transmembrane potential by closing a mitochondrial voltage-dependent anion channel 

(Adams and Cory, 1998). Counteracting this stabilising process are the pro-apoptotic
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members of the Bcl-2 family such as Bid, Bad, Bak, Bax, Bim and Noxa (Lutz, 2000). 

Proapoptotic Bcl-2 family members Bax and Bak mediate the release of cytochrome-c 

from the mitochondrial intermembrane space by forming tetrameric channels in the 

mitochondrial membrane, in a Ca^'"-dependent manner (Narita et al., 1998). The ratio of 

anti-apoptotic Bel proteins to pro-apoptotic Bel proteins determines the fate o f 

cytochrome-c release, as Bcl-2 is known to bind to and sequester Bax, preventing its 

translocation to the mitochondrial membrane (Mahajan et al., 1998).

Some studies on apoptosis have reported no change in either cytochrome-c or 

Apaf-1 in apoptotic cell death (Engidawork et al., 2001) and novel cytochrome-c- 

independent mechanisms for caspase-3 activation have been reported (Van de Craen et 

al., 1997; Ishisaka et al., 1999a and 1999b). The role o f  cytochrome-c in 

neurodegeneration is likely to vary in different cell death pathways as its involvement is 

known to cell type specific (Fulda et al., 2001). Mitochondrial abnormalities arising from 

oxidative stress are a common feature o f normal cellular aging but are exacerbated in AD 

(Peterson C, Goldman, 1986). Mitochondria observed in the AD brain display reduced 

membrane fluidity, increased density matrices and paracrystalline inclusions in the 

intercristal space (Saraiva et al. 1985, Mecocci et al., 1996). Mutations in mitochondrial 

cytochrome-c oxidase genes have also been linked with late-onset AD (Davis et al., 

1997). In this study, cytochrome-c expression will be assessed following Ap exposure to 

cortical neurons, to identify a possible role for cytochrome-c in A(3-induced cell death.
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1.9 Caspase-3

Caspases are a family o f cysteine proteases, which cleave their substrates at 

specific aspartic acid residues (aspartases). To date, 14 mammalian caspases have been 

characterized (Nicotera, 2000). O f those that have been characterized, the actions of 

caspases in the apoptotic cell death machinery are varied. Two classes o f caspases are 

now thought to be required for completing an apoptotic response; “initiator” caspases and 

“executioner” caspases. These proteases, initially characterised from the interleukin-Ip- 

converting enzyme (caspase-1; Black et a l, 1989), are homologues to cell death (CED) 

proteases identified in the C. elegans nematode (Yuan and Horvitz, 1990). Caspases 

become activated under apoptotic conditions, converting from an inactive pro-form to an 

active form, exposing its regulatory site to respective substrates. Oxidative stress, u.v. 

light, x-rays, chemotherapeutic drugs and endogenous ligands are known stimuli that 

activate early phase initiator caspases such as caspase-7, -8, -9 and -10, which proceed to 

activate executioner caspases such as caspase-3, -6, and -7 (Hofmann, 1999^.

Activation o f the most widely studied executioner, caspase-3 (CPP32), involves 

cleavage o f its 32kDa inactive precursor form in the cytosol to a 17kDa-12kDa 

heterodimer (Nicholson and Thornberry, 1997). Specific insults activate caspase-3 

through different pathways. Death receptors for TN F-aand Fas ligands are coupled to 

inactive pro-caspase-8, which dimerises upon their activation, cleaving pro-caspase-3 

into its active configuration (Cohen, 1997; Schmitz, et a l, 2000). The mitochondrial 

pathway o f  caspase-3 activation involves pro-caspase-3 cleavage by an apoptosome that
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consists of cytochrome-c, Apaf-1, caspase-9 and dATP, which is dependent on 

cytochrome-c release from the mitochondria and ATP concentration (Saleh et al., 1999). 

A third proposed mechanism of caspase-3 activation involves stress-mediated events in 

the endoplasmic reticulum (Haass et al., 1998) and a fourth route is the direct cleavage of 

procaspase-3 by granzyme B or cathepsin-L (Van de Craen et al., 1997; Ishisaka et al., 

1999a).

Activated caspase-3 proceeds to cleave a variety o f structural and nuclear 

proteins, including FAR?, spectrin, actin, PKC (Protein Kinase C), PLC (Phospholipase 

C), APP, Bcl-2, Bax, and IL-1|3 (Wang, 2000), and the inhibitor of caspase-activated 

deoxyribonuclease (ICAD) (Janicke et al., 1998). After caspase-3-mediated degradation 

of its endogenous inhibitor, ICAD, it is proposed that the endonuclease CAD translocates 

into the nucleus, resulting in DNA fragmentation (Janicke et al., 1998). Expression levels 

and activation status o f caspase-3 is increased in AD (Shimohama et al., 1999; 

Stadelmann et al., 1999) and several amyloidogenic fragments have been found to 

increase caspase-3 activity in vitro (Harada & Sugimoto, 1999; Suzuki, 1997; Selznick et 

al., 1999). In this study, the effect of A(3 on caspase-3 activity in cultured cortical 

neurons will be assessed.
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1.11) PARP

A vital substrate of calpain is the DNA repair enzyme poly-ADP polymerase 

(PARP). This nuclear enzyme catalyses the addition of long branched chains o f 

pol) ADP-ribose (PAR) from its substrate nicotinamide adenine dinucleotide (NAD), to a 

variety of nuclear proteins, most notably PARP itself (Pieper et a l, 1999). Figure 1.4 

demonstrates the mechanisms of PARP activation in response to minimal DNA damage. 

PAPP becomes active after recognising and binding to broken DNA strands (Menissier- 

de Murcia et al., 1989). PARP maintains cell survival by opening broken DNA strands 

stearically with the long PAR chains, enabling DNA repair enzymes access to the broken 

strand (Alvarez-Gonzalez et al., 1994).

PAR
residues

DNA repair 
enzym e^—

DNA strands

Opened DNA  
strands

Figure 1.4 PARP facilitates the opening of broken DNA strands for repair
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Poly (ADP)-ribosylation is involved in a variety of physiological events such as 

chromatin decondensation, DNA replication, DNA repair, gene expression, malignant 

transformation, cellular differentiation and apoptosis (Lautier et a l, 1993). Apoptosis 

requires energy to carry out its discrete course of cell death, utilising ATP during its 

activation cascade (Eguchi et al., 1997). Excessive DNA damage causes an elevated 

activity of PARP, which rapidly depletes NAD stores. Since NAD is a co-enzyme for cell 

metabolism, depletion of NAD stores results in reduced ATP levels (Sims et al., 1983). 

The NAD and ATP depletion that occurs during apoptosis can be blocked or reduced by 

inhibitors of PARP (Sims et al., 1983). Overactivation of PARP therefore has 

implications on the ability of cells to activate the apoptotic pathway.

The intact PARP enzyme has a molecular weight of 113kDa, which is cleaved 

into fragments o f 89kDa and 24kDa (Duriez and Shah, 1997) by apoptotic proteases such 

as caspase-3 (Tewari et al., 1995), calpain (Wang, 2000) and lysosomal proteases (Gobeil 

et al., 2001). PARP cleavage prevents damaged DNA repair and consequently leads to 

cell death. Along with DNA fragments, PARP fragments have been widely accepted as 

markers for apoptotic cell death as cells undergoing necrosis do not exhibit such traits 

(Shah et al., 1996). PARP fragmentation has also been implicated with the neuronal cell 

death seen in the AD brain, with immunohistochemical staining revealing a higher 

amount of both PARP and poly(ADP)ribose in the temporal and frontal cortex, compared 

to control brains (Love et al., 1999). Excitotoxicity, associated with an elevated influx of 

Ca ions, has also been found to induce PARP cleavage, via caspase-induced cleavage 

(Leist et al., 1997), and the effect o f Ap on PARP integrity will be examined in this 

study.
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1.11 Lysosomal-Associated Apoptosis

1.11.1 Lysosomal structure and function

Lysosomes are internal cellular organelles that control protein turnover within the 

cell by participating in protein degradation within its acidic compartment. The name 

lysosome stems from the ability o f their enzymes to lyse, or digest substances. These 

membraneous sacs containing hydrolytic enzymes serve as a digestive system within the 

cell, destroying unwanted material, such as foreign substances and cellular debris. Linked 

to the endoplasmic reticulum (ER) and Golgi secretory system, lysosomes are responsible 

for acidifying the intralysosomal space, sequestering active lysosomal enzymes, 

transporting degraded products from the lysosomal lumen to the cytoplasm and 

regulating fusion and fission events between lysosomes themselves and other organelles 

(Peters and von Figura, 1994).

The lysosomal membrane is a phospholipid bilayer that allows the passage of 

uncharged molecules into the lumen, but upon entry these molecules become charged and 

cannot leave. The membrane is also impermeable to acid hydrolases contained within the 

lysosome and contains integral membrane proteins, namely H^ATPase pumps which 

maintain the acidic interior o f the lysosome (via ATP-dependent active transport of H+ 

ions up their concentration gradient from the cytosol into the lysosome interior) and 

transporters which function to transport useful acid hydrolase reaction products from the 

lysosome interior to the cytosol (Geisow, 1982; Greene et al,  1990). Primary lysosomes.
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formed via the rough ER and budding off of the Golgi apparatus, contain acid hydrolases, 

but no digestible substrates. The ingestion of material into primary lysosomes sees its 

transition from a primary to secondary lysosome.

There are two main mechanisms of lysosomal function, namely heterophagy and 

autophagy. Heterophagy is the digestion o f “engulfed” (or phagocytised) extracellular 

material, whereas autophagy is used to recycle damaged or worn out organelles within 

the cell. In heterophagy, secondary lysosomes arise from the fusion of primary lysosomes 

with phagocytotic vesicles containing entrapped material. The contents o f phagocytotic 

vesicles are then digested by lysosomal acid hydrolases, before useful reaction products 

are transported into the cytosol. Waste products are eliminated via an exocytotic pathway 

involving fusion of secondary lysosome with the plasma membrane. In autophagy, the 

primary lysosome engulfs a portion of the cytoplasm (e.g. a damaged or worn out 

mitochondrion), to produce a secondary lysosome. Digestion, assimilation of useful 

reaction products, and elimination of waste can then occur, as found in heterophagy. Cell 

autophagy also plays an important role in metamorphosis o f amphibians, removal of bone 

by osteoclasts and antigen presentation (Yamada et al ,  1978; Ben-Sasson et al,  1981; 

Everts ei a/., 1985).

1.11.2 Cathepsin protease family

Compartmentalisation o f lysosomes prevents potentially toxic enzymes entering 

the cytosol and killing the cell. Lysosomes are known to contain up to 40 acid hydrolases, 

including nucleases (hydrolyze nucleic acids to mononucleotides), amylases (hydrolyze
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polysaccharides like glycogen or starch to glucose), lipases (digest lipids to fatty acids 

and glycerol), and proteases (hydrolyze proteins to amino acids; Adler, 1989). Amongst 

the proteases found in lysosomes the cathepsin family is the most prevalent.

Cathepsins belong to a family of papain-like cysteine (cathepsin-B, -H, -L, -S, -C, 

-K, -O, -F, -V, -X) and aspartyl cleaving (cathepsin-D and cathepsin-E) hydrolytic 

enzymes (Turk et a l, 2000). Lysosomal cathepsins are synthesized as preproenzymes and 

following synthesis the prepeptide is removed during their passage to the ER. Once 

phosphorylated on lyseine residues, cathepsins bind to the cation-dependent mannose 6- 

phosphate receptor (CD-MPR), which trafficks these enzymes to endosomes/lysosomes 

(Cuozzo et a l, 1998).

Cathepsin expression is normally localized to endosomes/lysosomes (cathepsin-B, 

-H, -L, - S, -C and K subtypes), but also to the nucleus (cathepsin-B and -L), and cytosol 

(cathepsin-B  and -E ; Keppler et al., 1996). Based on cathepsin gene knockout 

experim ents, it appears that intralysosomal protein degradation is not exclusively 

dependent on any specific cathepsin, since individual cathepsin-deficient mice do not 

report defects in protein degradation (Turk et al., 2001). However, some cathepsins are 

loicalized to specific tissues, such as cathepsin-S (spleen, heart, and lung), cathepsin-V 

(thym us and testis-specific) and -K  (lung and bone) and are required for normal 

fu;nctioning of an organism (Shi et al., 1994; Bromme et al., 1999; Haeckel et al., 1999). 

While cathepsins -B, -H, -L, -F, -C, -X and -O are ubiquitous, this does not preclude them 

from being involved in some more specialized processes.
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1.11.3 Cathepsin-L

Cathepsin-L is a broad-spectrum papain-like cysteine protease, potent in 

degrading extracellular proteins that include laminins, fibronectin, collagens I and IV, 

elastin and other structural proteins o f the basement membranes) as well as serum 

proteins, cytoplasmic and nuclear proteins (Barrett and Kirschke, 1981; Maciewicz et al., 

1987; Mason, 1989). The cathepsin-L gene is activated by a variety o f growth factors 

(platelet derived growth factor (PDGF) and epidermal growth factor (EGF)), tumor 

promoters (v-ras, v-src, and v-m os) and second messengers (cAMP; Kane and 

Gottesman, 1990).

Cathepsin-L is synthesised as an inactive proenzyme (31kDa) preventing its 

premature activity (Mbawa et al., 1992). An N-terminal 96-amino acid protein extension, 

the prosegment, serves as a potent and specific inhibitor of immature pro-cathepsin-L 

(Cygler and Mort, 1997). High levels o f proenzyme are secreted by osteoclasts, 

fibroblasts and macrophages, but to a greater extent in malignantly transformed cells 

(Chauhan et al., 1991). Conversion to the active enzyme (27kDa) is known to play an 

important function in tissue penetration, nutrient uptake and immune modulation in 

human sparganosis (Kong et al., 2000). Cleavage of pro-cathepsin-L into its active form 

occurs intracellularly in lysosomes at pH 3.0-3.5 by autocatalytic removal o f the 

prosegment and extracellularly at pH 5.5-6.0 by negatively charged surfaces or 

metalloproteases (Turk et al., 1999; Mason and Massey, 1992). Denatured cathepsin-L is 

proteolytically degraded by cathepsin-D, which is highly active at acidic pH (Turk et al., 

1999).
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Pro-cathepsin-L is the major excreted protein of malignantly transformed mouse 

fibroblasts and is also one of the most prevelant acidic cysteine proteases in mammalian 

cells (Ishidoh and Kominami, 1998). The regulation o f the cathepsin-L gene and the 

extracellular functions o f secreted pro-cathepsin-L are tightly coupled (Ishidoh and 

Kominami, 1998). Expression of cathepsin-L is regulated by endogenous inhibitors such 

as the pro-peptides of papain-like cysteine proteases (Cygler and Mort, 1997), cystatin-C 

(Hall et a l, 1995) and Stefm-B (Turk et al., 1986).

Cleavage of cathepsin-L activates urokinase-type-plasminogen activator (uPA) 

by hydrolysis (Goretzki et al., 1992). Cathepsin-L modulates T-cell responses by 

facilitating MHC class II maturation (Hsieh et al., 2002). Follicular rupture of the outer 

edge of the ovary, releasing the mature oocyte, is an important function o f cathepsin-L in 

rmaintaining a functional reproductive system (Robker et al., 2000). Yet another function 

o f  cathepsin-L has come to light through gene knockout analysis, revealing mice 

deficient in cathepsin-L developed periodic hair loss and epidermal hyperplasia, 

indicating that cathepsin-L is essential for epidermal homeostasis and regular hair follicle 

miorphogenesis and cycling (Roth et al., 2000).

1.1L4 Cathepsin-D

Cathepsin-D is one o f two known cathepsin family members that belong to the 

asipartic proteinase gene family (Tang and Wong, 1987), the other being cathepsin-E 

(Tarasova et al., 1986). Synthesised as a 51kDa unglycosylated immature form, 

catthepsin-D is glycosylated at the ER, becoming a 53kDa mature form of
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pro-cathepsin-D. (Samarel et al., 1985; Rijnboutt et al., 1992). In a trafficking 

mechanism that mediates all cathepsin journeys to the lysosome, phosphotransferase 

binds to pro-cathepsin-D and catalyzes the addition of A^-acetylglucosamine-1-phosphate 

to the 6 positions of certain mannose residues in the oligosaccharide side chains of 

substrates (Reitman and Komfeld, 1981). Binding of cathepsin-D to the cation-dependent 

mannose-6-phosphate receptor (CD-MPR) mediates its trafficking to late endosomes and 

lysosomes (Vignon and Rochefort, 1992). Activation of cathepsin-D occurs via cleavage 

of its pro-form into a 32kDa active form by other enzymes or by autocatalytic conversion 

at acidic pH (Chinni et al., 1998; Wittlin et al., 1999).

Cathepsin-D, together with cathepsins -L and -B, are the most abundant 

lysosomal proteases, with lysosomal concentrations being as high as ImM (Turk et al., 

2000). However, cathepsins -D and -B only contribute a small fraction of lysosomal 

protein degradation in comparison to cathepsin-L (Kominami et al., 1991). Cathepsin-D 

is a key regulator in multiple tumor progression steps, affecting cell proliferation, 

angiogenesis and apoptosis (Berchem et al., 2002). Cathepsin-D substrates include 

growth inhibitors and precursors of growth factors, explaining its tumor promoting ability 

(Garcia et al., 1996). Under normal circumstances, cathepsin-D is sorted to the lysosome 

via the mannose-6-phosphate pathway, however, the trafficking of cathepsin-D is altered 

in breast and colon cancer cells, resulting in the secretion of its inactive precursor pro- 

cathepsin-D (Valentini et al., 1996; Westley and Rochefort, 1980). Pro-cathepsin-D is 

reported to be mitogenic to breast and prostate cancer cells, an effect that is thought to 

involve an interaction with a cell-surface receptor (Vetvicka, et al., 1997). Active
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cathepsin-D  is involved in the degradation o f extracellular matrix com ponents, either 

directly or indirectly, by potentiating the activity of other tissue proteinases, such as 

collagenase, and thereby promoting tumor growth and metastasis (Liaudet et al., 1994). 

Evidence that acidic conditions required for conversion o f pro-cathepsin-D into active 

c,athepsin-D might exist in the extracellular milieu of tumors comes from various studies 

dem onstrating that the extracellular pH in tumors is lower than in normal tissues (Martin 

e t al., 1994).

Cathepsin-D  is also involved in mediating apoptosis, as lysosomal release of 

cathepsin-D  precedes the translocation o f cytochrom e-c and loss o f m itochondrial 

transm em brane potential during apoptosis induced by oxidative stress (Roberg et al., 

1*999). C athepsin-D -induced apoptosis is thought to involve caspase-3 activation 

(O llinger, 2000). C athepsin-D -induced oxidative cytotoxicity is inhibited both by 

st>abilizing the lysosomal membrane using antihypertensive imidazoline drugs (Choi et 

al'., 2002) and using the cathepsin-D inhibitor pepstatin A (Ollinger, 2000). However, the 

broad  spectrum nature of the protease inhibitor pepstatin A makes its specificity difficult 

to identify. For the purpose of this study, we have chosen a novel inhibitor o f cathepsin-D 

th;at has been used as an affinity ligand for the isolation o f  cathepsin-D (Gubensek et al., 

1976).

1.11.5 Cathepsin activation and pathological responses

Cathepsins can be activated either autocatalytically or by other active cathepsins, 

inwolving the cleavage o f its pro-form into an active enzymatic form (Smarel et al., 1985;
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Dahl et a l, 2001). Activation occurs in the optimal acidic environment of late endosomes 

or lysosomes (Kominami et a i, 1998), but activity can often remain when cathepsins are 

released into the cytosol (Ahlberg et al., 1982). Release of hydrolytic enzymes from 

lysosomes into the cytoplasm can arise as a result o f lysosomal membrane rupture, 

suggested to occur in both heart and brain ischemic insults (Brachfeld, 1969; White et al., 

1993). Once released from the lysosome into the cytosol, the active cathepsin enzyme 

shares similarities with calpain in that it may cause necrosis or apoptosis depending on 

the level o f activation and triggering stimulus (Lipton, 1999, Wang, 2000). Cathepsin- 

mediated necrotic cell death is a hallmark of brain ischemia (Yoshida et al., 2002), while 

controlled cathepsin mediated apoptosis is seen in pre-natal brain remodeling (Marks et 

al., 1975, Afonso et al., 1997). Uncontrolled degradation of the extracellular matrix by 

cathepsin proteases occurs in tumor metastasis, pulmonary emphysema, osteoporosis and 

arthritis (Buck e/a/., 1992; Chapman ef a/., 1994, Essereia/., 1994). Factors contributing 

to lysosomal dysregulation and membrane instability include oxidative stress (Kalra et 

al., 1988), increases in [Ca^^]j (Gardella et al., 2001), calpain-mediated disruption of the 

lysosomal membrane (Yamashima et al., 1998), p53 activation (Yuan et al., 2002) and a 

reduction in the ATP level preceding the elevation of lysosomal pH (Hishita et al., 2001).

1.11.6 Cathepsins and Alzheimer’s disease

Cellular manifestations of aging are most pronounced in postmitotic cells, such as 

neurons and cardiac myocytes. Although aging affects many cellular components, 

perhaps the most striking changes occur in mitochondria and lysosomes of postmitotic 

cells. Mitochondria undergo gradual structural alterations associated with decreased
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capacity to produce energy (Ozawa, 1997), while lysosomes progressively accumulate 

lipofuscin (age pigment), a brown-yellow, autofluorescent, undegradable, polymeric 

material (Porta et al., 1995). Cathepsin-D expression is increased within neuronal 

lysosomes during normal aging and to a greater extent in the AD brain (Matus and Green, 

1987). Expression of pro-cathepsin-L is also increased in the AD brain (Yoshiyama et al., 

2000), and its role in the progression of this debilitating disease remains to be elucidated. 

The observation that cathepsin-D accumulation in neurons precedes Ap plaque formation 

in  the AD and Down’s syndrome brain indicates a lysosomal dysfunction in cathepsin 

tuirnover may be an underling mechanism in the progression of AD (Cataldo et al., 1996). 

C athepsin-D is also known to cleave AFP and has been associated with increased risk of 

developing AD (Dreyer et al., 1994; Papassotiropoulos et al., 1999). However, a recent 

epidemiological study into inheritance of a genetic variant of cathepsin-D and an 

inicreased risk of early onset AD has proven inconclusive (Menzer et al., 2001).

Membrane stability of neuronal lysosomes is reduced as a result of aging 

(Nakamura et al., 1989), and has been implicated as an underlying mechanism in AD 

(BJowen et al., 1973; Cataldo et al., 1990). It is thought that neurons can engulf A(3 

peptides, via an endocytic pathway, causing oxidative stress and lysosomal leakage 

(Y'ang et al., 1998). A different mechanism of A|3-induced lysosomal disruption was 

reported by Ji et al., (2002), who found that an ApoE4 intermediate inserts itself into the 

ly;sosomal membrane in response to A|3(,.42), possibly explaining the genetic

pnedisposition that is associated with carriers of the apos4 allele. Equally relevant is the

2"̂ "abiility of increases in [Ca ]j to disrupt lysosomal membrane integrity leading to the 

reliease of lysomal enzymes (Yamashima et al., 1998; Foster & Conigrave, 1999).
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This study will investigate the effects of A|3 on lysosomal function, assessing the 

expression and activities o f cathepsins -L and -D, in cultured cortical neurons, 

considering their association with AD pathology and ability to initiate apoptosis via 

caspase-3 activation (Cataldo et al., 1990; Ishisaka et al., 1999; Adamec et a l, 2000; 

Yoshiyama et al., 2000).

1.12 Endoplasmic Reticulum Stress in AD 

1.12.1 The Endoplasmic Reticulum: Structure and function

The endoplasmic reticulum (ER) is the most extensive membrane-bound 

organelle of eukaryotic cells, making up more than half the entire cell membrane. Being 

continuous with the outer membrane of the nuclear envelope, the ER functions as a site 

for the synthesis, initial modification and export o f polypeptides destined for secretion or 

to be located at the plasma membrane. There are two distinct regions of the ER: the rough 

ER, or RER (so called because of the protein-synthesizing ribosomes attached to it), and 

the smooth ER (SER), which is not associated with ribosomes and mainly transfers 

products of the RER by budding off transport vessels. The SER is also involved in the 

synthesis o f lipids and in the detoxification of some toxic chemicals (van Meer, 1998).

Figure 1.5 represents diverging intracellular pathways that are regulated by the 

ER. These pathways include: (1) the constitutive secretory pathway, transporting vesicles 

to the cell surface; (2) the regulated secretory pathway, releasing granules in endocrine or 

exocrine cells; (3) the membrane retrieval/endocytic pathway; (4) the lysosomal pathway,
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trafficking enzymes that are bound to the cation-dependent mannose-6-phosphate 

receptor (CD-MPR; Ellgaard and Helenius, 2001).

Figure 1.5 ER-associated pathways o f molecular transport with in the cell
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Association of ER helper proteins with unfolded or misfolded polypeptide chains, 

ensures that only correctly folded, assembled and modified proteins are transported along
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the secretory pathway (Ellgaard and Helenius, 2001). Helper proteins include the 

subtypes o f (i) catalysts that regulate folding e.g protein disulfide isomerase (PDI); (ii) 

classical ER chaperones e.g GRP78/Bip, calnexin and calreticulin, (iii) Protein-specific 

ER chaperones e.g secretory propeptides and (iv) transport subunits and molecular 

escorts e.g RAP (Kim and Arvan, 1998).

1.12.2 ER stress

The endoplasmic reticulum is prone to ER stress considering the sensitive nature 

o f  efficient protein folding and its maintenance of Câ "̂  ion gradients between its lumen 

and the cytosol. A disruption in Câ "̂  homeostasis, inhibition of protein glycosylation and 

reduction of disulfide bonds are contributing factors for ER stress (Imaizumi et a l, 2001). 

EE. stress inducing stimuli provoke alterations in at least one of three ER responses, (i) 

thie unfolded protein response (UPR); (ii) the ER overload response (EOR) and (iii) ER- 

asisociated degradation (ERAD). The unfolded protein-response (UPR) pathway is an 

in tracellular signalling pathway from the ER to the nucleus, possessed by all eukaryotic 

cells. The accumulation of unfolded proteins in the endoplasmic reticulum (ER) triggers 

thie transcriptional induction of molecular chaperones and folding enzymes localized in 

thie ER in an attempt to restore normal protein processing (Mori et al., 1996). The ER 

ov'erload response (EOR) is characterized by an activation of the transcription factor 

N F-kB , leading to an upregulation o f the expression o f target genes encoding pro- 

inrflammatory proteins (Baeuerle and Henkel, 1994). The third cellular response o f the ER 

to normal and increased accumulation o f misfolded proteins is known as ER-associated
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degradation (ERAD). ERAD occurs when proteins that failed to fold correctly are 

retained in the ER and are ultimately degraded to prevent faulty proteins entering the cell 

system (Fewell et a l, 2001).

Calcium concentrations within cells are known to be affected by an influx of 

extracellular Câ "̂  ions through voltage-gated and agonist-activated Câ "̂  channels and 

release of Ca ions from intracellular pools such as the mitochondria, endoplasmic 

reticulum, the Golgi apparatus and the lysosome (Haller et al., 1996, Rizzuto, 2001). 

Calcium is a cofactor required for normal protein folding (Lodish et al., 1992) and 

depletion o f cellular Câ "̂  accelerates protein degradation in the ER (Wileman et al., 

1991). Characterized by its high concentration o f Ca^”̂ ions, estimated to be in the order 

o f  hundreds of micromolar to ImM, the ER is responsible for maintaining a 1,000- 

10,000-fold concentration gradient with respect to the cytosol (Meldolesi and Pozzan 

1998). Thapsigargin is an irrevervisble inhibitior o f ER resident Ca^"^/ATPase pumps, 

which depletes the ER of Ca^^ ions, triggering a 200-fold increase in the expression of ER 

chaperone proteins GRP78, GRP94 and the apoptotic transcription factor CHOP in 

cultured cortical neurons (Mengesdorf et al., 2001). This ER stress response not only 

increases the expression o f chaperones, but also up-regulates the expression of SERCA 

pumps aiming to restore ER Ca^^ homeostasis. Evidence for an ER stress response in 

neurodegeneration can be seen following excitoxic insults of brain ischemia, where Câ "̂  

binding chaperone proteins are upregulated (Kuwabara et al., 1996).

Viral replication, which uses the hosts ER to synthesise its own proteins, is known 

to cause ER stress (Braakman, 1991). Serum starvation, oxidative stress, excitatory 

amino acid exposure and many toxic agents ranging from detergents such as digitonin, to
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inhibitors o f protein glycosylation and reducers o f disulfide bonds, provoke the 

accumulation of unfolded proteins in the ER (Yao et a l, 2000; Paschen et a l, 2001; Yu 

et al., 1999; Tengholm et al., 2001). Brefeldin-A is a popular drug used to experimentally 

induce ER stress, inhibiting vesicle transport between the ER and Golgi apparatus (Price 

e ta i, 1992).

1.12.3 ER apoptotic proteins

At a critical stage of an ER stress response, where the point of normal restoration 

of function has passed, certain changes occur within the ER membrane that reduce the 

ability o f the ER to function properly and an apoptotic response is initiated. The 

oncogene bcl-2 encodes a 26kDa protein that is localized to intracellular membranes, 

including the ER, mitochondria, lysosomes and perinuclear membrane, maintaining ER 

membrane stability with respect to the movement o f Câ "̂  ions (He et al., 1997). In 

conditions o f ER stress, a depletion of ER calcium stores is thought to correlate with a 

downregulation of Bcl-2, allowing the release of Ca^^ ions into the cytosol, activating the 

apoptotic cascade (Zhong et al., 1993). The reduced Bcl-2 expression seen during ER 

stress is due to a p53-mediated downregulation of the gene encoding Bcl-2 (Liu et al., 

1999). Bcl-2 is inactivated when phosphorylated in response to different cell death 

stimuli (Basu et al., 2000). Multiple kinases have been implicated in the phosphorylation 

o f Bcl-2. They include Raf-1 kinase, protein kinase C, protein kinase A and c-Jun N- 

terminal kinase/stress-activated protein kinase (JNK; Pratesi et al., 2001). Bcl-2 is
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therefore considered a vital protein in maintaining calcium concentration gradients and 

membrane stability within the ER, mitochondria, lysosome and perinuclear membrane.

Another critical early event in ER-mediated apoptosis is associated with the

redistribution o f the pro-apoptotic Bcl-2 family member Bax, from the cytosol to

mitochondrial and ER membranes (Hsu et al., 1997). Bax inactivates Bcl-2 by

heterodimerisation, thus the ratio of Bax;Bcl-2 determines the survival or death o f cells

following an apoptotic stimulus (Oltvai et al., 1993). The molecular mechanism of Bax

translocation and its relationship to ER [Ca^”̂] is largely unknown, however, He et al.,

2'^ '(1997) found that overexpression o f Bax in cultured cells causes a loss of ER Ca ion 

content which was not affected by buffering o f cytosolic Câ "̂ , thus suggesting that 

depletion of ER Ca^^ ions rather than elevation of cytosolic Ca^^ ions, is a signal for cell 

apoptosis. Overexpression o f Bcl-2 is known to rescue cells from a calcium ionophore- 

induced apoptotic cell death (Siegel et al., 1992) and prevents the release o f 

cytochrome-c from the mitochondria (Cosulich et al., 1997). Gathering evidence also 

suggests that Bcl-2 is responsible at least partly for the stabilizing o f lysosomal 

membranes (Zhao et al., 2001). Along with the alterations seen in Bcl-2 and Bax 

expression during ER-mediated apoptosis, a redistribution o f GRP chaperone proteins 

from the ER lumen to the ER transmembrane and cytosol occurs, thus eliminating their 

regular cytoprotective effect (Rao et al., 2002a).

The apoptotic cascade of events involving easpase activation has been classically 

characterized by two separate signaling systems involving death receptors (Bardon et al., 

1987) and mitochondria (Vayssiere et al., 1994). Investigations into ER stress responses 

have led to the documentation o f another arm of caspase activation in the apoptotic
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pathway, involving the translocation of Bax to the ER membrane, reduction in Bcl-2 

function (Oltvai et a l, 1993) and the interaction of caspase-7 with the recently identified 

ER-specific protease caspase-12 (Rao et a i, 2001).

1.12.4 Caspase-12

Caspase-12 belongs to the Interleukin-1 (3 converting enzyme (ICE) subfamily of 

caspases. It is predominantly localized in the ER and is specifically activated by ER 

disturbances such as ER stress and mobilization o f intracellular Ca^”̂ ion stores 

(Nakagawa et al., 2000). Located on the cytoplasmic side o f the ER, human caspase-12 

requires cleavage of its pro-domain (60kDa) to become active in its processed form 

(Nakagawa et al., 2000). So far three processing mechanisms for caspase-12 have been 

proposed, including cleavage by m-calpain (Nakagawa and Yuan (2000), cleavage by 

caspase-7 (Rao et al., 2001), and autocatalytic processing o f pro-caspase-I2 into its 

active form (Fujita et al., 2002). Active caspase-12 has two forms: 42kDa and 35kDa. 

The 42kDa active form of caspase-12 that is produced by caspase-7 cleavage cleaves 

itself autocatalytically into the 35kDa form (Rao et al., 2001).

Having initially been implicated with the ER-specific stress-activated apoptosis in 

A549 epithelial cells (Nakagawa and Yuan, 2000), caspase-12 is also activated under 

other adverse conditions such as hypoxia, glucose deprivation and perturbation of 

calcium homeostasis (Yoneda et al., 2001). Oxygen and glucose deprivation o f glial cells 

induces cleavage of the antiapoptotic protein Bc1-xl and pro-caspase-12 that appears to be 

dependent on m-calpain, but not caspases (Nakagawa and Yuan, 2000). That study also
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reported an m-calpain-dependent cleavage of pro-caspase-12 in at least two sites, namely 

at Thrl32/A lal33 and Lysl58/Thrl59, producing three fragments of ~ 30kDa and a 

20kDa fragment. Translocation of calpain from the cytosol to the cell membrane, 

following increases in [Ca "̂ ]̂; and subsequent cleavage of caspase-12 in an enriched 

microsome preparation, adds further evidence for a calpain-dependent cleavage of 

caspase-12 (Suzuki et a l, 1987; Siman et a l, 2001).

The cleavage specificity of caspase-12 differs between caspase-7 and m-calpain. 

During ER stress preceding apoptosis, cytosolic caspase-7 translocates to the ER surface 

where it directly cleaves the proform of caspase-12 at Asp-94 and Asp-341 into an active 

form of 42kDa (Rao et al., 2001). Co-immunoprecipitation studies used in this study found 

caspase-7 to form a complex with caspase-12 while undergoing cleavage. Under conditions 

o f  ER stress GRP78/Bip goes from the lumen o f the ER to the cytosol and ER 

transmembrane, where it forms a complex with caspase-7 and caspase-12 preventing 

release from the ER (Rao et al., 2002a). In addition to a 42kDa cleavage fragment seen in 

caspase-7-treated samples, a specific caspase-12 product in the 35kDa range was also 

found, believed to arise from autocatalytic cleavage o f both the pro-domain and the 

intersubunit region. Autocatalytic processing o f caspase-12 occurs at the N-terminal amino 

acid residue Asp-318, believed to be responsible for caspase-12 translocation from the ER 

to the nucleus (Fujita et al., 2002). The mechanisms of caspase-12 cleavage activation that 

involve calpain, caspase-7 and autocatalysis, represent three pathways which may or may 

not involve cross-talk, but all share a common influencing factor, that of ER stress.
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1.12.5 ER and mitochondrial crosstalk mechanisms

The ER stress-mediated pathway of apoptosis is an arm of signaling thought to be 

independent of other apoptotic events, such as the death receptor and mitochondrial 

pathway. Using different apoptotic stimuli, Nakagawa et a l, (2000) found that cell death 

induced by TNF, anti-Fas and cyclohexamide (known activators o f the death-receptor and 

mitochondrial pathways of apoptosis) failed to induce a cleavage activation of caspase- 

12, while ER stress inducing agents such as tunicamycin and thapsigargin did cause 

significant activation of caspase-12. The ER-specific pathway o f apoptosis has been 

further developed to include a caspase-12-mediated cleavage o f caspase-9 (Rao et al., 

2000a). Working with Apaf (-/-) fibroblasts, Rao et al., (2002b) found that cell death 

induced by thapsigargin and brefeldin-A was reduced by using catalytic mutants of 

caspasc-12 and a caspase-9 inhibitor, independent of cytochrome-c and caspase-8. Using 

recombinant caspase-12 in cytosolic extracts lacking cytochrome-c, it was found that 

caspase-12 could activate caspase-9 and caspase-3, thus proposing caspase-12 activation 

lies upstream of caspase-9 and caspase-3 activation (Morishima et al., 2002).

However, some cross-talk is believed to exist between the ER and the 

mitochondrial pathway of apoptosis. The ER chaperone protein, GRP78, is thought to 

inhibit cytochrome-c from the mitochondria, along with its formation of a complex with 

caspase-7 and caspase-12, preventing their release from the ER (Rao et a l, 2002a). The 

co-existence o f both mitochondrial and ER pathways of apoptosis, displaying Bid and 

Bax activation as well as caspase-12 activation, has been found in Tetrocarcin (TC-A)- 

induced apoptosis (Tinhofer et al., 2002). When Bcl-2 was overexpressed specifically in
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the ER or the mitochondria, cell death was inhibited under conditions o f ionizing 

radiation but not death receptor activation (Rudner et a l, 2001), linking Bcl-2 as a 

mediator o f both ER-induced and mitochondrial-mediated apoptosis, with the possibility 

o f  crosstalk occurring between the two organelles. McConkey and Nutt (2001), found 

that ER Câ "̂  pool depletion occurred prior to caspase activation and speculated that ER- 

dependent changes in mitochondrial [Ca '̂ ]̂ serve as important signals for cytochrome-c 

release, or ER stress leads to caspase-12 and JNK activation, which mediates the release 

o f  cytochrome-c from the mitochondria. The dissection o f apoptotic pathways in future 

studies will undoubtedly yield further intricacies to the ER stress mediated apoptosis 

model.

1.12.6 Role of the ER in Alzheimer’s disease

The presenilin proteins (PS 1 and PS2) are transmembrane spanning proteins 

m.ainly localized to the ER/Golgi network (Huynh et al., 1997). It is now known that 

mutations in PSl and PS2 increase a cell’s susceptibility to apoptosis, under various 

conditions including the withdrawal of trophic factors and exposure to Ap (Guo et al., 

19*97) and familial forms of AD have been linked with mutations in both PS 1 and PS2 

(Sherrington et al., 1995; Levy-Lehad et al., 1995). The mechanism predisposing PS 

miutant cells to increased vulnerability in times of ER stress is of major importance in 

uniderstanding the neuronal cell death seen in the AD brain. Neuroblastoma SK-N-SH 

cellls transfected with a PSl mutant, exhibit a decreased mRNA production of GRP78/Bip 

duiring ER-stress, rendering cells more susceptible to cell death (Imaizumi et al., 2001).
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Cells expressing mutant PSl exhibit ER stress related enhanced elevations of [Ca "̂ ]̂i 

following exposure to A(5 (Guo et al., 1996).

The retrograde transport used by the ER to prevent unfolded proteins leaving, 

represents an interesting paradigm for A(3 accumulation in the ER. A loss of Câ "̂  storage 

by the ER reduces APP folding and transport from the ER, causing an increased APP 

accumulation within the ER, which subsequently leads to increased A(3 production 

(Lahiri, 1994). It has also been suggested that y-secretase cleavage of APP can occur 

within the ER and later within the secretory pathway o f the Golgi (Bode et al., 1997), 

That idea is supported by evidence that wild type and mutant PS 1 and PS2 proteins form 

complexes with APP in the ER, acting directly as the putative y-secretase or are involved 

in the regulation of y-secretase activity (Xia et al., 1997a). Correct folding o f APP may 

serve as a mechanism of reducing A(3 production, considering the overexpression of 

GRP78/Bip in cells has been shown to reduce amounts of A|3(i_40) and A(3(i.42) secreted 

into culture medium (Yang et al., 1998a).
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1.13 Inflammation in Alzheimer’s Disease

1.13.1 Cytokines in the CNS

Cytokines comprise a large and rapidly growing family o f non-enzymatic 

glycoproteins, including interleukins, interferons, tumor necrosis factors, chemokines, 

growth and cell stimulating factors and neurotrophins (Rothwell, 1999), which are 

involved in the induction and effector phases o f immune responses, along with 

modulating normal neuronal function. The classification of cytokines is generally taken 

as the type of cell that produces them. Monokines are cytokines produced by monocytes 

following cell activation or damage that are associated with innate immunity. Examples 

o f  monokines include; IL-1, IL-lra, IL-6, IL-8, IL-10, IL-12, IL-15, IL-18, tumour 

necrosis factors (TNFs), interferons (IFNs) and transforming growth factors (TGFs; 

Cavaillon, 1994). Chemokines are a sub-family of monokines regulating stem/progenitor 

cell proliferation and recruitment of circulating monocytes, including MIF, MIG, M-CSF, 

G-CSF, GM-CSF, MIP-1 and -2, LIF, MCP-1, -2 and -3 and RANTES (Broxmeyer et ai, 

1999). Lymphokine is a generic name for soluble proteins o f 12-30 kDa produced by 

various populations o f lymphocytes in specific immune responses, following their 

stimulation by an antigen or other modes of cell activation. Examples o f lymphokines 

include IL-2, IL-3, IL-4 and IL-6, IFN-y and TGF-(3 (Schattner, 1994). The nomenclature 

for cytokines is problematic, since it is now known that these factors are not secreted 

exclusively by monocytes or lymphocytes.
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Production of an individual cytokine by an effector cell is usually not constitutive 

but is rather elicited by various stimuli such as tissue stress, phases of acute growth (i.e. 

tissue repair), tissue dysregulation (i.e. chronic inflammatory states), infection and 

trauma. These stimuli are associated with increased protein antigens, mitogens, viral or 

bacterial components and other cytokines, which directly stimulate the production of 

cytokines (Taub and Oppenheim, 1994). Once synthesized, cytokines are then secreted 

from the cell into the extracellular space. The actions o f cytokines are pleiotropic, 

affecting various cells in different ways, and the same cytokine can be produced by 

different cell types. The half-life o f cytokines is short, suiting local (autocrine/paracrine) 

signalling activity, and rarely systemic signalling (with the exception of TNF-a, IL-1, 

and IL-6, as observed in septic shock; Dinarello, 1987). Although produced in low 

concentrations, cytokines possess potent activation of their target receptors, making their 

actions quick yet sustained in initiating a response.

Cytokine classification can also be split into pro-inflammatory and anti

inflammatory cytokines. This classification normally considers pro-inflammatory 

cytokines as those whose inhibition is protective in inflammation or endotoxic shock. 

Pro-inflammatory cytokines include TNF-a, IL-1, IL-6, IL-12, IL-18 and IFN-y (Watkins 

et al, 1995). Anti-inflammatory cytokines are protective in inflammatory models, or just 

inhibit the synthesis o f pro-inflammatory cytokines. Anti-inflammatory cytokines 

include: IL-4, IL-10, IL-13 and the natural receptor antagonist for IL-I (IL-lRa). 

Although not themselves cytokines, soluble receptors for IL-1 and TNF (which can be 

released from the cells) are often considered anti-inflammatory cytokines. Mechanisms of 

cointrolling pro-inflammatory cytokine responses to different stimuli are seen as
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potentially very useful in the treatment of disease. Strategies include: inhibiting cytokine 

production, stimulating inhibitory pathways (e.g IL-4, IL-10, IL-13 all inhibit TNF 

production; Cavaillon, 1994), removing cytokines from circulation by means of 

antibodies or soluble receptors, inhibiting receptor binding (e.g use of IL -lR a to 

competitively antagonise IL-1 binding) and inhibiting signalling mechanisms.

Many cytokines commonly associated with the peripheral immune system are also 

found and produced within the CNS (Rothwell, 1999) and the field of neuroimmunology 

has become an important area in understanding the role of cytokines in normal and 

diseased brain function. Access of cytokines produced in the periphery to the CNS can 

occur through regions of the brain possessing poor blood brain barrier with fenestrated 

capillaries, such as the circumventricular organs o f the brain (Maness et al., 1998). A 

saturable transport system has been proposed to allow passage of cytokines through the 

blood brain barrier and blood brain barrier permeability can also increase during systemic 

inflammatory responses that induce fever and even following epileptic seizure and 

trauma (Gutierrez et al., 1993)

Cytokines present in the CNS originate not only from the immune system but also 

through endogenous production by cells within the brain, including astrocytes and 

neurons (Fontana et a l, 1982; Sebire et al., 1993), whose production can be stimulated 

by peripheral cytokines. In the CNS, cytokines exert their function through both 

traditional engagement of their receptors, which are expressed by both glial and neuronal 

cells (Farrar et al., 1987; Sawada et al., 1993), and through less traditional means such as 

modulation of neurotransmitter function (Coogan and O ’Connor, 1997).
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1.13.2 The inflammatory hypothesis of Alzheimer’s disease

Inflammation is an integral part o f the pathophysiology o f the AD brain 

(Alzheimer, 1907). The “inflammatory hypothesis” o f AD, which proposes the 

stimulation o f pro-inflammatory cytokines to existing senile plaques (SPs) and 

neurofibrillary tangles (NFTs), along with triggering the formation and accumulation of 

SPs and NFTs, is now considered a major cause o f age-related and AD-related 

neurodegeneration in the brain (Eikelenboom et a l, 2002. Inflammatory cytokines such 

as IL -ip , IL-6, TN F-a, TGF-P, IFN-y and the chemoattractant protein MCP-1, are 

produced by activated microglia in the AD brain, in response to A(3 peptides and NFTs 

(Grammas and Ovase, 2001). Studies on the transgenic mouse brain, containing the 

Swedish double mutation of human APP (Tg2576), have found increased expression of 

IL-1, lL-6, IL-10 and transforming growth factor (TGF-(3) co-localized with reactive 

astrocytes; (Apelt and Schliebs, 2001). That study also found IL-iP-im m unoreactive 

astrocytes in close proximity to both fibrillary and diffuse beta-amyloid deposits at very 

early stages of plaque development, while activated microglia appeared in and around 

fibrillary A(3 plaques only.

The debate as to whether AP triggers an immune response, or the immune 

response triggers AP formation, is a question that has yet to be fully resolved. However, 

increasing evidence now suggests that the presence o f either A3 or an immune response 

positively influences the stimulation of the other. Astrocytes may be an important source 

o f AP, as IFNy in combination with TN F-a or IL -ip  triggers Ap production by
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supporting (3-secretase cleavage o f the immature APP molecule (Blasko et a l, 2000). 

Evidence for the role of microglia in Ap production (Frackowiak et a l, 1992), cytokine 

secretion and activation o f complement and coagulation systems in AD brain 

(Rozemuller et al., 1989) contrast with beneficial effects such as phagocytic clearance of 

diffuse AP deposition (Rogers et al., 2002). Buxbaum  et al., (1992) found 

IL -ip to increase the processing and secretion of APP in PC 12 cells, and IL -ip  and IL-6 

are partially additive in the regulation of AP production (Del Bo et al., 1995). On the 

basis o f studies in APP transgenic mice, immunisation with AP was suggested as a novel 

immunological approach for the treatment o f AD, involving AP peptide triggered 

microglial cells to clear plaques through Fc receptor-mediated phagocytosis and 

subsequent peptide degradation (Bard et al., 2000).

1.13.3 IL -iP

Interleukins are a family o f polypeptides known as cytokines that act on 

leukocytes and other tissue targets as part of the host’s acute-phase response to infection 

and injury. There are 23 members of the interleukin family characterized so far, and from 

these, at least three known forms of IL-1 exist, IL -la , IL -ip  and IL-ly (Rothwell, 1999) 

although DNA database sequencing has revealed six potential homologues (Dunn et al., 

2001). Synthesised as a precursor polypeptide of 31kDa, IL-1 Pis cleaved by one of the 

first described caspases, interleukin-1P converting enzyme (ICE / caspase-1) into a 

17.5-kD peptide, which is the predominant active extracellular form (Howard et al..
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1991). The actions o f IL-1|3 are inhibited by an endogenous IL-1 receptor antagonist (IL- 

Ira); (Thompson et a i, 1991). Interleukin-1|3, produced by macrophages and other cells, 

activates lymphocytes and the systemic effects o f IL -ip  include fever, increased 

circulating neutrophils, hepatic acute phase proteins, slow wave sleep, elevated insulin 

levels and hypotension (Platanias and Vogelzang, 1990). In vitro, IL -ip  induces 

increased synthesis of a number of lymphokines (IL-2, IL-3, IL-4 and IL-6), a variety of 

colony stimulating factors, and endothelial factors leading to clot formation and vascular 

congestion (Dinarello, 1987). IL -ip also induces histamine release and granule release 

from basophils, eosinophils and neutrophils. IL-1 (3 dramatically increases arachidonic 

acid metabolites in a variety of cells; increased PGE2 synthesis accounts for its 

inflammatory properties (Dinarello, 1988).

IL-ip plays both a physiological role and a pathological role in the body, 

depending on the amount o f IL-ip produced. Rheumatoid arthritis is an autoimmune 

disease thought to be associated with increased IL -ip  activity (Fontana et a i, 1982) and 

polymorphisms in IL -lra  that cause ineffective inhibition. IL-1 p is  elevated in 

Parkinson’s (Blum-Degen et al., 1995), Alzheim er’s and Down’s syndrome brains 

(Griffin et al., 1989). IL-1(3 polymorphisms are also linked with an early onset type of 

AD (Nicoll et al., 2000).

Elevated expression of IL-113 is known to exist in the aged brain (McGahon et al., 

1999). The excessive expression o f IL-1 (3 in the AD brain has been proposed to 

contribute to additional synthesis of APP and Ap deposition in neurons (Forloni et al.,

1992). This production of AP in turn may activate more microglial cells (Araujo and
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Cotman et a l ,  1992). This propogation of the “cytokine cycle”, accentuates the 

progression of AD. It is now kown that 78% of paques containing aggregated A(3 peptide 

contain IL-l(3-immunoreactive microglia (Griffin et al,  1995), and activated microglia 

overexpressing IL-1|3 are associated with 48% of neurons displaying early stages of 

neurofibrillary tangles and in 92% of neurons in late stage tangle formation (Mrak and 

Griffen, 2001). This evidence makes IL-1(3, along with A^, a worthy candidate in this 

study for investigating the underlying mechanisms involved in neurodegeneration 

associated with AD.
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1.14 Aims

The aim  o f  this project is to investigate the in tracellu lar m echanism s involved in 

A(3(i-40)-induced cell death in rat prim ary cultured cortical neurons. The effect o f  AP(i.40) 

on neuronal v iab ility  w ill be assessed by m onito ring  D N A  fragm entation  using  the 

TUN EL technique. The im pact o f  A(3(i_40)-induced Ca^^ influx (M acM anus et a l ,  2000) 

on activ ity  o f  the Ca^'^-sensitive protease, calpain, w ill be exam ined  and the role o f  

calpain in A(3-mediated apoptosis w ill be elucidated. The ability o f  A|3(i.40) to im pact on 

the classical apoptotic pathw ay w ill be exam ined by m onitoring cy tochrom e-c release, 

caspase-3  ac tiv a tio n  and PA R P cleavage. M echan ism s u n d erly in g  A (3 -m ed ia ted  

activation o f apoptosis will be exam ined. Targets for investigation include cytochrom e-c, 

Ca^^ influx and m obilization o f  Ca^^ from  intracellular stores. The role o f  the lysosom al 

p ro teases, cathepsin -D  and cathepsin-L , on A |3-m ediated neurodegenera tion  w ill be 

exam ined as an indicator o f  lysosom al involvem ent in this apoptotic process. The role o f 

E R -d ep en d en t even ts in A (3-induced apop tosis  w ill be exam ined , w ith  p articu la r 

reference to the ER -associated protease, caspase-12. The m echanism  o f  IL -ip -in d u c e d  

neurodegeneration in prim ary cortical neurons will also be investigated , as an indication 

o f  inflam m ation related changes that occur in the aged and A D  brain. O verall this study 

w ill highlight the involvem ent o f proteases associated w ith specific subcellular organelles 

in A |3-induced neurodegeneration.
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Chapter 2 

Materials and Methods



2.1 Aseptic Techniques

All solutions, containers, and pipettes that w ere used w ere kept sterile to prevent 

contam ination  o f  cell culture. The fo llow ing  are som e guidelines describ ing  aseptic 

techniques.

A. Before perform ing any w ork in the cell culture room , hands w ere w ashed thoroughly 

with soap and w ater. A fter this, 70%  ethanol (E tO H , B D H  Laboratory Supplies, Dorset, 

England) was applied to hands and let air-dry. The surfaces o f  all w ashable objects were 

w iped dow n with 70%  EtO H  before being p laced in the lam inar flow  hood.

B. The culture preparation and treatm ent o f  cell cultures w ere carried out in the lam inar 

flow hood (A stec-M icroflow  lam inar flow w orkstation, Florida, U .S.A). Before using the 

lam inar flow hood, the interior was sterilized by w iping dow n all accessible surfaces w ith 

70%  EtO H , follow ed by a lOmin exposure to the u.v. lam p. Before beginning work in the 

lam inar flow  hood, the u.v. light w as turned  o f f  and a fan, assisting  the rem oval o f  

outside air, was turned on for lOmin.

C . All glassw are, pipette  tips, dissection instrum ents, deionised H 2O and m icrofuge tubes 

(Sarstedt, Leicester, England) w ere w rapped in alum inum  foil and autoclave tape (Sigm a- 

A ldrich , D orset, England) and then  au toclaved  at 121°C for 20m in  (Priorclave L td., 

M odel #EH 150, London, England).
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D. Solutions such as phosphate buffered saline (PBS, lOOmM N aC l, 80m M  N a2H P0 4 , 

20m M  N aH 2? 0 4 ) w ere hand filtered  into au toclaved  bottles and Falcon  tubes (BD 

B iosciences Pharm ingen, San D iego, U .S .A .) using a lOmL syringe (B .B raun M edical 

L td., M elsungen , G erm any) w ith  a 0.2|^m  cellu lose acetate  m em brane syringe filter 

a ttached  (Pall C orporation , M ichigan , U .S .A .). N eurobasal m edium  (G IB C O  B R L / 

InV itrogen, Paisley, Scotland) supplem ented w ith heat inactivated  horse serum  (10% ), 

pen icillin  (lOOU/m L), strep tom ycin  (lOOU/mL) and g lu tam ax  (2 m M ;G IB C 0  B R L / 

InV itrogen, Paisley, Scotland) was filtered through a 0.2[j,m cellulose acetate m em brane 

(M illipore Ire land  B .V , C ork, Ireland) in a M illipore S terifil un it (S igm a-A ldrich , St. 

Louis, U .S.A.) connected to a vacuum  pum p.

E. Care w as taken to never let the side or tip o f  a p ipette  gain contact w ith anything 

except the sterile interiors o f  the containers one was w orking with. Pipettes were placed 

on sterile  racks (B ell-A rt P roducts, N ew  Jersey, U .S .A .) be tw een  usage and if  one 

thought it had brushed against the outside o f  a container or any other nonsterile object it 

was rem oved from  the lam inar flow hood.

F . A ll used plastic w are was discarded in an autoclavable plastic bag (B ibby Sterilin Ltd., 

Staffordshire, England) w ith a biohazard sym bol, for autoclaving.
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2.2 Primary Culture of Cortical Neurons

2.2.1 Background

The culture of primary cortical neurons is an in vitro model used to study many 

aspects of neuronal function. Primary cell culture is thought to be a superior model for 

analysing cellular function over cell line models, as primary cells represent naturally 

occurring unaltered genotypes. In this study a primary cell culture system has been used 

as a model for understanding the underlying cellular mechanisms o f neuronal responses 

to A(3.

2.2.2 Animals

Postnatal one-day old Wistar rats were bom at the BioResources Unit of Trinity 

College Dublin. Animals were maintained under a 12hr light/dark cycle and at a 

temperature between 22 and 23°C. On the day of weaning, pups were removed from the 

littter cage and placed in a box with air holes and cotton wool for bedding. The pups were 

then taken back to the Physiology Department and brought into the cell culture room 

before being decapitated.

2 .2 3  Preparation of sterile coverslips

13mm diameter glass coverslips (Chance Propper, West Midlands, England) were 

st(erilised by an overnight incubation in 70% EtOH. Coverslips were then removed from 

thie EtOH, air dried and incubated for Ihr at 37°C in a sterile solution of poly-l-lysine
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(60 pig/mL of PBS, Sigma-Aldrich, Dorset, England). Coverslips were then air dried and 

placed in sterile 24-well plates (Greiner Bio One Gmbh, Kremsmuenster, Austria).

2.2.4 Dissection

Primary cortical neurons were established from postnatal one-day old Wistar rats. 

Six rats were used in preparations yielding 12 individual 24-well plates, four rats were 

used for preparations o f 8 individual 24-well plates and two rats were used for 

preparations o f 2 individual 24-well plates. All equipment used in the dissection 

procedure was oven baked at 200°C (Sanyo-Gallenkamp Hotbox Oven, Model 

#OHG050, Loughborough, England) for Ihr prior to usage, ensuring sterility. Working in 

a laminar flow hood, rats were decapitated using a large pair of scissors. The skull was 

exposed by cutting skin with a pair of small scissors in a straight line from the neck to the 

top of the head. To remove the skull the small scissors was used to cut around the skull, 

keeping the inside point of the scissors close to the inside of the skull. A large pair of 

forceps was used to lift back the skull and pull it away from the head, exposing the brain. 

The cerebral cortices were removed with the forceps and placed in a sterile petri dish 

(Greiner Bio One Gmbh, Kremsmuenster, Austria) containing sterile PBS. The meninges 

were carefully removed using a fine forceps and cortices wereminced into 3 to 4 mm 

pieces with a sterile disposable scalpel (Schwann-Mann, Sheffield, England).
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2.2.5 Dissociation Procedure

Tissue pieces were incubated in 5mL o f  PBS containing trypsin (0.25% , Sigma- 

Aldrich, Dorset, England) for 20min at 37°C. Trypsin digestion o f  connective tissue was 

follow ed by triturating (x5) the dissociated neurons in PBS containing soyabean trypsin 

inhibitor (0.1% , Sigm a-Aldrich, Dorset, England); D N A se (0.2m g/m L ) and M gS04  

(O .IM ). The suspension was then filtered through a sterile 40^m  nylon m esh filter 

(Becton Dickinson Labware Europe, France). Follow ing centrifugation (Sigma-Aldrich, 

M odel #2K 15C , St. Louis, U .S .A .), 2000  x g  for 3m in at 20°C, the pellet was 

resuspended in neurobasal medium, supplemented with heat inactivated horse serum  

(10% ), penicillin  (lOOU/mL), streptom ycin (lOOU/mL), glutam ax (2m M ) and the 

antioxidant B27 (diluted 1:50 from a 50X  solution). A ll neurobasal m edia and 

supplements were purchased from InVitrogen, Paisley, Scotland.

2.2.6 Plating of resuspended neurons

200piL o f  resuspended neurons in neurobasal medium were added onto each 

coverslip and allowed to adhere to the glass coverslip for 2hr in a humidified incubator 

containing 5% COji 95% air at 37°C  (M odel #  394 -048 , Jencons Scientific Ltd., 

Bedfordshire, England). 500/<L o f  prewarmed neurobasal medium supplemented with 

heat inactivated horse serum (10% ), penicillin (lOOU/mL), streptomycin (lOOU/mL), 

glutamax (2mM) and B27 (diluted 1:50 from a 50X solution) was added to each well and 

the cells were incubated for 3 days. On the 4* day in vitro the medium was replaced with 

supplem ented neurobasal m edium  containing 5ng/m L cytosine-arabino-furanoside
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(ARA-C, Sigma-Aldrich, Dorset, England). ARA-C was included in the culture medium 

to prevent proliferation of non-neuronal cells and B27 was omitted from the media due to 

its neuroprotective antioxidant properties (Huang et al., 2000). ARA-C was removed 

from the media after 24hr and exchanged for 400/<L of supplemented neurobasal 

medium. Cells were grown in culture for up to 14 days and culture media was changed at 

least every 3 days, depending on treatment conditions. The cells were exposed to Ap on 

day 7 in vitro. Cells were monitored by light microscopy (Nikon Labophot, Nikon 

Instech Co., Ltd, Kanagawa, Japan) on a daily basis to ensure that the cells appeared 

healthy and lacked fungal or bacterial infection. A sample photo of cultured cortical 

neurons at the initial stage of plating (i) and 4 days in vitro (ii) is shown in Figure 2.1

I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ i t  J

Figure 2.1 Time-dependent changes in cultured neuronal morphology, (i) Cells 

displayed rounded cell bodies and an absence o f neurites after their initial plating, (ii) By 

day 4 in vitro, cells had developed pear-shaped cell bodies and an extensive neurite 

network, representative o f a mature neuron. Scale bar is 150nm.
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23 Cell Treatments

2.3.1 Ap(i_40) and AP(4o-i>

The A|3(i-40) peptide (BioSource International Inc, California, U .S.A .) was 

supplied in a form that is not neurotoxic prior to a preincubation step. The appearance of 

toxicity has been shown to correlate with the extent o f aggregation into a beta sheet 

structure (Simmons, et al., 1994). Both A|3(i.40) and A|3(4o-i) were made up as a Img/mL 

stock solution in sterile PBS and allowed to aggregate for 48hr at 37°C. For treatment o f  

cortical neurons Ap was diluted to a final concentration o f 2^M in pre-warmed 

neurobasal medium. Aggregated Ap(4o-i) was used as a control/vehicle for preliminary 

studies on morphology and TUNEL staining. Previous findings using A|3(4o-i) suggest a 

lack o f toxicity in neuronal cells (Harrigan et al ,  1995).

2.3.2 Calpain Inhibitior

The Calpain Inhibitor, M DL28170 (Calbiochem International, Darmstadt, 

Germany), was made as a stock solution o f 20mM in dimethylsulphoxide (DMSO, 

Sigma-Aldrich, Dorset, England) and was used at a final concentration o f 10[xM. Cells 

were exposed to MDL28170 at the time o f A(3 treatment. MDL28170 is a selective cell- 

permeable calpain inhibitor (Chard et a l ,  1995).
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2.3.3 Thapsigargin

A ImM stock solution o f  Thapsigargin (A lom one labs, Jerusalem, Israel) was 

prepared in DM SO and was used at a final concentration o f  1 fxM. Cells were transferred 

to serum-free neurobasal medium and incubated with thapsigargin (l^iM ), or 0.001%  

DM SO as vehicle, for SOmin to deplete intracellular Ca^  ̂ stores. Cells were then returned

to neurobasal medium containing serum and incubated with Ap. Thapsigargin is used to

2- |-

deplete intracellular Ca stores, especially those o f  the endoplasmic reticulum, by acting 

as an irreversible inhibitor o f  Ca^VATPase channels (Yao et a l ,  2000).

2.3.4 EGTA

In experiments designed to chelate extracellular Ca^”̂ ions, using EGTA (Sigma- 

Aldrich, Dorset, England), cells were exposed to neurobasal medium containing EGTA  

(Im M , made up in deionised water) for 60min prior to exposure to Ap(4o-i) in accordance 

with Linden et al., (1998) and Doutheil et a l ,  (1999).

2.3.5 Cathepsin-L Inhibitior

The Cathepsin-L Inhibitor (Z-FF-FM K, Calbiochem  International, Darmstadt, 

Germany) was made as a stock solution o f  ImM  in DM SO and was used at a final 

concentration o f  10|iM. Cells were exposed to the cathepsin-L inhibitor at the time o f  A(3 

treatment. This inhibitor is a potent, cell permeable, irreversible inhibitor o f  cathepsin-L 

(Essere^a/., 1994).
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2.3.6 Cathepsin-D Inhibitior

The C athepsin-D  Inhib itor (H-Gly-Glu-Gly-Phe-Leu-Gly-D-Phe-Leu-OH, 

BaChem, Meyerside, England) was made as a stock solution o f 5mM in distilled water 

and was used at a final concentration o f lO^M. Cells were exposed to the cathepsin-D 

inhibitor at the time o f A(3 treatment. This peptide is a competitive inhibitor o f 

cathepsin-D and has been used as an affinity ligand for the isolation o f cathepsin-D 

(Gubensek ef a/., 1976)

2.3.7 IL-ip

IL -ip (kindly donated by Prof Luke O ’Neill, Trinity College Dublin) was made 

as a stock solution o f l^g/m L in sterile distilled water and was used at a final 

concentration of 5ng/mL.

2.3.8 Treatment with ANTISENSE (AS) Oligonucleotides

Phosphorothioate oligonucleotides (ODNs) complementary to the mRNA encoding 

caspase-12 and corresponding mismatch (scrambled) control ODN sequence, were 

synthesised by Biognostik (Gottingen, Germany). These ODNs contain sulphur in the 

intemucleotide phosphate linkages of the DNA backbone, which increases resistance to 

exo- and endonucleases present intracellularly and in the serum. The antisense sequence: 

5'-TGTCCTCCTGGCCGCCATGGCTGT-3’ used to deplete cells of caspase-12 and 

scrambled control sequences;5’-GTCGCTCTGTGACGCCTGTGCCTG-3’, were in
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accordance with Nakagawa et al., (2000). Each vial of antisense or scrambled ODN that 

was provided contained lOOnM of ODN. Antisense and scrambled ODN stock solutions 

were made up to a concentration of lOOjxM with a dilution buffer provided in the kit 

(Biognostik, Gottingen, Germany). Cultures were first washed in prewarmed sterile PBS 

(pH 7.4), then incubated with the antisense or scrambled ODN (2[xM) in serum-free 

prewarmed neurobasal medium containing DOTMA/DOPE lipofectin (S^ig/mL; Roche 

Diagnostics Ltd, East Sussex, England) to enhance ODN uptake. After 6hr the medium 

was replaced with prewarmed neurobasal medium containing 2[xM antisense ODNs or 

2|j,M mismatch ODNs ± A(3 (2|iM). The cells were incubated with A|3 for timepoints of 

Ihr, 6hr, 12hr, 24hr, 48hr, 72hr and 96hr before being fixed in 4% paraformaldehyde for 

TUNEL and immunocytochemistry staining, or harvested in lysis buffer (25mM HEPES, 

5mM M gCb, 5mM DTT, 5mM EDTA, 2mM PMSF, 10|a,g/mL leupeptin, 10|j,g/mL 

pepstatin; pH 7.4) for polyacrylamide gel electrophoresis.

To confirm the uptake of ODNs by the neurons, SpiL of a FITC-ODN conjugate 

(Biognostik, Gottingen, Germany) made up to a stock concentration of lOO^iM using 

dilution buffer, was added directly to the culture medium for incubation periods of Ihr, 

6hr, 12hr, 24hr and 48hr. Cells were washed in PBS, fixed in 4% paraformaldehyde/PBS, 

mounted onto glass slides with DPX and stored in a light-tight slide box before viewing 

under fluorescence microscopy (Leitz Orthoplan Microscope, Leica Microsystems AG, 

Wetzlar, Germany) using Improvision software (Improvision, Coventry, England) to 

verify the uptake of the antisense ODNs.

A sample photo depicting FITC-ODN uptake into cultured cortical neurons at Ihr 

o f  can be seen in Figure 2.2. With sufficient uptake of the FITC-ODN seen at Ihr it was

67



therefore accepted that an adequate uptake of antisense ODNs occurred following Ihr 

treatment o f cortical neurons.

n

Figure 2.2 Incorporation o f caspase-12 antisense ODNs into cultured neurons at Ihr. 

Scale bar is 50^m.

Representative image displaying the rapid and efficient incorporation of FITC-conjugated 

antisense ODNs (FITC-ODNs) into cell after Ihr of their supplementation into 

neurobasal medium. Cells exhibit a global fluorescence for FITC-ODNs, suggestive of a 

cytosolic presence of ODNs. The extent of antisense ODN incorporation seen at Ihr 

suggests that ODNs begin their depletion of caspase-12 from this timepoint.
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2.4 Evaluation of Cell Degeneration

2.4.1 Rapi-Diff II morphology analysis

The Rapi-D iff II procedure stains the cytoplasm and nucleus and allows 

m orphological features o f degeneration, such as membrane blebbing, nuclear 

condensation and formation of apoptotic bodies to be observed. The aniline dye, eosin, is 

an acid dye that stains the cytoplasm various shades o f pink and orange. Methyline Blue 

stains nuclear heterochromatin and the cytoplasm of cells rich in ribonucleoprotein. The 

cytoplasm of cells withminimal amounts of ribonucleoprotein tends to be lavender in 

color. This difference in staining intensity is useful in distinguishing healthy neurons 

displaying pear shaped nuclei and many neurites from unhealthy cells displaying 

shrunken nuclei and loss of neurites.

Following treatment of cultured cortical neurons with A(3, cells were fixed with 

4% paraformaldehyde/PBS for 30min at room temperature. Cells were then stained using 

the Rapi-Diff II staining procedure (DiaCheM International Ltd., Lancashire, England). 

The cells were immersed in Eosin stain for lOsec, washed in deionised water 3 times, 

immersed in Methyline Blue stain for lOsec, washed in deionised water 3 times to 

remove residual stain and mounted onto microscope slides with DPX medium (A mixture 

o f  distyrene (a polystyrene), tricresyl phosphate (a plasticiser) and xylene with a 

refractive index o f 1.5, BDH Laboratory Supplies, Dorset, England). Cells were viewed 

under X I00 magnification (Nikon Labophot, Nikon Instech Co. Ltd., Kanagawa, Japan) 

and those displaying degenerative features (e.g shrinkage, membrane blebbing, lack of 

neurite outgrowth) were counted and expressed as a percentage of the total number of
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cells examined (400-500 cells/coverslip). Representative photos o f cells stained using this 

procedure are shown in Figure 2.3. Healthy cells have intact plasma membrane and 

neurite outgrowth, while degenerative cells display blebbing o f the plasma membrane and 

shrinkage.
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Figure 2.3 RapiDiff analysis of neuronal morphology. (A-B) Image taken of control 

cells, cultured for 10 days in vitro. Cells display pear-shaped bodies and healthy neurite 

extensions. (C-D) 10 day old neurons exposed to Ap for 72hr. Cells display degenerative 

morphology, such as the loss of neurites, nuclear condensation (nc), membrane blebing 

(mb) and formation of apoptotic bodies (ab). Scale bar is TO îm.
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2.4.2 TdT-mediated-UTP-end nick labelling (TUNEL)

Apoptotic cell death was assessed by monitoring D N A  fragmentation, using the 

DeadEnd colorim etric apoptosis detection system  (Promega Corporation, M adison, 

U SA ). C ells were fixed  with 4% paraform aldehyde in PBS for 30m in at room  

temperature, then permeabilised with a Triton-XlOO (0.1%) and proteinase K (l|j,g/m L) 

solution in PBS for 5m in at room temperature. An Equilibration buffer (200m M  

potassium  cacodylate, 25m M  Tris-HCl, pH 6.6, 0.2m M  DTT, 2.5m M  CoCl6.(H20)6, 

0.25m g/m L BSA , Promega Corporation, Madison, U SA ) was then added to the cells for 

15min at room temperature. A  Reaction buffer (100|j.L/coverslip; l)j,L biotinylated 

nucleotide m ix (25^xM biotinylated nucleotide m ix, lOmM Tris-HCl, pH 7.6, ImM  

E D T A ), l|o,L TdT (Term inal deoxynucleotidyl Transferase) enzym e and 98 |iL  

equilibration buffer, Ihr at 37°C; Promega Corporation, M adison, U SA ) was used to 

incorporate the 3 ’-OH D N A  ends to fragmented D N A  strands. A  1:100 solution o f  

horseradish-peroxidase-labelled streptavidin (Promega Corporation, Madison, U SA ) in 

PBS was then bound to the biotinylated nucleotide (Ihr at room temperature) and this 

w as detected using a chrom ogen d iam inobenzid ine (D A B , Dako Corporation, 

Carpinteria, U .S .A .) solution (2mL; l.S lm L  DAB Img/mL PBS, 80|o,L o f  saturated Nikel 

Aluminum Sulphate ((N H )4S0 4 N iS 0 4 .6 H2 0 ) and l l u L  o f  H2O2, Sigma-Aldrich, Dorset, 

England). After lOmin when cells  assumed a brown appearance they were washed  

several times in deionised water and coverslips were mounted onto m icroscope slides 

with DPX medium (BDH Laboratory Supplies, Dorset, England). Cells were then viewed  

under light m icroscopy (Nikon Labophot, Nikon Instech Co., Ltd, Kanagawa, Japan) at 

xlOO magnification, where the nuclei o f  TUNEL positive cells stained brown. Apoptotic
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cells (TUNEL positive) were counted and expressed as a percentage o f  the total number 

o f  cells examined (400-500 cells/coverslip).

2.5 Immunocytochemistry

2.5.1 Poly-(ADP-ribose)-polymerase (PARP) immunocytochemistry

Follow ing treatment o f  cultured cortical neurons with A(3 (2|aM, 72-96hr), the 

cells were fixed in 4% paraformaldehyde/PBS for 30min at room temperature, washed 3 

tim es in PBS then blocked with 5% bovine serum albumin in PBS for Ihr at room  

temperature. C ells were then incubated with an anti-cleavage site specific  PARP  

polyclonal antibody purified from goat serum (BioSource International Inc, California, 

U .S.A .; 1:50 dilution in a 5% solution o f  goat serum in PBS, Ihr at room temperature) 

which specifically recognises the cleaved form o f  PARP. Immunoreactivity was detected 

w ith a biotinylated anti goat-IgG secondary antibody (B ioSource International Inc, 

California, U .S .A .; 1:50 dilution, Ihr incubation at room temperature) then washed 3 

tim es in PBS. Streptavidin conjugated to horseradish peroxidase (1:100 dilution in PBS; 

Am ersham , Buckinghamshire, UK) was then applied to the cells for 40m in at room  

temperature. Immunoreactive cells were visualised after incubation using a DAB solution 

(Dako Corporation, Carpinteria, U .S .A .; 2mL; l.S lm L  D A B Im g/m L PBS, 80^.L o f  

saturated N ikel Alum inum  Sulphate (NH )4S0 4 N iS0 4 .6H2 0 ) and ll|j ,L  o f  H2O2) for 

lOmin, washed several tim es in deionised water and mounted onto m icroscope slides 

with DPX medium (BDH Laboratory Supplies, Dorset, England). Cells were then viewed  

unider light microscopy at x 100 magnification (Nikon Labophot, Nikon Instech Co., Ltd,
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Kanagawa, Japan), where the nuclei o f  PARP cleavage positive cells stained brown. The 

number o f  cells displaying cleaved PARP immunoreactivity were counted and expressed 

as a percentage o f  the total number o f  cells examined (400-500 cells/coverslip).

2.5.2 Caspase-3 Immunocytochemistry

Cells were fixed in 4% paraformaldehyde/PBS for 30min, washed 3 times in PBS 

and permeabilsed in PBS containing 0.2% Triton solution for 5min. Cells were blocked 

in PBS containing 0.2% Triton + 5% goat serum (GIBCO BRL/ InVitrogen, Paisley, 

Scotland) for 2 hr at room temperature. Cells were washed 3 times in PBS before an 

overnight incubation at 4°C  with A nti-A C TIV E Caspase-3 A ntibody (Prom ega  

Corporation, M adison, U .S .A .) purified from rabbit serum, diluted 1:250 in 5% goat 

serum/PBS that recognizes the 17kDa active fragment o f  human caspase-3. Cells were 

w ashed 3 tim es in PBS and incubated with a biotinylated anti goat-IgGsecondary 

antibody (BioSource International Inc, California, U.S.A.; 1:50 dilution for Ihr at room  

temperature. Cells were washed 3 times in PBS before a 1:100 dilution o f  streptavidin 

conjugated to horseradish peroxidase (Amersham, Bedfordshire, UK) in PBS was added 

for 40m in at room temperature. Cells were washed 3 times in PBS before applying a 

D A B  solution (Dako Corporation, Carpinteria, U .S.A .; 2mL; l.S lm L  D A B Img/mL  

PB S, SO îL o f  saturated Nikel Aluminum Sulphate (NH )4S0 4 N iS 0 4 .6 H2 0 ) and ll^ iL  o f  

H2O2) to the cells for a lOminute incubation period. The cells were washed several times 

w ith  deionised water and then mounted in DPX medium (BDH Laboratory Supplies, 

D orset, England). Cells were then view ed under light m icroscopy (Nikon Labophot, 

N ikon  Instech Co., Ltd, Kanagawa, Japan) at xlOO m agnification, where the active
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caspase-3 positive cells stained brown. Cells displaying active caspase-3 

immunoreactivity were counted and expressed as a percentage o f the total number of 

cells examined (400-500 cells/coverslip).

2.6 Fluoroescent Microscopy Analysis of Primary Cortical Neurons

A fluorescent probe (M itoTracker Red, M olecular Probes, Leiden, The 

Netherlands) was used to visualise neuronal mitochondria. When the cells had been 

treated with A(3 (2|o.M) for the desired timepoint, the culture media was removed from 

the wells and prewarmed neurobasal medium containing MitoTracker (50nM) was added 

for 30min, to incorporate the probe. The cells were then washed in PBS and fixed in 4% 

paraformaldehyde/PBS for 15min at 37°C. After fixation, cells were rinsed several times 

in PBS. Incubating cells in ice-cold acetone for lOmin was used to permeabilise cells and 

improve signal retention. Coverslips were then stored in 24-well plates filled with PBS or 

mounted onto microscope slides using a mounting medium for fluorescence (Vector 

Laboratories Inc., California, U.S.A.) where the perimeter of each coverslip was sealed 

using nail varnish. Mounted coverslips were viewed under x40 magnification using 

fluorescence microscopy (Leitz Orthoplan M icroscope, Leica M icrosystems AG, 

Wetzlar, Germany) using Improvision software (Improvision, Coventry, England). Cells 

were observed under excitation, 579nm; emmision, 599nm for the MitoTracker Red dye.

To assess the intracellular distribution o f cytochrome-c or caspase-12 by 

fluorescent labelling, cells were permeabilised using a 0.2% Triton-X solution for lOmin, 

washed 3 times in PBS and incubated at room temperature for 1 hr in a blocking buffer
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(5% BSA solution made up in PBS). Coverslips were washed three times in PBS before 

incubating cells in a 1:100 dilution o f the primary antibody in a 2% bovine serum 

albumin (BSA) solution. Coverslips were washed three times in PBS before adding a 

1:50 solution of ExtrAvidin-FITC conjugatedsecondary antibody in PBS (Sigma-Aldrich, 

Dorset, England)) for Ihr at room temperature. Cells were washed 3 times for lOmin 

before adding a 1:100 dilution o f ExtrAvidin-IsoThioCyanate Fluorescein (FITC) 

conjugate in PBS (Sigma-Aldrich, Dorset, England) for Ihr at room temperature. 

Coverslips were mounted onto microscope slides using a mounting medium for 

fluoroesence (Vector Laboratories Inc., California, U.S.A.) and the perimeter of each 

coverslip was sealed using nail varnish. Care was taken tominimise exposure of 

coverslips to light in order to prevent the fluorescent tag from bleaching. Mounted 

coverslips were viewed under x40 magnification using fluorescence microscopy (Leitz 

Orthoplan Microscope, Leica Microsystems AG, Wetzlar, Germany) using Improvision 

softw are (Improvision, Coventry, England). Cells were observed under excitation, 

579nm; emmision, 599nm for MitoTracker Red, and excitation, 490nm; emission, 520nm 

for FITC labelled antibodies.

2.7 Enzyme Activity Analysis

2.7.1 Measurement of calpain activity

Cleavage o f the fluorogenic calpain substrate (Suc-LLVY conjugated to 

aminofluorocoumarin (AFC); BaChem, Meyerside, England) to its fluorescent product 

was used to measure calpain activity. Cortical neurons were first washed in PBS and
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then harvested in lysis buffer (25mM HEPES, 5mM M gCh, 5mM DTT, 5mM EDTA, 

2mM PMSF, 10[j,g/mL pepstatin; pH 7.4) by scraping coverslips using the rubber end o f 

a ImL syringe piston (B.Braun Medical Ltd., M elsungen, Germany). Cell lysates were 

subjected to 3 freeze-thaw cycles and centrifuged at 10,000 x g for lOmin at 4°C  (Sigma- 

A ldrich, M odel #2K15C, St. Louis, U .S.A .). Samples o f  supernatant (90[xL) were 

incubated with the LLVY peptide (500jj,M; 10jj,L) in cuvettes for Ihr at 37°C (Sanyo- 

Gallenkamp Hot Oven, Loughborough, England). Incubation buffer (900 [xL; lOOmM 

HEPES containing lOmM dithiothreitol (DTT); pH 7.4) was added and fluorescence was 

assessed by spectrofluorom etry (excitation, 400nm; em ission, 505nm; Lum inescence 

Spectrometer, Model #LS50B, Perkin Elmer Ltd., Connecticut, U.S.A.) AFC standards in 

the ranges o f  lOOO^iM, 500^M , 250nM , 125fiM, 62.5nM , 31.25^iM, 15.625nM , 

7.813|j,M and OpiM (incubation buffer) were prepared from a ImM  stock solution o f AFC 

dissolved in incubation buffer. The enzyme activity in cell samples were calculated from 

the regression line plotted from the absorbance o f the AFC standards and converted to 

AFC produced/mg/mL o f protein/min.

2.7.2 Measurement of caspase-3 activity

C leavage o f  the fluorogenic caspase-3 substrate (D EV D -A FC); A lexis 

Corporation, Nottingham , England) to its fluorescent product was used to measure o f 

caspase-3 activity. Cortical neurons were washed in PBS and harvested in lysis buffer 

(25m M  HEPES, 5mM  M gCb, 5mM DTT, 5mM  EDTA , 2mM  PM SF, lOpig/mL 

leupeptin, lO^ig/mL pepstatin; pH 7.4) by scraping coverslips using the rubber end o f  a 

Im L  syringe piston (B.Braun M edical Ltd., M elsungen, Germany). Cell lysates were
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subjected to 3 freeze-thaw cycles and centrifuged at 10,000 x g for lOmin at 4°C (Sigma- 

Aldrich, Model #2K15C, St. Louis, U.S.A.). Samples o f supernatant (90fxL) were 

incubated with the DEVD-AFC peptide (SOO^iM; lOuI) in cuvettes for Ihr at 37“C 

(Sanyo-Gallenkamp Hot Oven, Loughborough, England). Incubation buffer (900[j.L; 

lOOmM HEPES containing lOmM DTT; pH 7.4) was added and fluorescence was 

assessed (excitation, 400nm; emission, 505nm; Luminescence Spectrometer, Model 

#LS50B, Perkin Elmer Ltd., Connecticut, U.S.A.) by spectrofluorometry. AFC standards 

in the ranges of lOOOjxM, SOO îM, 250^iM, 125^xM, 62.5nM, 31.25nM, 15.625^M, 

7.813[aM and O îM (incubation buffer) were prepared from a ImM stock solution o f AFC 

dissolved in incubation buffer. The enzyme activity in cell samples were calculated from 

the regression line plotted from the absorbance o f the AFC standards and converted to 

AFC produced/mg/mL of protein/min.

2.7.3 Measurement of cathepsin-L activity

Cleavage of the fluorogenic cathepsin-L substrate (Z-Phe-Arg-AFC; Alexis 

Biochemicals, Nottingham, England) to its fluorescent product was used to measure 

cathepsin-L activity. This peptide is a substrate for both cathepsin-B and cathepsin-L, 

however inactivation of cathepsin-B activity occurs by adding 4M urea and setting the 

pH of the incubation buffer to pH 5, making it specfic for cathepsin-L activity (Kamboj et 

al., 1993). Cortical neurons were washed in PBS and harvested in a urea buffer (20mM 

NaOAc, 4mM EDTA, 8mM DTT, 4M Urea; pH 5) by scraping coverslips using the 

rubber end of a ImL syringe piston (B.Braun Medical Ltd., Melsungen, Germany), Cell 

lysates were homogenised, subjected to 3 freeze-thaw cycles and centrifuged at 10,000 x
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g for lOmin at 4°C (Sigma-Aldrich, Model #2K15C, St. Louis, U.S.A.). Samples of 

supernatant (90nL) were incubated with the Z-Phe-Arg-AFC peptide (ISOfxM; lOpiL) for 

Ihr at 37°C in a 96 well microtest plate (Sarstedt, Leicester, England). Fluorescence was 

assessed by spectrofluorometry (excitation, 400nm; emission, 505nm, Fluoroskan Ascent 

Florometer, Labsystems, Vantaa, Finland). AFC standards in the ranges of lOOOuM, 

SOO îM, 250(xM, 125^,M, 62.5|aM, 31.25|o,M, 15.625^M, 7.813[iM and 0|j,M (incubation 

buffer) were prepared from a ImM stock solution of AFC dissolved in urea buffer. The 

enzyme activity in cell samples were calculated from the regression line plotted from the 

absorbance of the AFC standards and converted to AFC produced/mg/mL of protein/min.

2.8 Protein Quantification

Calculation of protein concentration in cell samples was carried out according to 

the method of Bradford (1976). Standards were prepared from stock solution of 

200)ig/mL bovine serum albumin (BSA, Sigma-Aldrich, Dorset, U.K.) to a volume of 

160|j,L and ranged from 5|j,g/mL to 160ixg/mL. Samples (10|iL) were diluted in 150|a,L of 

distilled water. Bio-Rad dye reagent (40|xL, Bio-Rad Laboratories, Munich, Germany) 

was added to all preparations, which were then vortexed and incubated at room 

temperature for 5min before being transferred to the wells of a 96-well microtest plate 

(Sarstedt, Leicester, England). Absorbance readings were made at a wavelength of 

630nm using a 96 well plate reader (EIA Multiwell reader, Sigma-Aldrich, Dorset, 

England) concentration of protein in cell samples was calculated from the regression line 

plotted from the absorbance o f the BSA standards and converted to mg protein/mL.
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2.9 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

10% and 12% gels (see Appendix II) were cast by setting them between 2 gel 

plates that were mounted on an electrophoresis unit (Sigma Techware, Dorset, England) 

using spring clamps. The upper and lower reservoirs of the unit were filled with electrode 

running buffer (25mM Tris Base; 200mM glycine; 17mM sodium dodecyl sulphate 

(SDS). The protein concentrations were assessed (seesection 2.8) and were equalized 

using distilled water. An equal volume of sample buffer (0.5M Tris-HCl pH 6.8; 10% 

glycerol (v/v); 10% SDS (w/v); 5% (3-marcaptoethanol (v/v); 0.05% bromophenol blue 

(w/v) to sample was added and samples were boiled for 5min. The samples (10|iL) were 

loaded into the wells, a 32mA current was applied to the gel apparatus and migration of 

the bromophenol blue was monitored. The current was switched off when the blue dye 

band reached the bottom of the gel (approximately 30min).

2.10 Western Immunoblotting

The gel was removed from the electrophoresis unit and washed gently in transfer 

buffer (25mM Tris-Base; 192mM glycine; 20% methanol (v/v); 0.05% SDS (w/v)). The 

gel was placed on top of a sheet of nitrocellulose blotting paper (Sartorius, Goettingen, 

Germany) wetted in the transfer buffer and cut to the size o f the gel. One piece of filter 

paper (Whatman, Kent, England) was placed on top of the gel and one piece was placed 

beneath the nitrocellulose paper forming a sandwich. The sandwich was soaked in 

transfer buffer and placed on the graphite electrode (anode) o f a semidry blotter 

(B iometra, Gottingen, Germany). Air bubbles were removed from the sandwich by gently
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rolling a pasteur pipette over it. The lid o f the blotter (cathode) was placed down firmly 

on top of the sandwich. A constant current of 225mA for Ihr and 30min was applied. The 

nitrocellulose membrane was blocked for non-specific binding and probed with an 

antibody raised against the protein sought (for specific incubation protocols seesections

2.10.1 to 2.10.4). This was washed off in PBS containing 0.1% Tween-20 (PBS-Tween) 

and asecondary antibody was added which was horse radish peroxidase (HRP)-linked. A 

chemiluminescence detection chemical (Pierce Biotechnology, Illinois, U.S.A.) was 

added and the membrane was exposed to photographic (Hyperfilm, Amersham, 

Buckinghamshire, UK) film and developed using a Fuji Processor (Fuji X-Ray film 

processor. Model # RGII, FUJIFILM Medical Systems, Stamford, U.S.A.).

2.10.1 Poly-(ADP-ribose)-polymerase (PARP) immunoblot

In the case o f PARP expression, A|3-treated (2^M, 72hr) cells were harvested by 

scraping coverslips using the rubber end o f a 1ml syringe piston (B.Braun Medical Ltd., 

Melsungen, Germany), in a 10 mM Tris buffer containing ImM EDTA, 5mM 

dithiothreitol, O.lmM PMSF, 2 |ag/mL leupeptin, 2 ^ig/mL aprotinin, pH 7.4. Total 

protein (l[xg per lane) was separated by electrophoresis on a 10% polyacrylamideminigel 

and transferred to nitrocellulose membrane. Non-specific binding was blocked by 

incubating the nitrocellulose membrane overnight at 4°C in PBS-Tween and 7% non-fat 

dry milk (Marvel, Chivers Ireland Ltd., Dublin, Ireland). The membrane was washed 3 

times for I5min in PBS-Tween (10ml) and the primary antibody (polyclonal anti-PARP 

antibody; Santa Cruz Biotechnology Inc, California, 1-.500 dilution in PBS-Tween 

containing 2% Marvel; 10ml) purified from rabbit serum, which recognises the N-
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terminus o f  the intact (1 13kDa) and cleaved form (89kDa) o f  the protein was incubated 

for 2hr at room temperature and washed 3 times for 15min in PBS-Tween. Thesecondary 

antibody was added (anti-rabbit IgG HRP linked; Sigma; 1:1000 dilution in PBS-Tween  

containing 2% Marvel; 10ml) and incubated for Ihr at room temperature. The membrane 

was washed 6 times for 15min in PBS-Tween. Enhanced Chem ilum inescence (ECL) 

detection reagent (Amersham, Buckinghamshire, England) was added to the membrane 

for 3min and exposed to the photographic film  for 10-20min at 4°C in the dark before 

being developed (Fuji X-Ray film  processor, M odel #  RGII, FUJIFILM M edical 

Systems, Stamford, U.S.A.).

2.10.2 Cytochrome-c western immunoblot

Follow ing incubation with A(3(2|a.M, 6hr-72hr), the expression o f  cytochrome-c 

was analysed by two different protocols for harvesting cells were used. The first protocol 

was designed to analyse the total expression o f  cytochrome-c and in this case cells were 

harvested as described in 2.10.1. Thesecond protocol was designed to obtain cytosolic 

and mitochondrial fractions o f  cytochrome-c expression. In thesecond protocol, cortical 

neurons were washed in PBS before 100^1 o f  permeabilisation buffer (250m M  sucrose, 

70mM KCl, 137mM NaCl, 4.5mM  Na2HP04, 1.4mM KH2PO4, lOO^iM PMSF, lO^g/mL 

leupeptin, 2(j,g/mL aprotinin, 200|ag/mL digitonin; pH 7.2) was added to each w ell and 

left on ice for 5min. The permeabilisation buffer was then removed and collected as the 

cytosolic fraction. lOOfxL o f  mitochondrial buffer (50mM  Tris Base, 150mM NaCl, 2mM  

EGTA, 0.2% Triton-X, 0.3% Igepal P-40, IOOjaM PM SF, 10|xg/mL leupeptin, l\x.§JmL 

aprotinin, pH 7.4) was then added to each well before harvesting by scraping coverslips
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using the rubber end o f a ImL syringe piston (B.Braun Medical Ltd., Melsungen, 

Germany). Cells were centrifuged (15,000 x g  for 20min at 4°C) and the supernatant 

containing the mitochondrial fraction was collected. Both cytosolic and mitochondrial 

fractions were prepared for SDS-polyacrylamide gel electrophoresis. The cytosolic and 

mitochondrial fractions were diluted to 50^g protein/ml with sodium dodecyl sulphate 

(SDS) sample buffer (150 mM Tris-HCl pH 6.8, 10% v/v glycerol, 4% w/v SDS, 5% v/v 

P-mercaptoethanol, 0.002% w/v Bromophenol Blue). Samples were then heated to 100°C 

for 3min. Cytosolic and mitochondrial proteins (l|o,g per lane) were separated by 

electrophoresis on a 12% polyacrylamideminigel and transferred to nitrocellulose 

membrane (Sartorius, Germany). Non-specific binding was blocked by incubating the 

membrane in PBS-Tween containing 7% non-fat dry milk (Marvel) for 2hr at room 

temperature. The membrane was washed 3 times for 15min in PBS-Tween and the 

primary antibody was added (anti-rat polyclonal cytochrome-c purified from rabbit 

serum; Santa Cruz Biotechnology, California, U.S.A; 1:250 dilution in PBS-Tween 

containing 2% non-fat dry milk) and incubated overnight at 4°C. The membrane was 

washed 3 times for 15min and thesecondary antibody added (HRP linked anti-rabbit 

polyclonal IgG purified from sheep serum; Amersham, Buckinghamshire, England; 

1:1500 dilution in PBS-Tween containing 2% non-fat dry milk). Membranes were 

incubated for Ihr at room temperature and washed for 15min 8 times in PBS-Tween. 

Enhanced Chemiluminescence (ECL) detection reagent (Amersham, Buckinghamshire, 

England) was added to the membrane for Imin and exposed to the photographic film for 

lOmin at 4°C in the dark before being developed (Fuji X-Ray film processor, Model # 

RGII, FUJIFILM Medical Systems, Stamford, U.S.A.).
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2.10.3 Cathepsin-L and Cathepsin-D western immunoblot

For measurement o f total cathepsin-L and cathepsin-D expression cells were 

harvested as described in 2.10.1. For measurement o f cytosolic and non-cytosolic 

fractions o f cathepsin-L and cathepsin-D expression, cells were harvested as described in 

2.10.3. Proteins (Ipig per lane) were separated by electrophoresis on a 10% 

polyacrylamideminigel and transferred to nitrocellulose membrane. Non-specific binding 

was blocked by incubating the membrane in PBS-Tween containing 7% non-fat dry milk 

for 2hr at room temperature. The membrane was washed 3 times for 15min in PBS- 

Tween and the primary antibody was added. Cathepsin-L expression was detected using a 

polyclonal antibody for cathepsin-L (Santa Cruz Biotechnology Inc., California) 

recognising the single chain proform (31kDa), and its double chain active form (27kDa), 

purified from goat serum (1:1000 dilution in PBS-Tween containing 2% non-fat dry 

milk) and incubated for Ihr at room temperature. Cathepsin-D expression was detected 

using a polyclonal antibody for cathepsin-D, recognizing the upper mature form (52kDa), 

the middle immature form (43kDa) and the lower active form (30kDa) of the enzyme 

(1:500 dilution in PBS-Tween containing 2% non-fat dry milk, Ihr at room temperature). 

The membrane was washed 3 times for 15min and thesecondary antibody added (anti

goat polyclonal IgG HRP linked; Amersham, Buckinghamshire, England; 1:1000 dilution 

in PBS-Tween containing 2% non-fat dry milk). Membranes were incubated for Ihr at 

room tem perature and washed 8 times for 15min in PBS-Tween. Enhanced 

Chemiluminescence (ECL) detection reagent (Amersham, Buckinghamshire, England) 

was added to the membrane for Imin and exposed to the photographic film for lOmin at
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4°C in the dark before being developed (Fuji X-Ray film processor, Model # RGII, 

FUJIFILM Medical Systems, Stamford, U.S.A.).

2,10.4 Caspase-12 immunoblot analysis

For measurement o f total caspase-12 expression cells were harvested as described 

in 2.10.1. For measurement o f caspase-12 expression within cytosolic and non-cytosolic 

fractions, cells were harvested as described in 2.10.2. Proteins (l^-g per lane) were 

separated by electrophoresis on a 10% polyacrylamideminigel and transferred to 

nitrocellulose membrane. Non-specific binding was blocked by incubating the 

nitrocellulose membrane in Tris buffered saline-Tween-20 (TBS-Tween; 20mM Tris- 

HCl; 150mM NaCl; containing 0.05% Tween 20; pH 7.6; 15mL) containing 5% BSA 

overnight at 4°C. The membrane was washed 3 times for 15min in TBS-Tween (lOmL). 

The primary antibody added was a polyclonal caspase-12 antibody purified from rabbit 

serum (Santa Cruz Biotechnology, California, U.S.A.; 1:500 dilution in TBS-Tween 

containing 0.1% BSA; lOmL), which recognizes both the pro-form (60kDa) and active 

forms (42kDa) o f caspase-12. The nitrocellulose was incubated for 2hr at room 

temperature and it was washed 3 times for 15min in TBS-Tween. Thesecondary antibody 

was added (anti-rabbit IgG HRP linked; Sigma; 1:1000 dilution in TBS-Tween 

containing 0.1% BSA; lOmL) and incubated for 2hr at room temperature. The membrane 

was washed 6 times for 15min in TBS-Tween. SuperSignal (Pierce Biotechnology, 

Illinois, U.S.A) was added for 5min and membranes were exposed to the photographic 

film for up to lOmin in the dark after which time the film was developed (Fuji X-Ray 

film processor, Model # RGII, FUJIFILM Medical Systems, Stamford, U.S.A.).

84



2.11 Re-probing the Nitrocellulose Membrane for a Different Antibody

Nitrocellulose membranes were stripped of their original antibody and re-probed 

using a Re-Blot Plus Strong Stripping Solution (Chemicon International, England). First 

the nitrocellulose was washed 3 times for lOmin in PBS-Tween, before adding a 1:10 

solution of Re-Blot Plus Strong Stripping Solution in deionised water for 15min at room 

temperature. The nitrocellulose was then washed 2 times in PBS-Tween for lOmin before 

blocking the nitrocellulose for Ihr at room temperature (PBS-Tween containing 7% non

fat dry milk). The nitrocellulose was then ready for re-probing with asecond antibody.

In all cases o f immunoblot analysis molecular weight markers (Coloured 

Molecular Weight Marker, Sigma-Aldrich, Dorset, England) were used to verify the 

molecular weight o f protein bands. The band widths were measured by densitometry 

using a ZeroDscan software package (Scanalytics Inc., Fairfax, U.S.A.). The values are 

expressed as arbitrary units.

2.12 Statistical Analysis

Statistical analysis was carried out by use o f a one-way analysis of variance 

(ANOVA; Instat, version 2.3, www.graphpad.com), followed by the post hoc Student- 

Newman-Keuls test when significance (at the 0.05 level) was indicated. When 

comparisons were being made between two treatments, a paired Student’s /-test was 

perform ed to determine whether there were significant differences between the 

conditions. In all cases the alpha level was set at 0.05.
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Chapter 3

Ap Induces Apoptosis in 
Cultured Cortical Neurons



3.1 Introduction

The ability o f AP to cause cellular stress is a widely discussed topic in AD 

research today. Contributing factors that influence A(3-induced cellular stress include 

oxidative stress (Behl et al., 1992), inflammation (Jiang et al., 1994) and disruption of 

intracellular calcium homeostasis (M attson et al., 1992, M acM anus et at., 2000). As 

described in Chapter 1, all of these proposed m ediators have plausible hypotheses 

concerning the fate of neurons both in vitro and in vivo. The process of apoptotic cell 

death involves a structured chain of events, which proceed from an initial triggering of 

events, to an ultimate end of cell viability (Kerr et al., 1912). It is believed that oxidative 

stress, inflam m ation, disruption of calcium  hom eostasis, may trigger the initiation of 

ap'optotic m echanism s, as opposed to necrotic m echanism s o f cell death, following 

ex posure of neurons to A|3 (Forloni, 1993, M attson et al., 1993b).

In this study, a cell culture system was used to examine the effects of A|3 on the 

viability o f cultured cortical neurons. Through analysis o f cell m orphology, it was 

poissible to determine whether A|3-mediated toxicity occurred by necrosis or apoptosis. 

Ne:cr)tic cell death is a pathological response to cellular injury, often characterized by 

celll swelling, rupture o f plasma membrane, a leakage o f  cytoplasmic content into the 

exttra:ellular space and initiation o f  an inflam m atory response (W yllie et al., 1980). 

Apioptotic cell death is a normal physiological response to specific suicide signals, or lack 

of su'vival signals, identified by hallm ark signs such as condensed nuclei, membrane 

bleibbing, cytoplasmic shrinkage, formation o f membrane bounded bodies engulfed by 

neijghjoring cells with no spillage or inflamm ation occurring (Johnson and Deckwerth, 

199)3 . D espite ongoing research into the m olecular m echanism s o f cell death, the

86



distinction between necrosis and apoptosis still relies primarily on morphology. Initially 

the RapiDiff staining procedure was used to examine cellular morphology in order to 

characterize the impact of A|3 on cell viability. Following this procedure a more specific 

analysis, using the labeling of fragmented DNA base pairs (a signature of apoptosis rather 

than necrosis; Arends et al., 1990, Johnson et al., 1996), was undertaken to quantify the 

timecourse of A(3-mediated cell death.

This study sought to identify potential signaling pathways activated by A(3 that 

may be pertinent in A(3-induced DNA fragmentation. The cysteine protease, caspase-3 

was chosen as a potential mediator of DNA fragmentation. Activated caspase-3 cleaves 

the DNA repair enzyme poly (ADP-ribose) polymerase (PARP; Tewari et al., 1995) and 

activates the enzyme CAD (caspase activated DNAse), which may directly cleave DNA 

(Sakahira et al., 1998). The loss of DNA repair mechanisms and activation of enzymes 

that cleave DNA strands leave the cell’s internal environment destined to cellular death.

M itochondrial abnormalities have been associated with oxidative stress, 

neiurodegeneration and with AD, since Saraiva et al., (1985) found mitochondria with 

increased density matrices and paracrystalline inclusions in the intercristal space of 

neurons in the AD brain. Mutations in mitochondrial cytochrome-c oxidase genes have 

als^o been linked with late-onset AD (Davis et al., 1997). Usually found in the 

intiermembrane space, and normally required for energy production in the electron 

tramsport chain, cytochrome-c is a key initiator o f apoptosis. When released from the 

mittochondria through the mitochondrial permeability transition pore (MPTP), the 

cyt(ocirome-c is allowed entry into the cytosol, initiating an apoptotic cascade of events 

lea(ditg to cell death. The rapid release o f cytochrome-c, following the opening of the
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mitochondrial permeability transition pore (MPTP), occurs within Ihr after induction of 

apoptosis, but not during necrosis (Renz et a i, 2001). The release of cytochrome-c prior 

to caspase-3 activity was investigated in these experiments to define an upstream 

mechanism of caspase-3 activation.

Downstream of caspase-3 activation, the integrity of the DNA repair enzyme 

PARP was assessed as another marker of apoptotic cell death. The intact PARP enzyme 

has a molecular weight of 113kDa, which is cleaved into fragments of 89kDa and 24kDa 

(Duriez and Shah, 1997) by apoptotic proteases such as caspase-3 (Tewari et a l, 1995), 

calpain (Wang, 2000) and lysosomal proteases (Gobeil et al., 2001). Cleavage o f PARP 

prevents DNA repair, consequently leading to cell death. Along with DNA fragments, 

PARP fragments have been widely accepted as markers for apoptotic cell death as cells 

undergoing necrosis do not exhibit such traits (Shah et al., 1996). PARP fragmentation 

has also been implicated with the neuronal cell death seen in the AD brain, with 

immunohistochemical staining revealing a higher amount of both PARP protein and 

poly(ADP)ribose in the temporal and frontal cortex, compared to control brains (Love et 

al., 1999). Excitotoxicity, associated with an elevated influx of Ca ions, has also been 

found to induce caspase-mediated PARP cleavage (Leist et al., 1997).

The initial aim of this thesis was to determine the effect of the 1-40 amino acid 

fragment of Ap on the viability of cortical neurons and to determine whether A(3-induced 

neurotoxicity was mediated through the classical apoptotic pathway. Experiments were 

performed to elucidate a possible signaling pathway that is involved in A|3-induced 

apoptosis of primary cortical neurons, through techniques investigating cell morphology, 

DNA fragmentation, caspase-3 activity, cytochrome-c release and PARP cleavage.
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3.2 Results

3.2.1 AP(i-4 0)and notAP(4o-i) mediates morphological changes in cultured primary 

cortical neurons associated with apoptotic cell death

The RapiDiff stain was used to assess the effect o f Ap on the viability o f cultured 

cortical neurons by analyzing morphological features o f  apoptosis such as membrane 

blebbing and lack o f neurite outgrowth using the RapiD iff stain (Figure 3.1 A and 3. IB). 

The percentage o f  neurons displaying m orphological features o f  degeneration was 

significantly increased from 29 ± 2% (mean ±  SEM) to 52 ± 4 % and 66 ± 3%, following 

exposure o f  the cells to A(3 (2^iM) for 24hr and 72hr, respectively (p<0.001, Student’s 

paired /-test, n = 5 and 33 coverslips respectively; Figure 3.1 A). There were no changes 

in neuronal morphology found following treatment o f neurons for 72hr with the AP(4o-i) 

reverse peptide (percentage o f  neurons displaying degenerative features was 27 ± 3%, 

n = 6 coverslips). This suggests that A(3(i-40) is responsible for the neurodegeneration 

found in cortical neurons and not the reverse sequence peptide. Morphological features o f 

A P-m ediated neurodegeneration, such as lack o f  neurite outgrow th and m em brane 

blebbing, are shown in Figure 3 .IB.
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Figure 3,1 AP(i-4o) mediates changes in neuronal morphology associated with cell 
death.

A: Exposure o f cortical neurons to Ap (2^M) caused a significant reduction in cell 
viability after 24hr and 72hr. The reverse peptide Ap(4o-i) did not affect cell viability at 
72hr. Values are expressed means ± S.E.M., for 5 and 33 coverslips, **p<0.01, x< 0-01 •

B: Representative image of (a) control neurons and (b) A(3 (2|j.M, 72hr) treated neurons 
stained using the RapiDiff procedure. Arrows indicate healthy neurons with intact cell 
bodies and neurite outgrowth and degenerating neurons with nuclear condensation (nc) 
disrupted cell body and low neurite outgrowth. Scale bar is 20|o,m.



3.2.2 AP(,.4 0 ) and not ,) mediates DNA fragmentation in cultured primary

cortical neurons

The effect o f A(3(i.40) on the viability of cultured cortical neurons was assessed by 

analyzing DNA fragmentation using the TUNEL procedure (Figure 3.2A, 3.2B). The 

proclivity o f AP to induce cell death was time-dependent. Treatment of neurons with Ap 

(2|j,M) for 12hr had no effect on cell viability; 19.0±1.1% (mean ± SEM) and 

27.0 ± 7,1% o f cells exhibited DNA fragmentation in control and A^-treated cells 

respectively, n = 6 coverslips. A similar result was obtained for cells incubated with Ap 

for 24hr where 23.5 ± 3.4% and 25.6±5.7% of cells exhibited DNA fragmentation in 

control and A^-treated cells respectively, n = 6 coverslips. In contrast, the percentage of 

neurons which stained positive for TUNEL was significantly increased from 

23.5% ± 2.1% to 43.0 ± 4.1%, following exposure o f the cells to A(3 (2|j,M) for 48hr 

(p<0.05, Students paired Mest, n = 10 coverslips). Similarly, the percentage of neurons 

which stained positive for TUNEL, was significantly increased from 23.8 ± 8.6% (mean 

± SEM) to 62.2 ± 20.4%, following exposure o f the cells to Ap (2^M) for 72hr (p<0.05. 

Student’s paired r-test, n = 10 coverslips; Figure 3.2A). Following a 96hr incubation with 

Ap the percentage of neurons which stained TUNEL-positive was significantly increased 

from 23.0 ± 1.7% to 64.5 ± 5.4% (p<0.01. Student’s paired /-test, n = 10 coverslips). 

Cells exhibiting TUNEL positive staining, indicating DNA fragmentation, following Ap- 

treatment are shown in Figure 3.2B. These results demonstrate that Ap induces DNA 

fragmentation in a time-dependent manner with maximal DNA fragmentation occurring 

72hr after exposure to Ap.
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Figure 3.2 Exposure of primary cortical neurons to AP(,_4(,) increases DNA 
fragmentation.

A: Exposure o f cells to A(3 (2jxM) significantly increased the percentage o f cells 
displaying DNA fragmentation (TUNEL +ve cells) at 48hr, 72hr, and 96hr. Values 
expressed as means ± S.E.M., for 6-10 independent observations, *p<0.05, **p<0.01.

B: Representative image o f (a) control neurons and (b) A(3 (2ia,M, 72hr) treated neurons 
stained using the TUNEL procedure. Arrows indicate TUNEL-negative (-ve), TUNEL- 
positive (+ve) neurons and apoptotic bodies (ab). Scale bar is 30^m.



3.2.5 AP(i.40) and not AP(4o-i) m ediates DNA fragm entation in cultured prim ary

conical neurons

The assessment o f DNA fragmentation following incubation o f cortical neurons 

witt the reverse peptide Ap(4o-i) for 72hr did not find any increase in DNA fragmentation 

conuared to control-treated cells. At a 72hr timepoint the percentage o f cells displaying 

DNa fragmentation in control cells was 26.3 ± 2.9% (mean ± SEM) compared to 19.2 ± 

1.8°/) in A|3(4o-i)-treated cells. Both control and A(3(4o-i)-treated cells had a significantly 

lowtr percentage o f DNA fragmentation than that found in AP(i_4 0 )-treated cells at 72hr 

(62.1 ± 3.7%, p<0.05, one-way ANOVA, n = 6 coverslips; Figure 3.3).

3.2.4 AP activates caspase-3 in cultured cortical neurons

A potential upstream mediator o f DNA fragmentation is the cysteine protease 

caspise-3. The effect o f A|3 (2|aM) on caspase-3 activity in cultured cortical neurons was 

analjsed by measuring cleavage of the fluorogenic caspase-3 peptide substrate, DEVD- 

AFC (Figure 3.4). A 24hr exposure of cortical neurons to A(3 increased mean basal 

casptse-3 activity from 585 ± 39 pmol AFC produced/mg/min (mean ± SEM) to 831 ± 

51 pnol AFC produced/mg/min (p<0.05, one-way ANOVA, n = 7 samples). At a 72hr 

tim epin t basal activity of caspase-3 significantly reduced to 21.4 ± 6.21 pmol AFC 

prodiced/mg/min (mean ± SEM, p<0.05, one-way ANOVA, n = 7 samples). In cells 

exposed to A(3 (2^M )for 72hr, caspase-3 activity was 37.3 ± 14.11 pmol AFC
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neurons.

Exposure o f cells to 2|xM A(3(4o-i) for 72hr had no effect on the percentage of cells 
displaying DNA fragmentation (TUNEL +ve cells). Neurons exposed to Ap(i-40) for 
72hr significantly increased the percentage o f cells displaying DNA fragmentation. 
Values are expressed as means ± SEM, for 6 independent observations, *p<0.05.
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Figure 3.4 AP(i-40) induces caspase-3 activity in cortical neurons.

Exposure of cortical neurons to A|3 (2^,M) for 24hr significantly increased caspase-3 
activity, as assessed by cleavage of the fluorogenic DEVD substrate. At 72hr no 
difference was noted between control and Ap-treated neurons. Results are expressed as 
the mean ± SEM for 7 independent observations, *p<0.05, ^p<0.001.



produced/mg/min (mean ± SEM, n = 7 samples), a value not significantly different from 

basal activity. It is interesting to note that by the 72hr timepoint (by which time cells had 

been in vitro for 12 days) basal caspase-3 activity was significantly lower than the basal 

caspase-3 activity measured at the 24hr timepoint (these cells were in vitro for 10 days). 

This may reflect a developmental downregulation o f basal caspase-3 activity which is 

dependent upon time in culture. The result from this aspect of the study demonstrates that 

A|3(i-40) activates caspase-3 in cortical neurons at 24hr, and indicates that the A|3- 

mediated activation of caspase-3, preceeds the A(3-induced DNA fragmentation.

3.2.5 AP increases cytosolic cytochrome-c expression

To determine if translocation of mitochondrial cytochrome-c into the cytosol was 

upstream of caspase-3 activation, the effect of A(3 on cytosolic cytochrome-c expression 

was evaluated by western immunoblot using an anti-cytochrome-c antibody. The 

antibody used in this study was polyclonal, recognizing a cytochrome-c peroxidase 

coiTiplex at 48kDa, in addition to the detection of free cytosolic cytochrome-c at 11.4kDa 

(Pettigrew and Seilman, 1982). For the purpose o f this study, only the free form of 

cytochrome-c was analysed. In control cells the mean band width o f cytosolic 

cytochrome-c expression was 1.02 ±0.026 (mean ± SEM; arbitrary units) and was 

significantly increased to 1.85 ± 0.32 in cells treated with AP (2^M) for 6hr (p<0.05, 

student’s Mest, n = 5 samples; Figure 3.5A). Following a 12hr exposure o f neurons to 

A(3, cytosolic expression of cytochrome-c was not significantly different between control 

cells (0.924 ± 0.21) and A|3-treated cells (1.33 ± 0.35, mean ± SEM, n = 5 samples).
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Figure 3.5 Cytochrome-c release into the cytosol follows AP exposure to cortical 
neurons.

Neurons were treated with Ap (2nM) for 6hr, 12hr and 24hr before cytosolic expression 
of c/tochrome-c was assesed by western immunoblot. Values are expressed as mean ± 
S.EM., for 5 observations.

A. Ap increased cytosolic expression of cytochrome-c at 6hr, *p<0.05.

B. Al2hr exposure to AP did not alter mitochondrial cytochrome-c expression.

C. aP did not alter cytosoHc cytochrome-c expression at24hr.

Inse:: sample western immunoblot demonstrating cytosolic expression of both the 
cytochrome-c peroxidase complex (48kDa) and cytochrome-c (11.4kDa) in control and 
AP-teated neurons at 24hr.



Similarly, after a 24hr exposure of neurons to A(3 cytosolic cytochrome-c expression was 

not significantly different between control cells (1.17 ± 0.05) and A^-treated cells (1.06 ± 

0.086, mean ± SEM, n = 5 samples). Sample immunoblots illustrating the effect of A(3 on 

cytosolic expression of cytochrome-c at 6hr, 12hr and 24hr are shown in Figures 3.5A, B 

and C. These results demonstrate that Ap increases cytosolic expression of cytochrome-c 

at 6hr, indicating that Ap induces the release o f mitochondrial cytochrome-c into the 

cytosol at a timepoint that is upstream of caspase-3 activation.

3.2.6 AP'induced increase in cytosolic cytochrome-c corresponds to a decrease in 

mitocliondrial expression of cytochrome-c

To verify that the AP-mediated increase in cytosolic cytochrome-c was due to the 

release o f cytochrome-c from the mitochondria, the effect o f A(3 on mitochondrial 

cytochrome-c content was analysed. Mitochondrial fractions were analysed to assess the 

expression of cytochrome-c within the mitochondria following exposure to A|3. In control 

cells mitochondrial expression of cytochrome-c was 1.28 ± 0.08 (mean band width ± 

SEM; arbitrary units) and in cells treated with A(3 for 6hr mitochondrial cytochrome-c 

expression was markedly reduced to 0.91 ± 0.3, but this did not reach statistical 

significance (P = 0.27, student’s /-test, n = 6 samples; Figure 3.6A).

Figure 3.6B demonstrates that cytochrome-c expression in mitochondrial fractions 

wa;s not significantly different between control (1.03 ± 0.86) and A^-treated cells (0.85 ± 

0.1 5, mean ± SEM, n = 6 samples) at 12hr. Also, there was no difference observed in 

mit ochondrial cytochrome-c observed between control (0.96 ± 0.02) and Ap-treated cells
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Figure 3.6 Effect of AP on mitochondrial expression of cytochrome-c.

Neurons were exposed to AP (2nM) for 6hr, 12hr and 24hr before mitochondrial 
cytochrome-c was assesed by western immunoblot. Values are expressed as mean ± 
S.E.M., for 5-6 observations.

A. A reduction in mitochondrial expression of cytochrome-c was mediated by Ap at 6hr.

B. A 12hr exposure to Ap did not alter mitochondrial cytochrome-c expression.

C. The expression of mitochondrial cytochrome-c was unchanged between control and 
AP-treated cells at 24hr.

Inset: sample western immunoblot demonstrating mitochondrial expression of both the 
cytochrome-c peroxidase complex (48kDa) and cytochrome-c (11.4kDa) in control and 
AP-treated neurons at 24hr.



at 24hr (0.8 ± 0.11, mean ± SEM, n = 5 samples. Figure 3.6C). Sample immunoblots 

illustrating the effect of Ap on mitochondrial cytochrome-c expression at 6hr, 12hr and 

24hr are shown as inserts in Figures 3.6 A, B and C.

3.2.7 Ap mediates a translocation of cytochrome-c from the mitochondria into the 

cytosol

To visualise the’ effect of A|3 on cytochrome-c distribution within cultured 

neurons, cells were double labelled for mitochondria and cytochrome-c. Neuronal 

mitochondria were labelled with the fluorescent Mitotracker Red dye and observed at 

excitation, 579nm; emmision, 599nm, while an ExtrAvidin-FITC conjugated secondary 

antibody was used to visualise cytochrome-c at excitation, 490nm; emission, 520nm. 

Figure 3.7 depicts the changes in cytochrome-c distribution, mediated by A|3 at 6hr and 

24hr. The distribution of cytochrome-c and mitochondria in control cells, overlapped 

considerably, suggesting cytochrome-c is contained within the mitochondria (Figures 

3.7A and B). The distribution o f mitochondria and cytochrome-c in control cells was 

mainly localised to the cytosol and neurites, with minimal fluorescence detected in the 

nuclear space. Figures 3.7C and D are images taken of neurons exposed to AP for 6hr. 

A|3-mediated a redistribution o f cytochrome-c from the mitochondria into the cytosol at 

6hr. This was confirmed by the global dispersion of cytochrome-c inside the cell, 

including the nuclear area, in the absence o f mitochondrial localisation around the 

nuclear centre. These results confirm our previous suggestion o f an A(3-mediated 

translocation o f cytochrome-c from the mitochondria into the cytosol. The apoptotic
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Figure 3.7 Ap-induced a cytosolic distribution of cytoclirome-c that reflects its 
translocation from the mitochondria into the cytosol.

Fluorescence microscopy was used to visualise the distribution o f cytochrome-c within 
cortical neurons following treatment with Ap (2[j,M, 6hr). Cells were double labelled with 
the mitochondrial specific agent Mitotracker Red and a FITC-conjugated cytochrome-c 
antibody to verify the movement of cytochrome-c from the mitochondria into the cytosol.

The distribution of cytochrome-c within control cells (panel A) was found to correspond 
with the perinuclear localisation o f mitochondria (panel B). Neurons that has been 
exposed to A(3, exhibited a global distribution of cytochrome-c extending to nuclear areas 
(panel C) seperate from mitochondrial localisation (panel D), suggestive o f an A|3- 
mediated translocation of cytochrome-c from the mitochondria to the cytosol.

AP-mediated apoptosis observed at 72hr displayed intense fluoresence for cytochrome-c 
(panel E), indicating a role for cytochrome-c in the maintainance o f A(3-induced 
apoptosis. Scale bar is 50|o.m.



neuron shown in Figures 3.7E, reveal the A|3-mediated changes in cytochrome-c 

expression that was observed at 72hr. The intense fluorescence of cytochrome-c in this 

apoptotic neuron, indicates cytochrome-c is an important mediator of apoptosis at early 

and late stages of apoptosis.

3.2.8 Total expression of cytochrome-c is not altered following AP treatment

Total expression of cytochrome-c from separately harvested cell samples were 

examined to determine possible changes in overall cytochrome-c expression following 

exposure to A|3. Mean band width in control cells was 1.04 ± 0.01 (mean ± SEM; 

arbitrary units) and 1.01 ± 0.03 in cells treated with A(3 (2(j,M) for 6hr (n = 9, Figure 

3.8A). This observation indicates no difference in overall cellular expression of 

cytochrome-c following Ap treatment. No difference in total expression was detected at 

12hr where band width was 1.04 ± 0.03 in control cells and 1.22 ± 0.24 in cells incubated 

with A(3 (n = 8, Figure 3.8B). Sample immunoblots illustrating the effect o f A(3 on total 

cytochrome-c expression at 6hr andl2hr are shown in Figures 3.8A and B. These data 

indicate that A(3 promotes cytochrome-c release into the cytosol of cortical neurons after 

6hr exposure but at subsequent timepoints no translocation was observed. Also total 

expression of cytochrome-c was not found to be altered at any o f the timepoints 

examined, indicating no change in the regulation o f cytochrome-c production following 

treatment o f cortical neurons with A(3. This result suggests that the A(3-mediated 

activation o f caspase-3 (Section 3.4) may be triggered by translocation of cytochrome-c 

into the cytosol.
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Figure 3.8 Total expression of cytochrome-c is not altered following AP treatment.

Neurons were exposed to A(3 (2|j,M) for 6hr and 12hr before total expression of 
cytochrome-c was assesed by western immunoblot.

A. Exposure of cortical neurons to A(3 for 6hr was not found to induce any change in total 
expression of cytochrome-c between control and Ap-treated cells. Results are expressed 
as mean ± S.E.M., for 9 observations. Inset: sample western immunoblot demonstrating 
total cytochrome-c expression in control and AP-treated neurons at 6hr.

B. No change in total cytochrome-c expression was observed between control and Ap- 
treated cells at 12hr. Results are expressed as mean ± S.E.M., for 8 observations. Inset: 
sample western immunoblot demonstrating total cytochrome-c expression in control and 
Ap-treated neurons at 12hr.



3.2.9 AP(i-40) treatm ent o f prim ary cortical neurons results in poly-ADP-ribose

polymerase cleavage

Poly(ADP)ribose polymerase (PARP) is a DNA repair enzyme, cleavage of which 

results in DNA fragmentation. Since PARP is a substrate for caspase-3 we examined 

whether A(3 had the proclivity to cleave PARP. The ability of A|3 to cleave intact PARP 

(113kDa) into its cleavage product (89kDa) was assessed by western immunblot (Figure 

3.9A and B) and immunocytochemistry (Figure 3.9C). In control cells, mean band width 

o f the intact 113kDa band was 16 ± 2 (mean ± SEM; arbitrary units), and this was 

significantly decreased to 10 ± 0.9 (p<0.05, student’s Mest, n = 5 samples; Figure 3.9A) 

in cells treated with Ap (2|j,M) for 72hr, indicating an A|3-mediated cleavage o f PARP 

protein. The downregulation in expression o f the whole PARP molecule (113kDa) 

correlated with an increase in expression of the 89kDa cleavage product. Thus, in control 

cells, mean band width of the 89kDa band was 36 ± 6 (mean ± SEM; arbitrary units), and 

this was significantly increased to 66 ± 19 (p<0.05, student’s ?-test, n = 5 samples; Figure 

3.8B) in cells treated with Ap. Sample immunoblots showing the A(3-mediated (i) 

decrease in expression of the intact form of PARP and (ii) increase in expression of the 

PARP cleavage product are shown in Figure 3.9A and 3.9B respectively.

PARP cleavage was also assessed by immunocytochemistry using a cleavage-site- 

specific anti-PARP antibody. Exposure to Ap significantly increased the percentage of 

cells displaying immunoreactivity for the cleaved form of PARP from 10 ± 3% (mean ±
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Figure 3.9 AP exposure to cortical neurons cleaves the DNA repair enzyme PARP.

Cells were exposed to Ap (2|j,M) for 72hr and the expression of the full form of PARP 
(113kDa) and cleaved-PARP (89kDa) was assessed by western immunoblot (A, B).

A: Ap significantly decreased 113kDa PARP expression. Results are expressed as mean 
± SEM for 5 observations, *p<0.05. Inset: Representative immunoblot of expression 
levels of intact PARP in control and Ap-treated cortical neurons.

B: Ap significantly increased expression of the PARP cleavage product. Results are 
expressed as mean ± SEM for 5 observations, *p<0.05. Inset; Representative 
immunoblot of expression levels of cleaved PARP in control and AP-treated cortical 
neurons.
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Figure 3.10 Immunoreactivity for the cleaved form of PARP is elevated in AP- 
treated neurons.

Immunocytochemistry using the cleavage site-specific anti-PARP antibody in control 
and A|3-treated (2[xM,72hr) cortical neurons. Arrows indicate cells displaying 
immunoreactivity for cleaved PARP. Scale bar is SO îm.



3.3 Discussion

The aim o f  this study was to investigate the mechanisms responsible for the cell 

death evoked by AP(i.4 0 ) in cultured cortical neurons. The results demonstrate that A(3 

induced cell death in a time-dependent manner, using morphological analysis and D N A  

fragmentation as markers o f  neuronal viability. The upstream mechanism o f  Ap-mediated 

neurodegeneration is suggested to involve cytochrome-c release, caspase-3 activation and 

PARP cleavage.

The concentration o f  A(3(i-40) that was selected for most o f  the experimental work 

carried out in this thesis was 2fxM. At high micromolar concentrations, A(3 peptides have 

been demonstrated to be acutely toxic to various cell types, while at submicromolar 

concentrations, Ap(i_40) peptides have been suggested to inhibit cellular metabolic activity 

(Hertel et a l ,  1996). Intracerebroventricular injections o f  A|3 (Freir et  a i ,  2001)  in 

addition to naturally secreted oligom ers o f  A(3 (W alsh et al., 2002) can potently inhibit 

hippocampal long-term potentiation in vivo,  suggesting the most minimal amount o f  A(3 

peptide exposure to neurons can cause detrimental effects. Previous studies by Pillot et  

al., (1999) already established the toxicity o f  A(3(i.40) on primary cortical neurons at 

concentrations as low  as 0.5|iM . In this study a concentration o f  2p,M was chosen as the 

concentration o f  A(3 that would cause intracellular changes that could be monitored over a 

longer time frame than that seen at higher micromolar concentrations.

A(3-mediated morphological changes associated with cell death, as assessed using 

R apiD iff staining, were evident at 24hr and increased in a time-dependent manner. A(3 

also induced D N A fragmentation in a time-dependent manner, however the impact o f  Ap
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on D N A  fragmentation only became apparent from 48hr onwards. This may suggest that 

although morphological changes, such as membrane blebbing and cell shrinkage, can be 

seen as early as 24hr, the endpoint o f  cell death as marked by D N A  fragmentation, is 

further downstream from peripheral changes in the cellular ultrastructure. The extent o f  

DNA fragmentation induced by Ap reached a maximal level at 72hr exposure.

Contrasting findings from studies using the 40-1 amino acid reverse sequence o f  

the A p peptide indicate some role for the reverse peptide in cell signalling. Injection o f  

A(3(4o-i) into hippocampal slice cultures produced little neuronal damage compared to 

cultures exposed to AP(i_4 0) (Harrigan et a l ,  1995), an effect that has been attributed to its 

non-am yloidogenic properties (Morimoto et al., 1998a). However, changes in long-term  

potentiation (LTP) have been associated with the reverse fragment A|3(35.25) (Frier et al., 

2001) and alterations in p38 MAP kinase signalling are believed to underlie changes 

associated with the A|3(25-3S) peptide (Saleshando and O'Connor, 2001). Although no 

changes in cell morphology or D N A fragmentation were observed in this study following  

exposure o f  cortical neurons to A(3(4o-:), there may be sub-lethal alterations in cell 

signalling which may underlie some o f  the in vivo alterations in synaptic transmission.

AP(i-4 o) increased caspase-3 activity in cultured cortical neurons after 24hr 

exposure, suggesting a role for caspase-3 in the signaling pathway responsible for the 

apoptosis seen at subsequent timepoints. Increased caspase-3 activity is associated with 

apoptotic neurons in AD brains (Stadelmann et al., 1999) and the 25-35 fragment o f  Ap  

has been shown to activate caspase-3 in cultured neurons, with caspase-3 activity being 

pertinent in A^-mediated neurotoxicity in vitro (Jordan et al., 1997; Harada & Sugimoto,
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1999). While hippocampal senile plaques are associated with caspase-3 activation and 

neuronal cell death in an animal model of AD, immunodetection of senile plaques and 

cell death occurs in the absence of caspase-3 activation in other brain regions (Selznick et 

al., 1999), suggesting that the role of caspase-3 in A(3-mediated neurodegeneration is 

region-specific. Caspase-3 activation in AD has been been implicated in vivo (Desjardins 

and Ledoux, 1998) and in vitro (Selznick et al., 1999, Marin et al, 2000). The results 

from this study also demonstrate that A(3(i-40) activates caspase-3 in cultured cortical 

neurons. The activation o f caspase-3 in the AD brain could contribute to chronic neuronal 

dysfunction and increase susceptibility to additional m etabolic insults in 

neurodegenerative disorders. Interestingly, Saez-Valero et a l, (2000) used a selective 

inhibitor of caspase-3 following exposure of cultured cortical neurons to the 25-35 amino 

acid fragment o f A|3 and found it not to inhibit apoptosis. It may therefore be a 

mechanism independent o f caspase-3 activation following A(3 exposure that is crucial in 

the determining of cell death.

It was found that basal caspase-3 activity was reduced between the 24hr and 72hr 

timepoints. Neurons exposed to A(3 for 24hr had been 10 days in culture compared to 

neurons exposed to A(3 for 72hr, which had been 12 days in culture. It may be possible 

that the reduced basal caspase-3 activity seen at 72hr may have been due to 

developmental changes in these cells similar to apoptosis seen in normal tissue modeling 

(Srinivasan et a l, 1998). Developmental up-regulation o f NMDA receptors with 

enhanced function and increased expression o f caspase-3 at critical periods in 

development are linked to molecular changes developing the brain's capacity for 

plasticity by helping to prune redundant synapses and neurons (Johnston et al., 2002).
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The basal levels of caspase-3 activity seen at 24hr may also reflect the variable culturing 

conditions and neurobasal media batches between preparations where different ion 

concentrations in culture media can affect cell viability and caspase-3 activation (Marks 

et al., 1998). Given the changes in basal caspase-3 activity seen during time in culture 

further experiments should be done to elucidate the developmental changes seen in 

cultured cortical neurons with respect to caspase-3 activity.

A key event in the apoptotic cascade is the translocation o f mitochondrial 

cytochrome-c into the cytosol. This process is regulated by members o f the 

mitochondrial-associated Bel family o f proteins; while Bax facilitates cytochrome-c 

release and induction o f apoptosis (Eskes et al., 1998), Bcl-2 is anti-apoptotic by virtue of 

its ability to inhibit cytochrome-c release and the ratio of bcl-2:bax expression represents 

a mechanism which dictates whether cells survive or undergo apoptosis in response to 

particular stimuli (Rosse et al., 1998). Cytosolic cytochrome-c forms a complex with 

caspase-9 to participate in the activation o f caspase-3 (Li et al., 1997). Ap induced an 

increase in cytosolic expression of cytochrome-c in cultured cortical neurons at 6hr, 

however, the expression o f cytosolic cytochrome-c was not affected by Ap at 12hr or 

24hr, suggesting a transient release of cytochrome-c at a timepoint prior to caspase-3 

activation. A reduction in mitochondrial expression of cytochrome-c was apparent at 6hr 

but failed to reach significance. It is expected that an increase in cytosolic expression of 

cytochrome-c would parallel a decrease in mitochondrial expression, and although care 

was taken preparing samples, factors such as variations in lysis buffer constituent or the 

time the cells were exposed to lysis buffer, may have influenced the amount of
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mitochondrial cytochrome-c extracted in the procedure. No difference in total 

cytochrome-c expression was found between control and A(3 treated neurons at any 

timepoints examined which may indicate the increase in cytosolic cytochrome-c 

expression at 6hr does not involve an upregulation of the protein.

Further analyses o f cytochrome-c localization using fluorescence microscopy 

confirmed an A|3-mediated increase in cytosolic cytochrome-c expression, by revealing a 

change in cytochrome-c distribution from mitochondrial localised areas around the 

nucleus and neurites, to a global cellular dispersion including nuclear areas. The 

distribution of cytochrome-c observed in A^-treated cells at 72hr was found to be intense, 

indicating a presence o f cytochrome-c at later stages of apoptosis. In this study western 

immunoblot analysis revealed a transient Ap -mediated increase in cytochrome-c that was 

not maintained after 6hr. Considering cell shrinkage and loss of neurites occuring at later 

stages o f apoptotic cell death reduces cell volume, the detection o f A |3-m ediated 

increases in cytosolic cytochrome-c expression after apoptosis is initiated appears to be 

difficult to assess by western immunoblot analysis. The extent o f A(3-induced 

cytochrome-c release from mitochondria in cortical neurons remains to be confirmed in 

future work, but the results obtained from fluorescent microscopy in this study indicate 

that cytochrome-c serves as an important mediator in sustaining the apoptotic response.

A(3(i_40) was found to induce cleavage of the DNA-repair enzyme, PARP, cleaving 

PARP into its 89kDa fragment in cortical neurons; a configuration o f the enzyme which 

would be unable to facilitate DNA repair (Pieper et al., 1999) following Ap-induced 

DNA fragmentation (Suzuki, 1997). Thus a consequence o f PARP inactivation would be
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sustained DNA strand breakage and this is consistent with the data obtained in this study 

where increased DNA fragmentation was detected in cells exposed to Ap. PARP serves 

as a substrate for caspase-3 (Wang, 2000) and PARP cleavage results in the DNA 

fragmentation that is associated with apoptotic cell death. There is convincing evidence 

for the binding of PARP to damaged DNA containing single-strand breaks and nucleotide 

excisions in a zinc-dependent manner (Muller et a l, 1994). Automodification releases 

PARP from DNA, thus providing a mechanism for rendering DNA more accessible to the 

DNA repair machinery (Satoh and Lindahl, et al., 1992). A^-induced formation of 

reactive oxygen species or activation of endonucleases can induce DNA damage resulting 

in apoptosis (Behl et al., 1992; Cotman and Su, 1996). If the AP-induced cleavage of 

PARP reduced the DNA repair mechanisms of a cell, the presence of reactive oxygen 

species or active endonucleases would exacerbate DNA damage.

It is therefore proposed at the initial stages o f this thesis that A^-induced cell 

death in cortical neurons arises from the activation o f a classical pathway associated with 

apoptosis. It is also suggested that A(3-induced DNA fragmentation arises from cleavage 

of the DNA repair enzyme PARP. Upstream signaling mechanisms converging on PARP 

cleavage are proposed to be A(3-mediated cytochrome-c release into the cytosol and 

caspase-3 activation.
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Chapter 4

A^-Induced Apoptosis of 
Cortical Neurons is 
Calpain-Dependent



4.1 Introduction

An alteration in Câ "̂  hom eostasis w ithin neurons has been proposed as an 

underlying mechanism contributing to AD pathology. Mattson et a i ,  (1992) found that 

exposure o f  human cerebral cortical cell cultures to A|3(|.38) or AP(25-35) destabilizes 

neuronal homeostasis. That study found that the A(3 peptide exacerbated excitatory 

amino acid and Ca ionophore-induced neurotoxicity, therefore suggesting a role for Ap- 

induced disruption o f  normal Ca^  ̂ hom eostasis. Previous studies carried out in our 

laboratory using the A(3(i.40) peptide, found that A (3 mediated a influx into rat

cortical synaptosomes via activation o f  L- and N-type voltage-dependent channels 

and also increased the amplitude o f  N- and P-type Ca^  ̂ channel currents recorded from 

cultured cortical neurons (MacM anus et al., 2000). Whether the A|3 peptide directly 

interacts with Câ "̂  channels, preventing normal closure o f  the channel (Blanchard et al., 

1997) or whether there is a direct incorporation o f  the A(3 peptide into neuronal 

membranes forming Ca^'^-permeable pores (Kawahara and Kuroda, 2000), sufficient

experimental evidence now exists to suggest an important role for the maintainance o f

2_|.

normal Ca homeostasis in protecting neurons from A(3-induced cell death.

G iven that prolonged elevations in intracellular Ca^  ̂ concentration have been 

linked to an induction o f cell death in several system s (M cConkey & Orrenius, 1997), 

neurodegeneration may be a potential downstream consequence o f  A(3-mediated Câ "̂  

influx. This is substantiated by the findings that Câ "" channel blockers (Ueda et al., 1997) 

and overexpression o f Ca^'"-binding proteins (Wernyj et al.,  1999) reduce A^-m ediated  

neurotoxicity. The Ca^'^-activated neutral protease, calpain (CANP), requires an increase 

in intracellular Câ "̂  levels to induce activation (Ishiura, et al.,  1978) and has been

104



proposed as a potential mediator of A^-induced degeneration (Nixon, 1989). Both a 

reduction in the expression of its endogenous inhibitor calpastatin (Nilsson et al., 1990) 

and an increase in calpain activity (Saito et al., 1993) has been detected in pos^-mortem 

AD brains, compared to age-matched controls. An in vitro study using the 25-35 amino 

acid fragment of the A|3 peptide has also shown A|3-mediated activation of calpain in 

hippocampal neurons (Jordan et al., 1997).

Calpain activity has been shown to play a role in the three major hallmarks of AD, 

namely APP metabolism (Siman et al., 1990), tau hyperphosphorylation (Grundke-Iqbal 

et a l, 1986a) and presenilin processing (Steiner et al., 1998), all o f which contribute to 

the pathophysiology of the disease. Calpain has been implicated in APP cleavage, since 

Siman et al., (1990) used intraventicular kainate infusion to activate calpain I ((x-calpain) 

and found a decline in APP levels after 24hr, suggestive of an in vivo degradation of APP 

by calpain I. The y-secretase properties proposed to reside in calpain were further 

characterized after calpain inhibition was found to reduce A(3 production in human 

embryonal kidney cells expressing the APP670/671 double mutation (Klafki et al., 1995). 

However, other studies using calpain inhibition on neuronal cells have reported and 

increase in A(3 peptide production with a considerable increase in A|3(i_42) more so than 

AP(i_4 0 ) (V^amazaki et al., 1997; Zhang et al., 1999; Mathews et al., 2002). It is thought 

that calpain inhibition drives a greater proportion of APP to the cell surface and early 

endosomes, generating additional P-secretase cleaving C-terminal fragments o f APP 

(pCTFs) that become substrates for y-secretase activity (Mathews et al., 2002). This 

finding leads to the assumption that reduced calpain activity might precede A|3 

production and accumulation. The increased calpain activity seen in AD brains (Nilsson
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et al., 1990) along with findings that exposure of neurons to Ap induces calpain activity 

(Jordan et al., 1997) would therefore suggest that increased calpain activity is a 

downstream mechanism of A(3-induced disruption o f homeostasis which may arise 

from an initial reduction in calpain activity.

Tau hyperphosphorylation has long been implicated in AD pathology, occurring 

both in cerebrospinal fluid (Chapel et al., 1984) and in the AD brain (Grundke-Iqbal et 

al., 1986a). Tau protein acts in vivo primarily to induce tubulin assembly and stabilize 

microtubules (Drubin et al., 1986). In the AD brain, tau protein becomes abnormally 

phosphorylated and is no longer associated with axonal microtubules but instead 

accumulates in paired helical filaments throughout affected nerve cells (Grundke-Iqbal et 

al., 1986b). A calpain-dependent conversion of the cell cycle kinase, cyclin dependent 

kinase 5 (cdk5/p35), to its active form, which phosphorylates tau (Nath et al., 2000), is 

another underlying mechanism linking calpain activity to the neurodegeneration seen in 

Alzheimer's disease.

Mutations in the presenilin proteins PS-1 and PS-2 are associated with increased 

Y'Cleavage of APP (Sherrington et al., 1995; Levy-Lahd et al., 1995). Presenilin proteins 

are proteolytically processed to an N-terminal fragment (NTF) of approximately 30kDa 

and a C-terminal fragment (CTF) of approximately 20kDa, which is susceptible to a 

caspase-mediated cleavage, producing a lOkDa fragment that is cleaved in a calpain- 

dependant manner (Steiner et al., 1998). That study reported the requirement for basal 

calpain activity in preventing the formation of an active presenilin heterodimeric 

complex, believed to contribute to Ap generation. In relation to this finding, a calpain 

binding site on the PS-2 loop domain, suggestive of a regulatory interaction of |i-calpain
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with PS-2, has been identified by Shinozaki et a i ,  (1998). In the early stages o f  AD, 

calpain activity may be reduced allowing the presenilin com plex to form and generate Ap 

peptides.

2+The process o f  extracellular A(3 plaque deposition that disrupts normal Ca 

hom eostasis (M attson et a l ,  1993b) more than likely precedes the increased calpain 

activation seen at the end stages o f  AD. Studies using altered APP processing and Ap(i_4 2) 

exposure to cultured neurons have shown neuronal death to be calpain-dependent (Mbebi 

et al., 2002; Lee et al., 2000b). If  reduced calpain activity were to promote AD pathology 

by increasing A(3 generation, particularly A(3(i_42), this would contrast with increased 

calpain promoting pathological tau changes. It may be that during the extending time 

course o f  A D  in humans, the calpain system plays multiple roles, initially promoting Ap 

generation while later in the disease, responding to and exacerbating tau pathology. Both 

a greater understanding o f  the role o f  the calpain system  in APP metabolism and a better 

assessm ent o f  endogenous calpain activity in neurons will be necessary to dissect the 

relationship between calpain activity and APP metabolism.

The experimental work carried out in this chapter uses the deposition o f  Ap as a 

starting point in the investigation o f  Ap-induced neurotoxicity and aimed to find out if  

calpain is activated downstream o f  Ap exposure to cultured neurons. Using techniques 

applied in chapter 3, such as analysis o f  cell morphology, D N A  fragmentation, caspase-3 

activation, cytochrom e-c expression and PARP cleavage, it was aimed to investigate the 

role o f  calpain activation in Ap-induced changes in apoptotic markers associated with 

cell death. It was found that co-treatment o f  cortical neurons with AP(i-40) and the calpain 

inhibitor, M D L28170, reduced Ap-mediated increases in neuronal degeneration, DN A
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fragmentation and PARP cleavage. The use o f MDL28170 did not alter any o f the 

parameters studied compared to control treated cells, but failed to reduce the increase in 

cytosolic cytochrome-c expression and caspase-3 activation following exposure o f 

cortical neurons to A(3, suggesting a calpain-independent mechanism of caspase-3 

activation. Application of EGTA, a Câ "̂  chelator, prior to A(3 exposure reduced A(3- 

induced caspase-3 activity indicating a Ca^’̂ -dependent activation mechanism for 

caspase-3, which is separate from calpain activation.

It was found that following exposure o f cortical neurons to A(3(i-40), calpain

activity was elevated compared to that of control treated neurons at 24hr but not at 48hr,

indicating a transient activation o f the protease. MDL28170 reduced A(3-stimulated

calpain activity at 24hr, also proving effective in reducing A^-mediated DNA

fragmentation over 48-96hr and PARP cleavage at 72hr. These findings further support a

role for calpain in A^-induced neurotoxicity. No reduction in Ap-stimulated caspase-3

activity or cytosolic cytochrome-c expression was reported, suggesting a calpain-

independent route exists that can also contribute to A^-induced neuronal cell death.

Caspase-3 activity was shown to be Ca^'^-dependent as the chelator EGTA reduced

• '2' ^A|3-stimulated caspase-3 activity. Application o f thapsigargin (an irreversible Ca - 

ATPase pump inhibitor) was found to increase basal levels of caspase-3 but this was not 

found to be significant. Taken together with previous findings in our lab which suggested 

an AP-mediated disruption in Ca homeostasis was due to elevated Ca channel 

currents, these results indicate an influx of extracellular Ca ions contributes to calpain 

and caspase-3 activation, upstream of the alterations seen in PARP integrity and DNA 

fragmentation.
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4.2 Results

4.2.1 AP(i-4 0 ) activates calpain in cultured cortical neurons

To determine a role for calpain in AP(i.4 0)-mediated neurodegeneration, the 

activation o f  calpain was analyzed by measuring cleavage o f  the fluorogenic calpain 

substrate follow ing exposure o f  the cultured cortical neurons to A(3(i.4o> (Figure 4.1). 

A(3(i-40)-mediated changes in morphology and D N A  fragmentation indicated maximal 

degeneration occurred 72hr after exposure to AP(i.4 0 ) so we reasoned that calpain might 

becom e activated som e time upstream o f  cell death. Exposure o f  the cells to AP(i-4 0 ) 

(2^iM) for 24hr significantly increased calpain activity from 165 ± 4 3  pm ol AFC  

produced/mg/min (mean ± SEM) to 507 ±  146 pmol AFC produced/mg/min (p<0.05, 

one-way A N O V A , n = 13 samples). The calpain inhibitor M DL28170 (lO^iM) had no 

effect on basal calpain activity (205 ±  72 pmol AFC produced/mg/min, n = 10 samples), 

but it abolished the A|3(i.40)-mediated increase in calpain activity (188 ± 4 2  pmol AFC  

produced/mg/min in cells treated with A(3 in the presence o f  M DL28170, p<0.05, one

way AN O V A  n = 13 samples). In contrast to the stimulatory effects o f  A(3(i.40) on calpain 

activity observed at 24hr, exposure o f  cortical neurons to AP(i_40) for 48hr had no effect 

on calpain activity; basal calpain activity was 329 ± 1 5 5  pmol AFC produced/mg/min 

and calpain activity in the presence o f  A(3 was 259 ±  56 pmol AFC/m g/m in (n = 5 

samples). After a 72hr exposure to A(3(i-40), no difference in calpain activity was detected; 

basal calpain activity was 16 ±  3 pmol AFC produced/mg/min and calpain activity in the 

presence o f  Ap was 20 ±  3 pmol AFC produced/mg/min (n = 25 samples). These results
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Figure 4.1 A^-induced calpain activity is reduced by MDL28170.

Exposure of cortical neurons to A|3 (2fxM) for 24hr significantly increased calpain 
activity, as assessed by cleavage of the fluorogenic LLVY substrate, and this was 
abolished by the calpain inhibitor MDL28170 (lOuM). No significant increase in 
calpain activity was seen at 48hr or 72hr following A|3 (2nM) treatment. Results are 
expressed as the mean ± S.E.M., for 5-13 observations, *p<0.05.



suggest that AP(i.4 0 ) mediates an increase in basal calpain activity at a timepoint prior to 

A|3-mediated changes in D N A  fragmentation.

4.2.2 AP(MO)-niediated cell death of cultured cortical neurons is calpain-dependent

The effect o f  A(3(i-40) on the viability o f  cultured cortical neurons was assessed by 

analysing (i) morphological features o f  apoptosis such as membrane blebbing and lack o f  

neurite outgrowth by R apiD iff staining (Figure 4 .2A , B) and (ii) D N A  fragmentation 

using the TUNEL procedure (Figure 4.3A , B). The percentage o f  neurons displaying 

morphological features o f  degeneration was significantly increased from 29 ±  2% (mean 

± SEM) to 52 ±  4 % and 66 ±  3%, following exposure o f  the cells to A|3(i.40) (2[^M) for 

24hr and 72hr, respectively (p<0.05, Student’s paired /-test, n=10; Figure 4.2A ). 

Although treatment with M DL28170 alone (10|xM) had no effect on neuronal viability  

(21 ±  2% cell death, n = 11 coverslips), it significantly reduced the A(3(i.40)-mediated 

increase in neuronal cell death, observed at 72hr, to 42 ±  3% cell death (P<0.05, 

Student’s paired i-test, n = 11 sam ples). M orphological features o f  A|3-mediated 

neurodegeneration, such as lack o f  neurite outgrowth and membrane blebbing, are shown 

in Figure 4.2B.
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Figure 4.2 Ap-induced neuronal degeneration is reduced with MDL28170.

A: Exposure of cortical neurons to A|3 (2|j,M) induced a significant reduction in cell 
viability after 72hr. MDL28170 (lO^M) treatment alone did not affect neuronal viability. 
Co-treatment of MDL28170 with A(3 reduced A|3-mediated cell death at 72hr. Values are 
expressed means ± S.E.M. for 6-11 observations, **p<0.001.

B: Representative image of (i) control (ii) A(3-treated (iii) MDL28170-treated and 
(iv) A(3 + MDL28170-treated cortical neurons following RapiDiff staining. Arrows 
indicate healthy (h) neurons with intact cell bodies and neurite outgrowth and 
degenerating (d) neurons with disrupted cell body and low neurite outgrowth. Scale bar is 
50|j,m.



4.2.3 AP(i.4 0 )-mediated DNA fragmentation of cultured cortical neurons is calpain 
dependent

The effect o f AP(i_40) on the viability o f cultured cortical neurons was assessed by 

analyzing DNA fragm entation using the TUNEL procedure (Figure 4.3A, B). The 

proclivity o f  A(3 to induce cell death was time-dependent. Treatment o f neurons with 

A (3 (2|iM ) for 12hr had no effect on cell viability; 19.0+1.1% (mean ± SEM) and 

27.0±7.1%  o f cells exhibited DNA fragm entation in control and A |3-treated cells 

respectively, n = 5 coverslips. A similar result was obtained for cells incubated with A(3 

for 24hr where 23.5±3.4%  and 25.6±5.7%  o f  cells exhibited DNA fragmentation in 

control and A(3-treated cells respectively, n = 5 coverslips.

In contrast, the percentage o f  neurons which stained positive for TUNEL was 

significantly increased from 23.5%±2.1% to 43.0+4.1%, following exposure o f the cells 

to A(3(i-40) (2^iM) for 48hr (p<0.01, one-way ANOVA, n = 5 coverslips). A lthough 

treatm ent w ith M DL28170 alone (lOfxM) had no effect on DNA fragm entation 

(26.0±2.5%  cells with fragmented DNA, n = 10 coverslips), it significantly reduced the 

A(5(i-40)-mediated increase in DNA fragmentation observed at 48hr (30±3.5%  TUNEL 

positive staining in cells treated with A|3(i,40) in the presence o f  M DL28I70, p<0.05, one

way ANOVA, n = 5 coverslips).

Similarly, the percentage o f  neurons which stained positive for TUNEL, was 

significantly increased from 23.8 ± 8.6% (mean ± SEM) to 62.2 ± 20.4%, following 

exposure o f the cells to AP(i.4 0) (2|o.M) for 72hr (p<0.001, one-way ANOVA, n = 10
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Figure 4.3 MDL28170 reduces AP-induced increase in TUNEL positive neurons.

A: Exposure o f cells to Ap (2|xM) significantly increased the percentage of cells 
displaying DNA fragmentation (TUNEL +ve cells) at 48hr, 72hr, and 96hr. Ap-induced 
DNA fragmentation was significantly reduced by the calpain inhibitor MDL28170 
(10|aM). Values expressed as means ± S.E.M., for 6-11 independent observations, 
*p<0.05, **p<0.01, compered to control at each timepoint.

B: Representative image of (i) control (ii) A^-treated (iii) MDL28170-treated and (iv) Ap 
+ MDL28170-treated cortical neurons following TUNEL staining. Arrows indicate 
TUNEL-negative (-ve) and TUNEL-positive (+ve) neurons. Scale bar is SOfxm.



coverslips; Figure 4.3A ). Although treatment with M D L28170 alone (lO ^M ) had no 

effect on D N A  fragmentation (19.6 ±  3.3% cells  with fragmented D N A , n = 11 

coverslips), it significantly reduced the A(3(i_40)-mediated increase in D N A fragmentation 

observed at 72hr (42.2 ±  11.3% TUNEL positive staining in cells treated with A|3(i-40) in 

the presence o f  M DL28170, p<0.05, one-way AN O V A , n = 10 coverslips).

Follow ing a 96hr incubation with A(3 the percentage o f  neurons which stained 

TU N EL-positive was significantly increased from 23.0±1.7%  to 64.5±5.4%  (p<0.01, 

one-w ay A N O V A , n = 10 coverslips). A lthough treatment with M D L 28170 alone 

(10|i,M) had no effect on D N A fragmentation (23.3±3.7%  cells with fragmented DNA, n 

= 10 coverslips), it sign ificantly reduced the A|3(i.40)-mediated increase in D N A  

fragmentation observed at 96hr (39.0±5.3%  TU NEL-positive staining in cells treated 

with AP(i-4 0 ) in the presence o f  M D L 28170, p < 0 .05 , one-w ay A N O V A , n = 10 

coverslips). Cells exhibiting TUNEL positive staining, indicating D N A  fragmentation, 

fo llow ing A|3-treatment are shown in Figure 4.3B . These results demonstrate that Ap 

induces D N A  fragm entation in a tim e-dependent manner w ith m axim al D N A  

fragmentation occurring 72hr after exposure to Ap and that the A(3-mediated increase in 

D N A  fragmentation is calpain-dependent.

4.2.4 AP(i-40) activates caspase-3 in cultured cortical neurons

The effect o f  AP(|_40) on caspase-3 activity in cultured cortical neurons was 

analysed by measuring cleavage o f  the fluorogenic caspase-3 peptide substrate, DEVD-
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AFC (Figure 4.4). A  24hr exposure o f  cortical neurones to Ap(i_4 0) increased mean basal 

caspase-3 activity from 585 ± 39 pmol AFC produced/mg/min (mean ±  SEM) to 831 ±  

51 pmol AFC produced/mg/min (p<0.05, one-way AN O V A, n = 7 samples). The calpain 

inhibitor, M DL28170 (lO^iM), had no effect on either basal caspase-3 activity (505 ± 53 

pmol AFC produced/mg/min) or the Ap-mediated increase in caspase-3 activity (857 ±  

98 pm ol AFC produced/mg/m in, n = 7 sam ples). This result suggests that the A(3- 

mediated activation o f  caspase-3 occurs in a calpain-independent manner.

4.2.5 Effect of Ap(i_4Q) on poly-ADP-ribose polymerase cleavage

The ability o f  A|3 to cleave PARP (113kD a) into its cleavage product was 

assessed by western immunblot (Figure 4.5A , 4.5B) and immunocytochemistry (Figure 

4.6). In control cells, mean band width o f  the 113kDa band was 16 ±  2 (mean ±  SEM; 

arbitrary units), and this was significantly decreased to 10 ±  0.9 (p<0.05, one-way  

ANO VA, n = 5 samples; Figure 4.5A) in cells treated with A(3 (2iaM) for 72hr, indicating 

cleavage o f  PARP protein. Mean band width o f  the 113kDa fragment was 6 ±  0.7 in cells 

exposed to A(3 in the presence o f  the calpain inhibitor, M DL28170 (10|xM), indicating 

that cleavage o f  the PARP protein had been prevented. The downregulation in expression 

o f  the w hole PARP m olecule (1 13kDa) correlated with an increase in expression o f  the 

89kDa cleavage product. Thus, in control cells, mean band width o f  the 89kDa band was 

36 ±  6 (mean ±  SEM; arbitrary units), and this was significantly increased to 66 ± 19 

(p<0.05, one-way AN O V A , n = 5 samples; Figure 4.5B ) in cells treated with A(3. W hile 

M DL28170 alone had no effect on expression o f  the 89kDa band (30 ± 8 arbitrary units),
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Figure 4.4 MDL28170 does not reduce AP-induced Caspase-3 activity.

Exposure of cortical neurons to Ap (2[xM) for 24hr significantly increased caspase-3 
activity, as assessed by cleavage of the fluorogenic DEVD substrate. The calpain 
inhibitor MDL28170 (10|aM) had no effect on the basal or the Ap-mediated increase in 
caspase-3 activity. Results are expressed as the mean ± SEM for 7 observations, 
*p<0.05.
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Figure 4.5 Ap cleaves PARP in a calpain-dependent manner.

Cells were exposed to A(3 (2fxM) for 72hr and the expression o f the full form of PARP 
(113kDa) and cleaved-PARP (89kDa) was assessed by western immunoblot (A, B).

A: A(3 significantly decreased 113kDa PARP expression, and this was abolished by the 
calpain inhibitor, MDL28170. Results are expressed as the m ean ± SEM for 5 
observations, *p<0.05. Inset; Representative immunoblot o f expression levels of intact 
PARP in (i) control (ii) A(3-treated (iii) MDL28170-treated and (iv) A(3 + MDL28170- 
treated cortical neurons.

B: Ap significantly increased expression of the PARP cleavage product and this was 
abolished by M DL28170 (lO^iM). Results are expressed as the mean + SEM for 5 
observations, *p<0.05. Inset: Representative immunoblot of expression levels of cleaved 
PARP in (i) control (ii) A(3-treated (iii) M DL28170-treated and (iv) A(3 + MDL28170- 
treated cortical neurons.



it prevented the A|3-induced increase in expression o f the 89kDa cleavage product (band 

width being 34 ± 18 arbitrary units in cells exposed to AP in presence o f MDL28170). 

Sample im munoblots showing the A ^-m ediated (i) decrease in expression o f  the intact 

form o f  PARP and (ii) increase in expression o f  the PARP cleavage product are shown in 

Figure 4.5A and 4.5B respectively.

4.2.6 Effect o f AP(i_4Q) on cleaved PARP immunolabelling

PARP cleavage was also assessed by immunocytochemistry using a cleavage-site- 

specific anti-PARP antibody. Exposure to A|3 (2fiM, 72hr) significantly increased the 

precentage o f  cells displaying immunoreactivity for the cleaved form o f  PARP from 10 ± 

3% (mean ± SEM) to 41 ± 8% (P<0.05, one-way ANOVA, n = 9 coverslips; Figure 4.6). 

MDL28170 had no effect on basal levels o f cleaved PARP immunoreactivity (14 ± 2%) 

but it prevented the stim ulatory effect o f A(3 on PARP cleavage (13 ± 3% o f cells 

displayed cleaved-PARP immunoreactivity following A|3 treatm ent in the presence o f 

M DL28170, p<0.01, one-way ANOVA, n = 6 coverslips). Examples o f cleaved-PARP 

immunoreactivity that were detected in (i) control and (ii) A|3-treated cells are shown in 

Figure 4.6.
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Figure 4.6 AP-treated cortical neurons display increased PARP cleavage.

Immunocytochemistry using the cleavage site-specific anti-PARP antibody in (i) 
control (ii) A(3 (iii) cortical (iv) MDL28170 and (iv) A(3 + MDL28170-treated cortical 
neurons. Arrows indicate cells displaying immunoreactivity for cleaved PARP. Scale 
bar is 100|j,m.



4.2.7 AP-induced translocation of cytochrome-c into the cytosol is calpain- 

independent

The effect o f calpain inhibition on the A(3-induced increase in cytochrome-c 

expression reported in chapter 3 was evaluated to determine if this elevated expression 

was mediated through an increase in calpain activity. In control cells the mean band 

width of cytosolic cytochrome-c expression was 1.02 ±0.026 (mean ± SEM; arbitrary 

units) and was significantly increased to 1.85 ± 0.32 in cells treated with Ap (2^iM) for 

6hr (p<0.05, one-way ANOVA, n = 5 samples; Figure 4.7). The A(3-induced increase in 

cytosolic expression o f cytochrome-c at 6hr was not reduced in cortical neurons co

treated with both MDL28170 and A(3 (2.4 ± 0.85, n = 4 samples), thus suggesting that the 

A(3-induced increase in cytosolic expression o f cytochrome-c at 6hr is calpain 

independent. Following a 12hr exposure o f neurons to A(3, cytosolic expression of 

cytochrome-c was not significantly different between control cells (0.924 ± 0.21) and 

A(3-treated cells (1.33 ± 0.35, mean ± SEM, n = 6 samples). MDL28170 did not affect 

basal expression of cytochrome-c at 12hr (1.52 ± 0.43, mean ± SEM, n = 6 samples) nor 

was any difference detected between control-treated neurons and neurons co-treated with 

MDL28170 and A|3 (1.33 ± 0.35). Similarly, after 24hr exposure o f neurons to Ap, 

cytosolic cytochrome-c expression was not significantly different between control cells 

(1.17 ± 0.05) and A(3-treated cells (1.06 ± 0.086, mean ± SEM, n = 6 samples). 

Cytochrome-c expression in neurons cultured in the presence o f MDL28170 (1.07 ± 1.4, 

mean ± SEM, n = 6 samples) and in those neurons co-treated with Ap and MDL28170 

(1.23 ± 1.9) did not display any alterations in cytosolic expression o f cytochrome-c.
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Figure 4,7 Cytochrome-c release into the cytosol follows Ap exposure to cortical 
neurons.

After exposure of cortical neurons to Ap (2^M) for 6hr translocation of mitochondrial 
cytochrome-c into the cytosol was observed. At subsequent timepoints of 12hr and 24hr 
no significant difference was observed. MDL28170 failed to reduce the A^-mediated 
increase in cytosolic cytochrome-c at 6hr. Results are expressed as mean ± S.E.M., for 5 
observations.



Sample immunoblots illustrating the effect of A(3 on cytosolic expression of cytochrome- 

c at 6hr, 12hr and 24hr are shown in Figure 4.7. These results demonstrate that A (3 

increases cytosolic expression o f cytochrome-c at 6hr, indicating that A(3 induces the 

release of mitochondrial cytochrome-c into the cytosol at a timepoint that is likely to be 

upstream of caspase-3 activation. It also suggests that the A|3-induced release of 

mitochondrial cytochrome-c into the cytosol occurs independently o f calpain.

4.2.8 Total expression of cytochrome-c is not altered following treatment of 

cells with Ap

Total expression of cytochrome-c from separately harvested cell samples was 

examined to determine possible changes in overall cytochrome-c expression following 

exposure to A|3 and MDL28170. Mean band width in control cells was 1.04 ± 0.01 (mean 

± SEM; arbitrary units, n = 9) and 1.01 ± 0.03 (mean ± SEM; arbitrary units, n =9) in 

cells treated with A(5 (2nM) for 6hr (Figure 4.8). Mean band width in MDL28170-treated 

cells was 1.02 ± 0.02 (mean ± SEM; arbitrary units, n = 9) and 0.95 ± 0.02 in cells treated 

with A|3 + MDL28170 for 6hr. This observation indicates no difference in overall cellular 

expression of cytochrome-c following A|3 treatment or treatment of cells with A p and 

MDL28170. No difference in total expression was detected at 12hr where band width was 

1.04 ± 0.03 in control cells and 1.22 ± 0.24 in cells incubated with Ap (Figure 4.8). Also 

the expression of total cytochrome-c was not affected by treating cells with MDL28170 

alone (1.31 ± 0.3) or MDL28170 + A|3 (1.26 ± 0.29) in cortical neurons. These results 

suggest that no changes in total expression o f cytochrom e-c occur following
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Figure 4.8 Total expression of cytochrome-c is not altered following AP treatment.

Following Ap treatment for 6hr or 12hr, no change in total cytochrome-c expression was 
observed. Exposure of neurons to MDL28170 alone or when co-treated with A|3 and 
MDL28170 did not alter basal expression o f cytochrome-c. Results are expressed as 
mean ± S.E.M., for 10 and 8 observations.



Ap treatm ent o f cortical neurons, indicating that the mechanism involved may be the 

release o f  a stored form o f cytochrome-c within the mitochondria that is pertinent in the 

A |3-induced apoptosis w hich ensues follow ing cytochrom e-c release from  the 

mitochondria. Use o f a calpain inhibitor failed to prevent the release o f cytochome-c after 

exposure o f neurons to A|3, also indicating a pathw ay contributing to A p-induced 

apoptosis that is calpain-independent.

4.2.9 Stimulatory effect of on caspase-3 activity is Ca^^-dependent

The Ca^'^-dependence o f the AP(i.4 0 )-mediated activation o f caspase-3 activity was 

assessed by (i) chelation o f  ex tracellu lar Ca^'^ using EGTA and (ii) depletion o f 

intracellular Ca^'^ stores with thapsigargin, and caspase-3 activity was assessed using an 

anti-active caspase-3 antibody (Figure 4.9 and 4.10). Under control conditions 11 ± 2% 

of cells displayed active caspase-3 immunoreactivity and this was significantly increased 

to 25 ± 3% o f cells following Ap treatment (2|j,M, 24hr incubation; p<0.01, one-way 

ANOVA, n = 6 coverslips; Figure 4.9A). Following chelation o f  extracellular Ca^^ by 

EGTA (Im M ) there was no effect on the percentage o f control cells with active caspase-3 

im m unostaining (14 ± 3% ), and the A p-stim ulated increase in active caspase-3 

immunostaining was abolished (13 ± 3% o f cells with active caspase-3 immunostaining 

following Ap treatment in presence o f EGTA), indicating that the AP-mediated activation 

o f capase-3 was dependent on extracellular Câ "̂ .

Pre-treatment o f  cultured neurons with thapsigargin (IfxM, 30 min) significantly 

increased the percentage o f  cells displaying active caspase-3 immunoreactivity at 24hr
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Figure 4.9 A^-mediated activation of capase-3 is Ca^''"-dependent.

A. Exposure o f neurons to A(3 for 24hr, significantly increased the number o f cells 
displaying active caspase-3 immunoreactivity. Exposure of neurons to EGTA (ImM) had 
no effect on active caspase-3 immunoreactivity under control conditions but it abolished 
the A(3-mediated increase in the percentage of cells displaying active caspase-3 
immunostaining. Results are expressed as the mean ± S.E.M. for 7 observations, *p<0.05.

B. Representative image of (i) Control (ii) A(3 (iii) EGTA (iv) Ap+EGTA-treated cortical 
neurons after 24hr.



czi control 
c a  A6

8 Tg

Figure 4.10 Depletion of intracellular Ca^+ stores elevates caspase-3 activity but 
does not potentiate the AP-induced increase in caspase-3 activity.

A. A(3 significantly increased the number of cells displaying active caspase-3 
immunoreactivity at 24hr. Thapsigargin (l|o,M) treatment alone significantly increased 
caspase-3 immunoreactivity, yet prevented any further increase in active caspase-3 
immunoreactivity by Ap (2}aM). Results are expressed as the mean ± SEM for 6 
observations, **P<0.01, *P<0.05.

B. Immunocytochemistry using the anti-active caspase-3 antibody in (i) control 
(ii) A|3-treated (iii) thapsigargin-treated and (iv) A(3 + Thapsigargin-treated cortical 
neurons. Arrows indicate cells displaying immunoreactivity for active caspase-3 in A|3- 
treated cells. Scale bar is 50(xM.



from 11 ± 2% to 19 ± 2% (p<0.05, one-way ANOVA, n=6; Figure 4.10A), and prevented 

A(3 from further increasing the percentage o f cells with active caspase-3 immunostaining 

(21 ± 4% of cells displaying active caspase-3 immunoreactivity following treatment with 

A(3 + thapsigargin). A representative image of neurons stained with anti-active caspase-3 

antibody at 24hr in each of these treatments is shown in Figure 4.9B and 4.10B.
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4.3 Discussion

The aim o f  this study was to investigate the mechanisms responsible for A|3(i.40)-

induced cell death o f  cultured cortical neurons in relation to the changes in [Ca^’*']i that

• ^ 1

are produced by A(3. Given that A(3(i.40) has been shown to increase Ca influx  

(MacManus et al., 2000), a potential target for investigation in the cell death pathway 

was the Ca^”̂ -sensitive protease calpain. AP(i-4 0)-mediated cell death was preceded by an 

increase in calpain activity; a maximal increase in calpain activity being observed at 24hr 

with no Ap-m ediated increase in calpain activity being detected at 48hr. The role o f  

calpain in A|3-m ediated neurotoxicity was determined using the calpain inhibitor 

M DL28170, which was found to reduce A(3-mediated neuronal cell death, suggesting a 

calpain-dependent mechanism o f  A(3(i_40) cell death in this system. AP(i.4 0 ) was found to 

induce cleavage o f  the DNA-repair enzym e, PARP, in a calpain-dependent manner, 

implicating calpain as a facilitator o f  this aspect o f  the apoptotic cascade. Ap increased 

capase-3 activity in the cultured neurons, although the A^-mediated increase in caspase-3 

activity was calpain-independent. Interestingly, Ap increased caspase-3 activity in the 

presence o f  cytochrom e-c translocation into the cytosol and this mechanism occurred 

independently o f  calpain activation. Ap-m ediated activation o f  caspase-3 is however  

Ca^'*^-dependent, since extracellular Ca^”̂ chelators and depletion o f  intracellular Câ "̂  

stores prevented the induction o f  caspase-3 activity by Ap.

AP(i.4 0 ) increased the activity o f  calpain 3-fold, an effect that was blocked by co

incubation with the calpain inhibitor. W hile a 24hr exposure o f  cortical neurons to Ap  

resulted in a significant increase in calpain activity, exposure to Ap for 48hr had no effect
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on calpain activity, reflecting the temporal effectiveness of this enzyme. The reduction in 

calpain activity observed at the 48hr time point may arise from A^-induced oxidative 

stress (Miranda et al., 2000), since the formation of reactive oxygen species has been 

demonstrated to down-regulate calpain activity in neuroblastoma cells (Guttmann & 

Johnston, 1998).

The ability o f A(3 to induce morphological features o f apoptosis such as DNA 

fragmentation was attenuated by the calpain inhibitor, implicating this Ca^'^-sensitive 

enzyme in the A(3-induced cell death pathway. Calpain has received interest as a 

facilitator o f cell death in several other systems. For example, calpain activity is 

increased in glia and inflammatory cells undergoing cell death (Perlmutter et a l, 1990) 

and calpain inhibitors protect sensory neurons from apoptosis (Cheng et al., 1999). 

Calpain cleaves target proteins at the Leu-Val-Ile consensus sequence (Wang, 2000) and 

an example of a substrate for calpain-mediated cleavage is the DNA-repair enzyme 

PAR? (McGinnis et al., 1999). PARP is activated by DNA stand breaks and participates 

in DNA repair (Pieper et al., 1999). A(3 was found to cleave PARP into its 89kDa 

fragment in cortical neurons, a configuration o f the enzyme which would be unable to 

facilitate DNA repair (Pieper et al., 1999) following A(3-induced DNA fragmentation 

(Suzuki, 1997). Thus a consequence o f PARP inactivation would be sustained DNA 

strand breakage, which is consistent with the data obtained in this study where increased 

DNA fragmentation was detected in cells exposed to Ap. The ability o f the calpain 

inhibitor to inhibit A|3-mediated PARP cleavage indicates that PARP is a substrate for 

calpain in this system.
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A p (i.4 0 ) increased caspase-3 activity in cultured cortical neurons and this was 

found to occur concomitantly with the A|3-induced activation o f  calpain. In addition to 

serving as a substrate for calpain, PARP is also cleaved by caspase-3 resulting in the 

DNA fragmentation that is associated with apoptotic cell death (Wang, 2000). W hile 

A (3(1-4 0 ) was found to cleave PARP in cortical neurons, this event was com pletely  

abrogated by the calpain inhibitor, suggesting that PARP is preferentially cleaved by 

calpain following AP-treatment o f  cortical neurons. It remains a possibility that caspase-3 

cleaves other target proteins such as phospholipases, proinflammatory cytokines and 

cytoskeletal proteins to contribute to A(3-induced apoptosis (Wang, 2000), but the exact 

nature o f  the role o f  caspase-3 in A|3-induced neuronal cell death is controversial.

Increased caspase-3 activity is associated with apoptotic neurons in the AD brain 

(Stadelmann et a l ,  1999) and the 25-35 fragment o f  A(3 has been shown to activate 

caspase-3 in cultured neurons, with caspase-3 activity being pertinent in A(3-mediated 

neurotoxicity in vitro (Jordan et al., 1998; Harada & Sugimoto, 1999). However, several 

reports have used pharm acological inhibitors o f  caspase-3 and have dism issed the 

involvement o f  caspase-3 in Ap-mediated neuronal cell death (Suzuki, 1997; Selznick et  

a i ,  1999; Saez-Valero et al., 2000) and downregulation o f  caspase-3 with antisense 

oligonucletides fails to prevent A|3(i.42)-mediated ce ll death (Troy et al., 2000). 

Furthermore, while hippocampal senile plaques are associated with caspase-3 activation 

and neuronal cell death in an animal model o f  A D , immunodetection o f  senile plaques 

and cell death occurs in the absence o f  caspase-3 activation in other brain regions 

(S elzn ick  et  al., 1999), suggesting that the role o f  caspase-3 in A |3 -m ed ia te d  

neurodegeneration is region-specific. Volbracht et al., (2001) have investigated stages o f
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neuronal apoptosis and found early degeneration o f the axodendritic network occurred by 

a Bcl-2 and caspase-independent mechanism. Conversely, apoptosis o f the cell body was 

delayed by Bcl-2 and initially blocked by caspase inhibition. This evidence suggests Bcl- 

2-dependent and caspase-m ediated  death program s account only partia lly  for 

neurodegenerative changes in injured neurons. Our finding that the calpain inhibitor 

failed to com pletely block A ^-induced neurodegeneration suggests that an additional 

mediator o f A|3-induced cell death is active in cultured cortical neurons. While members 

o f the caspase family o f  proteases (Suzuki, 1997; N akagaw a et al., 2000) may be 

candidate molecules for the residual Ap-induced cortical apoptosis, the finding that the 

calpain inhibitor blocked approxim ately 70% o f A(3-induced cell death suggests that 

calpain is the predominant executor o f cell death in this system.

We have dem onstrated that the calpain inhibitor does not affect A(3-mediated 

caspase-3 activation, suggesting that caspase-3 activation is not dependent on upsteam 

activation o f calpain in cultured cortical neurons. Other studies have however shown an 

interaction between calpain and capase-3; calpain-mediated cleavage o f  procaspase-3 has 

been dem onstrated to be necessary for caspase-3 activation (Kobayashi et al., 1990; 

M cGinnis et al., 1999). Furthermore, the endogenous calpain inhibitor calpastatin is a 

caspase-3 substrate, cleavage o f calpastatin giving rise to increased calpain activity in 

T-cells (Wang et al., 1998). It is therefore a possibility that the A|3-mediated activation o f 

casapse-3 plays an indirect role in calpain activation by attenuating the availability o f 

endogenous calpain inhibitors.
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A key event in the apoptotic cascade is the translocation o f mitochondrial 

cytochrome-c into the cytosol, regulated by members o f the mitochondrial-associated Bel 

family o f proteins. While Bax facilitates cytochrome-c release and induction of apoptosis 

(Eskes et a i ,  1998), Bcl-2 is anti-apoptotic by virtue of its ability to inhibit cytochrome-c 

release and the ratio of Bcl-2:Bax expression represents a mechanism which dictates 

whether cells survive or undergo apoptosis in response to particular stimuli (Rosse et a i ,  

1998). Cytosolic cytochrome-c forms a complex with caspase-9 to participate in the 

activation o f caspase-3 (Slee et a i ,  1999), a cysteine protease which holds a central role 

in the apoptotic cascade. Ap induced cytochrome-c translocation in cultured cortical 

neurons following a 6hr exposure to cortical neurons. However, the increase in cytosolic 

expression o f cytochrome-c was not dependent upon the activation of calpain, since 

inhibition of calpain did not block the translocation o f cytochrome-c observed following 

A(3 treatment for 6hr. This result is in agreement with our observation that A(3-mediated 

activation of caspase-3 is calpain-independent.

Since our results had demonstrated that A(3 regulates Ca^”̂ homeostasis in cortical 

neurons (MacManus et al., 2000) we investigated whether A|3-mediated caspase-3 

activation was Ca^'^-dependent. Addition of neurobasal medium containing the 

chelator EGTA, Ihr before neurons were exposed to Ap, aimed to determine if  A(3- 

mediated caspase-3 activation was dependent upon the influx o f extracellular Ca^”̂. The 

finding that chelation o f extracellular Ca^^ with EGTA blocks the AP-mediated activation 

o f capase-3 suggests that a Ap-mediated influx o f Ca may underlie caspase-3 

activation, and this is consistent with the observation that Ap increases voltage-dependent
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channel activity in this preparation (MacManus et a l ,  2000), downstream  

consequences o f which are likely to include intracellular enzyme activation.

Intracellular Câ "̂  pools play an integral part in maintaining normal Ca^  ̂

homeostasis. Câ "̂  concentrations are regulated within the neuron in a coordinated manner 

through an antiport mechanism o f NaVK"  ̂exchange in the plasma membrane and through 

different ATPases localized in the plasma membrane, endoplasmic reticulum (ER), Golgi 

apparatus and mitochondria (Gandolfi et al., 1998). Thapsigargin induces neuronal cell 

death by blocking ATP-dependent Câ "̂  uptake into intracellular compartments, depleting 

most intracellular Câ "̂  pools (Yao et a l ,  2000). When Câ "̂  enters the cell, inducing a 

signal transduction cascade that opens channels in the ER, a second pathway

2 +  2"i"produces a Ca -induced Ca release. The first step in this cascade is the activation o f  

phospholipase C (PLC) by G-proteins. PLC then hydrolyzes phosphatidylinositol 4,5- 

bisphosphate in the cell membrane into the second messengers inositol-1,4,5-triphosphate 

(IP3) and diacylglycerol (Berridge, 1998). IP3 binds to its receptor on the ER (IP3R), 

which opens to release stored Ca^”̂ into the cytoplasm. One result o f  this Ca^" -̂induced 

Câ "̂  release is that Câ "̂  exiting the ER through one channel produces a localized rise in 

Câ "̂  concentration that can trigger a neighboring IP3R to open. This signal can propagate 

down the ER, carrying its Câ "̂  message to other parts o f  the neuron (Bootman et al., 

2001). When thapsigargin was added to culture media before exposure to A p, 

intracellular Câ "̂  stores were depleted by preventing the re-uptake o f  Câ "̂  ions into the

'y I

ER and other Ca -ATPase containing compartments. Although not significant, the 

treatment o f cortical neurons with thapsigargin in this study resulted in an increased 

number o f cells displaying caspase-3 activity, which may correlate with increased [Câ '̂ Ji.
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This is consistent with previous reports demonstrating that thapsigargin induces apoptosis 

via caspase-3 activation (Takadera & Ohyashiki, 1998). While thapsigargin increased 

caspase-3 activity in control cortical neurons, it also prevented a further increase in 

caspase-3 activation in response to A(3, suggesting that intracellular Câ "̂  stores play a 

role in A^-induced activation of caspase-3. This finding is in agreement with He et a i, 

(2002) who found that pretreatment of cultured dorsal root gangloin (DRG) neurons with 

thapsigargin significantly reduces A(3{25-35)-induced [Câ "̂ ]i elevation.

It has been reported that thapsigargin-sensitive Câ "̂  stores may communicate with 

mitochondria to induce cytochrome-c release and caspase-3 activation (Nakamura et al., 

2000). These results suggest that, while the activation o f capase-3 by A(3 in this system 

may depend on cytochrome-c release, it might not be dependent on calpain activation. It 

also suggests that a Ca^’̂ -dependent mechanism of caspase-3 activation is pertinent. The 

exact nature of the link between intracellular Ca^”̂ stores and caspase-3 activation remain 

to be identified.

It is unlikely that Ca^'^ions interact directly with caspase-3, since the deduced 

amino acid sequence o f caspase-3 does not reveal a Ca^^-binding domain (Yuan et a i,  

1993). While we have eliminated calpain as a modulator o f caspase-3 in this system, 

other Ca -dependent enzymes such as calcineurin may play a role in the A^-mediated 

activation o f caspase-3 (Asai et al., 1999). A novel Ca^^-binding protein has recently 

been shown to interact with caspase-2 and regulate caspase-2 activity (Ito et al., 2000), a 

similar Ca -binding regulatory protein may play a role in regulating caspase-3 

activation.
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In summary, calpain expression (Shimohama et ah, 1991) and activation status 

(Saito et a i ,  1993) are increased in AD. APP is a substrate for calpain and this has been 

proposed to contribute to the elevation in Ap deposition that is associated with the 

pathophysiology of AD (Siman et a i ,  1990). The results presented in this study 

demonstrate that calpain has an additional role in AD pathology by preventing DNA 

repair, and thus contributing to nuclear apoptotic events, via cleavage of the DNA repair 

enzyme PARP. In addition to activating calpain, A(3 also promotes caspase-3 activation 

in cortical neurons and we have identified that the A|3-induced caspase-3 activation 

proceeds via an mcrease in cytosolic cytochome-c expression, extracellular Ca^^ ion 

influx and thapsigargin-sensitive Ca^^ stores. It may therefore be an elevated [Ca^^]\ 

following the exposure o f cultured neurons to Ap, which alters mitochondrial transition 

pore integrity thus allowing the release of cytochrome-c into the cytosol that forms a 

mechanism of caspase-3 activation seen in this study.
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Chapter 5

AP“Induced Apoptosis of 
Cortical Neurons Involves 

Cathepsin-L and Cathepsin-D



5.1 Introduction

A recently proposed mitochondrial-lysosomal axis theory o f aging suggests that 

age-related mitochondrial damage and enlargement prevents normal mitochondrial 

autophagocytosis by lysosomes, causing an accumulation of defective mitochondria that 

increases the cells vulnerability to cell death (Brunk and Terman, 2002). Having found an 

Ap-induced mitochondrial pathway of caspase-3 activation in this study, a lysosomal 

involvement in A^-mediated cell death was examined in this aspect o f the study, to 

determine the extent of A(3-induced apoptosis arising from lysosomal dysfunction.

Activation of caspase-3 has been reported as a downstream event of cathepsin-D 

(Kagedal et a l, 2001), cathepsin-B (Kingham and Pocock, 2001) and cathepsin-L 

activation (Ishisaka et al., 1999a). Cathepsin-D is believed to mediate translocation of 

cytochrome-c from the mitochondria into the cytosol (Roberg et a l, 2002). Cathepsin-L 

has been proposed to directly cleave pro-caspase-3 into its active form (Ishisaka et al., 

1999a), or indirectly, via cleavage of the anti-apoptotic mitochondrial associated protein 

Bid, inducing cytochrome-c release and caspase-3 activation (Stoka et al., 2001). This 

aspect of my study aimed to examine the role of lysosomes in A|3-induced cell death, 

using the expression and activity profiles of cathepsin-L and cathepsin-D as markers of 

lysosomal function and integrity.

Wu et al., (2000), found evidence for the involvement of lysosomal enzymes in 

DNA fragmentation, although cleavage o f DNA-repair enzymes, a feature of apoptosis, 

has so far been found to be cathepsin-independent (Biggs et al., 2001). While cathepsin 

inhibitors have proved useful in reducing serum-deprived apoptosis (Shibata et al., 1998)
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and ischem ic cell death (Yamashima et a l ,  1998) the role o f  cathepsins in A(3-induced 

neuronal cell death remains to be fully elucidated.

Certain cathepsins, notably the aspartyl proteases cathepsin-D (Matus and Green, 

1987) and cathepsin-E become substantially more active as the brain ages while cysteine 

proteases that becom e less active with aging include cathepsin-B and cathepsin-L  

(Nakanishi et  a l ,  1994). However, a defining characteristic o f  the sporadic AD brain in 

comparison with normal age-matched control brains, is that volum es o f  neuronal early 

endosom es are, on average, threefold larger than normal, with levels o f  immunoreactive 

cathepsin-D and -B in both their proform and processed form being elevated within 

endosom es (Cataldo et al., 1997). The trafficking o f  cathepsins from their site o f  

translation in the trans-Golgi network to their entry into the endosom es/lysosom es is 

increased in sporadic form s o f  A D  (Cataldo et al., 1996). In addition, ce lls  

overexpressing the cation-dependent m annose-6-phosphate receptor (C D -6-M PR ), 

known to bind to and transport cathepsin proteins from the ER to the lysosom e, have 

recently been shown to elevate secretion o f  both human A(3(i.40) and AP(i.4 2 ) into the 

growth m edia almost three-fold (Mathews et al., 2002). Therefore, increased cathepsin 

trafficking to the endosom es/lysosom es, preceding the deposition o f  A(3, suggests that a 

disruption in lysosom al function lies at the beginning stages o f  the neurodegeneration 

seen in AD.

Familial forms o f  AD, characterised by an earlier age o f  onset (<60 years o f  age) 

are thought to encom pass just 5% o f  all cases, in w hich there is a clear pattern o f  

autosomal inheritance (Richard and Amouyel, 2001). Non-familial AD or “sporadic” AD, 

which constitutes at least 95% o f  all cases, includes those cases where there is no clear 

pattern o f  inheritance. The m echanism s contributing to P-am yloidogenesis are w ell
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understood in familial forms o f AD where the onset of symptoms can be traced to 

inherited single missense mutations in genes encoding APP (Goate et a l, 1991), PSl 

(Sherrington et al., 1995) and PS2 (Levy-Lehad et al., 1995). However, the process o f (3- 

amyloidogenesis in the sporadic form of AD is still unknown, but increasing evidence 

now suggests that it may involve alterations in the endosomal/lysosomal system of 

neurons at an early stage of the disease. Endosomal abnormalities develop in sporadic 

AD prior to the deposition of A(3 (Cataldo et al., 2000). A(3 immunoreactivity has also 

been detected within enlarged early endosomes at this stage of the disease (Cataldo et al., 

1996). Numerous studies have implicated both the secretory pathway, involving the 

endoplasmic reticulum (Chyung et al., 1997) and the Golgi apparatus (Xu et al., 1997) 

and the endocytic pathway (Haass et al., 1992) in APP processing and generation of 

amyloidogenic fragments.

In the APP transgenic mouse model of AD pathology, accumulation o f debris 

resembling secondary lysosomes near the cell body was found in hippocampal neurons 

(Oster-Granite et al., 1996). Cathepsin-D is known to cleave APP (Dreyer et al., 1994), 

and a polymorphism of the cathepsin-D gene has been associated with an increased risk 

of developing AD, where a representation of the cathepsin-D allele in demented patients 

was significantly greater than in age-matched control brains (Papassotiropoulos et al.,

1999). However, a recent epidemiological study into inheritance o f a genetic variant of 

cathepsin-D and an increased risk of early onset AD has proven inconclusive (Menzer et 

al., 2001). Expression o f pro-cathepsin-L is altered in the AD brain (Yoshiyama et al.,

2000), and its role in the progression of this debilitating disease remains to be elucidated.

Given that A(3-mediated apoptosis is thought to underlie the neuronal cell loss that

is associated with AD, the aim of this study was to examine the role o f cathepsin-L and
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cathepsin-D in Ap-mediated activation of the apoptotic pathway in cuUured cortical 

neurons. It was found in this study that A(3-mediated DNA fragmentation is cathepsin-L 

and, to a lesser extent, cathepsin-D dependent. A role for cathepsin-L in the A(3-mediated 

activation of caspase-3 and cleavage of the DNA repair enzyme PARP was found without 

the involvement of cathepsin-D. We propose that an increase in the cytosolic expression 

and activity of cathepsin-L underlies the A(3-mediated activation o f the apoptotic cascade 

in cortical neurons.
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5.2 Results

5.2.1 AP increases cathepsin-L activity in cortical neurons

To determine w hether A(3 impacts on the lysosomal protease cathepsin-L, the 

activity o f  cathepsin-L was assessed by measuring cleavage o f a fluorogenic cathepsin-L 

substrate following exposure o f the cultured cortical neurons to AP(i.4 0) (Figure 5.1). 

Cells were incubated with Ap (0.2 and 2|j,M) for Ihr, 6hr and 24hrs and cathepsin-L 

activity was assessed by fluorometry. The lower concentration o f Ap (0.2 fxM) had no 

effect on cathepsin-L activity at Ihr, 6hr or 24hr (n = 6). The higher concentration o f Ap 

(2jxM) had no effect on cathepsin-L activity at Ihr, but caused a significant 1.5- and 2.3- 

fold increase in cathepsin-L activity at 6hr (P<0.05, one-way ANOVA, n = 6) and 24hr 

(P<0.01, one-w ay ANOVA, n = 6), respectively. This result dem onstrates that Ap 

increases cathepsin-L activity in a time- and dose-dependent manner.

5.2.2 AP causes a transient increase in expression of cytosolic cathepsin-L in 

cortical neurons

Cytosolic cathepsin-L expression was evaluated following exposure o f cortical 

neurons to Ap to determ ine if  the AP(i.4 0)-mediated increase in cathepsin-L activity 

coincided with an increase in cathepsin-L expression. In parallel with the stim ulatory 

effect o f  Ap (2|aM) on cathepsin-L activity that was observed at 6hr, an increase in 

cytosolic expression o f  cathepsin-L was also found, as assessed by western immunoblot. 

Figure 5.2 depicts the cytosolic expression o f both the proform  and active forms o f 

cathepsin-L between 6hr, 12hr, 24hr and 72hr in control and A p-treated neurons. As
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(0.2nM)
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(2nM)

Figure 5.1 AP evokes an increased cathepsin-L activity in a time and dose-dependent manner.

Cathepsin-L activity was measured using the fluorogenic substrate Arg-Phe-AFC. Ap (2nM) 
significantly increased cathepsin-L activity at 6hr and 24hr. Resuhs are expressed as mean ± 
S.E.M. for 6 independent observations. *P<0.05, **?<0.0L



shown in Figure 5.2A, following exposure of neurons to A(3 (2jxM) for 6hr, cytosolic 

expression o f the cathepsin-L precursor (31kDa) was increased from 1.03 ± 0.002 (mean 

band width ± S.E.M., arbitary units) to 1.22 ± 0.09 but was considered not quite 

significant (P<0.08, Student’s paired t-test, n = 7). At the 12hr timepoint, expression of 

the precursor form of cathepsin-L was unaffected by Ap (1.01 ± 0.007 in control cells 

and 1.1 ± 0.066 in A^-treated cells, n = 6). Figure 5.2B demonstrates that the cytosolic 

expression of the active form of cathepsin-L (27kDa) was significantly increased from 

1.09 ± 0.036 to 1.29 ± 0.05 (P<0.001, Student’s paired t-test, n = 7) by A|3 (2fo.M, 6hr). 

No difference was detected in the cytosolic expression of the processed form of 

cathepsin-L between control and A^-treated cells at 12hr (control: 1.02 ± 0.053, A(3- 

treated: 0.978 ± 0.124, mean ± S.E.M., n = 6). The Ap-mediated increase in cathepsin-L 

release into the cytosol was found to be a temporary effect, since exposure of cortical 

neurons to A(3 for 24hr (n = 6, Figure 5.2A, B) and 72hr (n = 6, Figure 5.2A, B) did not 

show any significant changes in cytosolic expression of the proform or active form of 

cathepsin-L expression. The data collected from all of the timepoints can be seen in Table 

5.1.
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Figure 5.2 AP increases cytosolic expression of processed cathepsin-L at 6hr.

A. Cytosolic expression of cathepsin-L was measured by western immunoblot following 
treatment with AP (2|a,M) for 6hr, 12hr, 24hr and 72hr. Ap increased cytosolic expression of 
the cathepsin-L precursor (31kDa) although not significantly between 6hr and 72hr. Values are 
means ± S.E.M., for 5-9 independent observations.

B. Ap significantly increased cytosolic expression of the processed form of cathepsin-L 
(27kDa) at 6hr but not at later timepoints. Results are expressed as mean ± S.E.M for 5-9 
independent observations, *P<0.01.



Proform (31kDa) Processed form (27kDa)

Control AP Significance
(Student's /-test)

Control

C
O

.

Significance
(Student's r-test)

6hr 1.03 ±0.003 1.22 ±0.091 p <0.08 1.09 ±0.036 1.29 ±0.052 Yes

12hr 1.01 ±0.008 1.1 ±0.066 No 1.02 ±0.053 0.978 ±0.125 No

24hr 1.02 ±0.007 1.32 ±0.157 No 1.14 ±0.066 1.13 ±0.074 No

72hr 1.05 ±0.011 1.25 ±0.209 No 1.03 ±0.012 1.24 ±0.176 No

Table 5.1 Effect of Ap at 6hr on cytosolic expression of pro- and acitve cathepsin-L



5.2.3 Effect of the calpain inhibitor MDL28170 on the A^-mediated increase in 

cytosolic expression of cathepsin-L

To determ ine a role for calpain in the A |3-induced increase in cytosolic 

cathepsin-L seen at 6hr, cells were treated with A(3 (2}iM) both in the absence and 

presence o f the calpain inhibitor, M DL28170 (lO ^M ), and the expression o f cytosolic 

cathepsin-L was analysed by western immunoblot. Cytosolic expression o f  the precursor 

form o f cathepsin-L was increased between control and A(3-treated cells at 6hr, as can be 

seen in Figure 5.3B (control: 1.03 ± 0.007, A(3: 1.22 ± 0.091, mean band width ± S.E.M., 

arbitrary units, n = 7), but failed to reach significance (P < 0.08, one-way ANOVA). Also 

shown in Figure 5.3B, treatm ent o f cells with Ap + M DL28170 did not reflect any 

changes in cytosolic expression o f the profrom o f cathepsin-L (1.09 ±  0.111, mean ± 

S.E.M., arbitrary units, n =7).

A significant increase in cytosolic expression o f  active cathepsin-L was found 

between control and A(3-treated cells at 6hr (Figure 5.3C). Mean expression for control 

and A P'treated cells at 6hr was 1.09 ± 0.036 and 1.29 ± 0.052 respectively (p < 0.01, 

one-way ANOVA, n = 7). In cells treated with A(3 + M DL28170 (1.15 ± 0.102, n = 7), 

the significant increase in active cathepsin-L expression evoked by A(3 was not apparent 

in the presence o f the calpain inhibitor, thus suggesting that calpain may contribute to the 

A|3-mediated increase in cytosolic expression o f the active form o f cathepsin-L at 6hr.
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Figure 5.3 Ap increased cytosolic expression of cathepsin-L may be calpain- 
dependent.

A. Cells were treated with Ap (2|j,M) ± MDL28170 (IG^iM) for 6hr and harvested for 
western immunoblot. Ap increased cytosolic expression of the 31kDa cathepsin-L 
precursor (upper band; p < 0.08). Ap + MDL28170 treatment of cultured neurons did 
not significantly alter pro-cathepsin-L expression. Results are expressed as mean ± 
S.E.M. for 9 independent observations.

B. Cells were treated with Ap (2|o,M) ± MDL28170 (lO^iM) for 6hr and harvested for 
western immunoblot. Ap significantly increased cytosolic expression of the 27kDa 
processed form of cathepsin L (lower band). This increase was not observed in cells 
treated with AP in the presence of MDL28170. Results are expressed as mean ± S.E.M. 
for 9 independent observations. *P<0.05.

C. A sample immunoblot demonstrating cytosolic expression o f cathepsin-L in control- 
treated (lane I), AP-treated (lane 2) and Ap + MDL28170-treated (lane 3) cortical 
neurons.



5.2.4 AP increased total expression of cathepsin-L is calpain-independent

Since cytosolic expression o f cathepsin-L was increased by A(3 at the 6hr 

timepoint, the effect of A|3 on total expression of cathepsin-L was also examined to 

elucidate the underlying mechanism involved in the Ap-mediated increase in cytosolic 

cathepsin-L expression. The calpain inhibitor, MDL28170, was used to determine a role, 

if any, for calpain in the regulation of total cathepsin-L expression. Following Ap (2^iM) 

treatment of cortical neurons at 6hr and 72hr, expression of total pro- and processed 

forms o f cathepsin-L was examined by western immunoblot.

Figure 5.4A demonstrates that a significant increase in total expression of the 

precursor form of cathepsin-L was observed between control cells (1.05 ± 0.017, mean 

band width ± S.E.M., arbitrary units, n = 8) and cells treated with A(3 (2)iM, 6hr; 1.25 ± 

0.059, p < 0.01, one-way ANOVA, n = 8). In cells treated with Ap + MDL28170 

(lOjaM), total expression of the cathepsin-L precursor was also significantly increased to 

1.23 ± 0.034 (p < 0.01, one-way ANOVA, n = 8) and this suggests that the A|3-increased 

total expression o f the cathepsin-L precursor occurred in a calpain-independent manner. 

Figure 5.4A also demonstrates that total expression of the processed form of cathepsin-L 

was significantly increased from 1.02 ± 0.006 to 1.15 ± 0.051 by A|3 at 6hr (p < 0.05, 

one-way ANOVA, n = 8). Co-treatment of cells with both Ap + MDL28170 (1.09 ± 

0.052, n = 8) did not evoke a significant change in total expression of the active form of 

cathepsin-L in the A|3-treated cells. Further experiments are needed to determine the 

extent o f calpain involvement in the regulafion of both cytosolic and total expression of 

cathepsin-L if one is to conclusively argue that the A(3-mediated increase in cathepsin-L
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Figure 5.4 AP increases total expression of pro-cathepsin-L at 6hr but not at 72hr.

A. Following A|3 (2|j,M) treatment of cortical neurons at 6hr, total expression of both the 
proform and the processed form of cathepsin-L was significantly increased. MDL28170 
(10|j,M) co-treatment with A|3 failed to reduce the A(3-induced increase in total pro- 
cathepsin-L expression at 6hr. Values are means ± S.E.M., for 6 independent 
observations. Inset: sample immunoblot of total cathepsin-L expression in control, A|3- 
treated and MDL28170 + A^-treated neurons at 6hr.

B: Treatment with A(3 (2p,M) for 72hr evoked no change in total expression o f the 
proform or processed form of cathepsin-L. Similarly co-treatment o f neurons with 
MDL28170 + A(3 did not significantly alter total expression of the proform or processed 
form of cathepsin-L at 72hr. Values are means ± S.E.M., for 8 independent observations. 
Inset; sample immunoblot of total cathepsin-L expression in control, A|3-treated and 
MDL28170 + A|3-treated neurons at 72hr.



expression is calpain-dependent. Calpain activation may play a regulatory role in the 

processing of the proform of cathepsin-L, but more experiments are needed to justify this.

Figure 5 ,4B portrays the total expression of the proform and processed forms of 

cathepsin-L at 72hr. No changes in total preform cathepsin-L expression were noted 

following exposure of cells to A(3 alone or A|3 -i- MDL28170, where band width 

densitometry analysis measured total expression of proform cathepsin-L at 72hr as 1.02 ± 

0.009 (mean band width ± S.E.M.) in control cells, 1.03 ±0.034 in A(3-treated cells and 

0.934 ± 0.135 in cells co-treated with Ap -i- MDL28170, n = 5. Similarly, there was no 

difference in the total expression of the active (processed) form of cathepsin-L at 72hr 

between control cells (1.03 ± 0.016, n = 6), A(3-treated cells (1.24 ± 0.331, n = 6) and A(3 

+ MDL28170-treated cells (1.28 ± 0.723) as is shown in Figure 5.4B. These findings 

indicate that the A^-induced increase in total expression of both the proform and the 

processed form of cathepsin-L is a transient change that does not persist over a longer 

time period.

5.2.5 AP alone or in the presence of MDL28170 does not affect the expression of 

cathepsin-D

The proclivity o f A|3 to impact on cathepsin-D was analysed. The effect o f A|3 on 

cathepsin-D expression and distribution was examined by western immunoblot. The 

expression of cathepsin-D was also analysed in the presence o f MDL28170 to examine 

the role of calpain in cathepsin-D regulation. The expression o f the three forms of 

cathepsin-D, namely the glycosylated mature form (531cDa), the unglycosylated immature 

form (SlkDa) and the processed form believed to be the active form of cathepsin-D
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(32kDa), were measured in the cytosol, to find out if  any changes in expression followed 

exposure of neurons to A(3. No change was observed at 6hr between control cells, A(3- 

treated cells, MDL28170-treated cells and cells treated with A(3 + MDL28170 in the 

cytosolic expression of the mature form (Figure 5.5A), the immature form (Figure 5.5B) 

and the processed form of cathepsin-D (Figure 5.5C). The pooled data for these 

experiments can be seen in Table 5.2.

Analyses of cytosolic expression of cathepsin-D at 12hr revealed no changes 

between control treated cells, A|3-treated cells, MDL28170-treated cells and A(3 + 

MDL28170-treated cells in the cytosolic expression of the mature form (Figure 5.5A), the 

immature form (Figure 5.5B) and the processed form (Figure 5.5C). The data for this 

result can be seen in Table 5.3.

There were no significant differences noted between control treated cells, Ap- 

treated cells, MDL28170-treated cells and A(3 + MDL28170-treated cells at 72hr, on 

cytosolic expression of cathepsin-D. This result is depicted in Figure 5.5A for the mature 

form of cathepsin-D, Figure 5.5B for the immature form of cathepsin-D and Figure 5.5C 

for the processed form of cathepsin-D. All of the data for these results can be seen in 

Table 5.4.

These findings suggest cathepsin-D is not released into the cytosol following 

exposure of neurons to A(3, and that calpain has no modulatory effect on the expression 

of cytosolic cathepsin-D in this study.
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Figure 5.5 Ap does not alter cytosolic expression of cathepsin-D.

A. Following treatment o f cells with Ap (2|i.M) for 6hr, no difference was detected in 
cytosolic expression of the mature 53kDa form of cathepsin-D between control cells and 
cells treated with A(3, MDL28170 (lO^iM) and Ap+MDL28170. Values are means ± 
S.E.M., for 6 independent observations.

B. Treatment o f cells with A(3 (2[xM) for 12hr, revealed no difference in cytosolic 
expression o f the unglycosylated 5 IkDa form of cathepsin-D in control, A(3, MDL28170 
(10|xM) and A(3+MDL28170-treated cells. Values are means ± S.E.M., for 6 independent 
observations.

C. Following treatment o f cells with A|3 (2^M) for 72hr, no difference was detected in 
cytosolic expression of the active 32kDa form o f cathepsin-D in control cells and cells 
treated with A(3, MDL28170 (lO^iM) and A(3 + MDL28170. Values are means ± S.E.M., 
for 5 independent observations.



C ontro l

M ean b an d  w idth 
± S .E .M .

AP
(2|iM )

M ean band  w idth 
±  S.E.M .

M DL28170
(lOuM )

M ean b an d  w idth 
±  S.E.M .

AP + M DL28170

M ean b and  w idth 
±  S.E .M .

Significance

(ANOVA)

M ature form  
(53kDA)

0.98 ± 0 ,06 0.99 ± 0.09 0.93 ± 0 .15 0.96 ± 0.09 No (n = 6)

Im m ature form  
(51kDA) 1.10± 0.08 1 .16± 0.10 1.06 ± 0 .16 1.24±0.11 No (n = 6)

Processed form  
(32kDA)

1.03 ± 0 .04 0.91 ± 0 .14 1.21 ± 0 .18 1 .12± 0.17 No (n = 6)

Table 5.2 Effect o f A|3 at 6hr on cytosolic expression o f  mature, immature and processed forms o f cathepsin-D

C ontrol

M ean b and  w idth 
iS .E .M .

AP
(2|iM )

M ean band  w idth 
±  S.E.M .

M DL28170
(lOliM)

M ean b and  w idth  
±  S .E .M .

AP + M DL28170

M ean b and  w idth  
±  S.E.M .

Significance

(ANOVA)

M ature form  
(53UDA)

1.09 ± 0 .04 1.10±0.07 1.17±0.11 1.29± 0.13 No (n = 6)

Im m ature form 
(SlkDA)

1.02 ± 0 .07 0.95 ± 0 .14 1 .13± 0.08 1 .12± 0 .10 No (n = 6)

Processed form  
(32kDA)

1.01 ± 0 .02 1.09±0.15 1.08 ± 0 ,12 1.32±0.11 No (n = 6)

Table 5.3 Effect o f Ap at 12hr on cytosolic expression o f  mature, immature and processed forms o f cathepsin-D

C ontrol

M ean b an d  w idth  
±  S.E.M .

AP
(2nM )

M ean band  w idth 
±  S.E .M .

M DL28170
(lOuM )

M ean b a n d  w idth 
±  S.E .M .

AP + M DL28170

M ean b an d  w idth  
±  S.E .M .

Significance

(ANOVA)

M ature form 
(53kDA)

1.06 ± 0 .05 1.06 ±0.05 1,08 ± 0 .08 0.94 ± 0.03

IIw 
^i

o 
111

Im m ature form 
(SlkDA) 1.03 ±0.01 1.05 ± 0 .08 1.04 ± 0 .15 0.93 ±  0,09 No (n = 4)

Processed form  
(32kDA)

0.98 ± 0.05 1.1 ± 0 .34 1.20 ± 0 .43 0.71 ±0.61 No (n = 4)

Table 5.4 Effect o f Ap at 72hr on cytosolic expression o f  mature, immature and processed forms o f cathepsin-D



5.2.6 AP alone or in the presence of MDL28170 does not affect the total expression 

of cathepsin-D

Although cytosolic expression of cathepsin-D was unchanged following treatment 

of cultured neurons with A(3 in the presence or absence of MDL28170, the expression of 

total cathepsin-D was analysed to clarify whether Ap impacts on the overall expression of 

cathepsin-D in cortical neurons. The findings for this investigation indicated no changes 

occurred between control cells and cells treated with Ap, MDL28170 and Ap + 

MDL28170, at 6hr and 72hr (two timepoints taken to represent early and end stages of 

Ap-induced cell death). The results for 6hr are represented in Figure 5.6A for total 

expression of the mature form of cathepsin-D, Figure 5.6B for total expression of the 

immature form of cathepsin-D and in Figure 5.6C for total expression of the processed 

form of cathepsin-D. The data gathered from the 6hr timepoint is shown in Table 5.5.

The results for the 72hr timepoint are represented in Figure 5.6A for total 

expression o f the mature form of cathepsin-D, Figure 5.6B for total expression of the 

immature form o f cathepsin-D and in Figure 5.6C for total expression o f the processed 

form of cathepsin-D. The data gathered from the 72hr timepoint is shown in Table 5.6.

5.2.7 Active caspase-3 immunostaining by AP involves cathepsin-L

The role o f cathepsin-L in Ap-induced caspase-3 activity was assessed using the 

potent cell-permeable cathepsin-L inhibitor Z-FF-FMK. Cells were exposed to Ap (2[xM) 

for 24hr, since this exposure time has been previously found to evoke maximal caspase-3 

activity in this cell type (see chapter 4). Caspase-3 activity was evaluated by
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Figure 5.6 Ap does not alter total expression of cathepsln-D.

A. Following treatment o f cells with A(3 (2|.iM) for 6hr, no difference was detected in 
total expression of the mature 53kDa form of cathepsin-D between control cells and cells 
treated with A(3, MDL28170 (lOfiM) and A(3+MDL28170. Values are means ± S.E.M., 
for 5 independent observations.

B. Treatment of cells with Ap (2fxM) for 12hr, revealed no difference in total expression 
o f the unglycosylated 51kDa form of cathepsin-D in control, Ap, MDL28170 (10|j,M) 
and A|3+MDL28170-treated cells. Values are means ± S.E.M., for 6 independent 
observations.

C. Following treatment of cells with A(3 (2[xM) for 72hr, no difference was detected in 
total expression of the active 32kDa form of cathepsin-D in control cells and cells treated 
with A(3, MDL28170 (lO^iM) and A(3 + MDL28170. Values are means ± S.E.M., for 6 
independent observations.



Control

M ean band width
± S.E.M.

AP
(2(iM)

Mean band width 
± S.E.M.

MDL28170
(lG(iM)

Mean band width 
± S.E.M.

AP + MDL28170

Mean band width 
± S.E.M.

Significance

(ANOVA)

M ature form 
(53kDA) 1.06 ±0.01 l . l O i O . l l 1.25±0.11 1.25 ±0.06 No (n = 5)

Im m ature form 
(SlkDA) 1.02 ±0.01 0.97 ± 0.03 1.17 ±0.04 1.13±0.10 No (i\ = 5)

Processed form 
(32kDA) 1.06 ±0.03 0.92 ± 0.04 1.05±0.16 1.02 ±0.24
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Table 5.5 Effect o f  A|3 at 6hr on total expression o f  mature, immature and processed forms o f  
cathepsin-D

Control

Mean band width 
± S.E.M.

Ap
(2^M)

Mean band width 
± S.E.M.

MDL28170
(lOuM)

Mean band width 
± S.E.M.

AP + MDL28170

Mean band width 
±S.E .M .

Signiflcance

(ANOVA)

M ature form 
(53kDA)

1.05 ±0.02 1.33 ±0.30 1.38 ±0.25 1.48 ±0.37 No (n = 6)

Im m ature form 
(SlkDA) 1.04 ±0.02 1.24 ±0.23 1.24±0.16 1.35 ±0.24 No (n = 6)

Processed form 
(32kDA)

1.06 ±0.03 1.06 ±0.14 1.19±0.11 1.31 ±0.09 No (n = 6)

Table 5.6 Effect o f  A|3 at 72hr on total expression o f  mature, immature and processed forms o f  
cathepsin-D



immunocytochemistry using an anti-active caspase-3 antibody (Figure 5.7A, B). In 

control conditions the percentage of cells displaying active caspase-3 immunoreactivity 

was 13 ± 2 % and this was significantly increased to 24 ± 3 % in A(3-treated cells 

(p<0.05, ANOVA, n = 8). The percentage of cells displaying active caspase-3 

immunoreactivity was 14 ± 2 % in the presence of the cathepsin-L inhibitor alone and 12 

± 2% in cells treated with Ap + cathepsin-L inhibitor. The percentage of cells displaying 

active caspase-3 immunoreactivity was 13 ± 3 % in the presence of the cathepsin-D 

inhibitor alone and was significantly increased to 31 ± 7% (p<0.05, ANOVA, n = 8) in 

cells treated with A(3 + cathepsin-D inhibitor. These results demonstrate that the 

stimulatory effects of A(3 on caspase-3 are blocked by the cathepsin-L inhibitor, but not 

by the cathepsin-D inhibitor, thereby suggesting that stimulation of caspase-3 involves 

upstream activation o f cathepsin-L.

5.2.8 Caspase-3 activation by AP involves cathepsin-L

To further confirm that cathepsin-L was involved in the A(3-mediated activation 

of caspase-3, caspase-3 activity was measured by analysis of the rate o f cleavage of the 

caspase-3 substrate DEVD conjugated fluorescent AFC (Figure 5.8A, B). In control cells 

caspase-3 activity was 2.00 ± 0.26 nmoles AFC produced/mg/min (mean ± S.E.M.) and 

this was significantly increased to 3.22 ± 0.49 nmoles AFC produced/mg/min by 

A(3 (2|iM; p<0.05, ANOVA, n = 5). The cathepsin-L inhibitor prevented the A^- 

mediated increase in caspase-3 activity; in the presence o f cathepsin inhibitor alone 

caspase-3 activity was 2.42 ± 0.48 nmoles AFC produced/mg/min and in the presence of 

A(3 + cathepsin-L inhibitor, caspase-3 activity was 2.1 ± 0.33 nmoles AFC 

produced/mg/min, n = 5.
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cathepsin-L inhibitor cathepsin-D inhibitor

Figure 5.7 AP-mediated cleavage of caspase-3 involves cathepsin L.

A. The percentage o f cortical neurones displaying active-caspase-3 immunoreactivity 
following treatment with Ap (2 |jiM, 24hr) was examined by immunocytochemistry. Ap 
significantly increased the percentage of cells with active caspase-3 immunoreactivity and 
this was abolished by the cathepsin-L inhibitor (lO^iM, 24hr). The cathepsin-D inhibitor 
(10|iM, 24hr) had no effect on Ap-mediated caspase-3 activation. Results are expressed as 
mean ± S.E.M. for 8 independent observations. *P<0.05.

B. Sample immunocytochemical images demonstrating active caspase-3 immunoreactivity 
in cells treated with (i) vehicle control (ii) Ap (iii) cathepsin-L inhibitor (iv) cathepsin-L 
inhibitor + Ap (v) cathepsin-D inhibitor only and (vi) cathepsin-D inhibitor + Ap. Arrows 
indicate cells displaying representative active caspase-3 immunostaining. Scale bar is 
50fim.
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Figure 5.8 AP-mediated activation of caspase-3 involves cathepsin L.

Caspase-3 activity was measured using the fluorogenic substrate DEVD-AMC. A(3 (2^xM, 
24h) significantly increased caspase-3 activity and this was prevented by the cathepsin-L 
inhibitor (10|^M, 24hr). Results are expressed as mean ± S.E.M. for 5 independent 
observations. *P<0.05



5.2.9 Cathepsin-L but not cathepsin-D is upstream of AP-mediated PARP

cleavage

During apoptosis the DNA repair enzyme, PARP, becomes cleaved and the 

number o f cells displaying cleaved PARP immunoreactivity was assessed by 

immunocytochemistry using an anti-cleavage site specific PARP antibody (Figure 5.9A). 

Exposure to A(3 significantly increased the precentage o f cells displaying 

immunoreactivity for the cleaved form of PARP from 15 ± 2% (mean ± S.E.M.) to 41 ± 

8% (P<0.01, ANOVA, n = 9 coverslips). The cathepsin-L inhibitor had no effect on basal 

levels of cleaved PARP immunoreactivity (11 ± 2%) but it prevented the stimulatory 

effect o f A(3 on PARP cleavage (10 ± 2% of cells displayed cleaved-PARP 

immunoreactivity following A(3 treatment in the presence of cathepsin-L inhibitor). In 

contrast, the cathepsin-D inhibitor had no effect on A(3-mediated PARP cleavage. In cells 

treated with cathepsin-D inhibitor alone the percentage of cells with cleaved PARP 

immunoreactivity was 17 ± 2% and in cells treated with Ap in the presence of the 

cathepsin-D inhibitor the percentage of cells with cleaved PARP immunoreactivity was 

significantly increased to 35 ± 3% (p<0.05, ANOVA, n=7 coverslips). Examples of the 

cleaved-PARP immunoreactivity that was detected under each of these treatment 

conditions is shown in Figure 5.9B.
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Figure 5.9 AP-mediated PARP cleavage involves cathepsin L.

A. The percentage o f cortical neurons displaying cleaved PARP immunoreactivity 
following treatment with A(3 (2^iM, 72hr) was examined by immunocytochemistry. A(3 
significantly increased the percentage o f cells with cleaved PARP immunoreactivity and 
this was abolished by the cathepsin-L inhibitor (lO^M, 72hr). The cathepsin-D inhibitor 
(lO^iM, 72hr) had no effect on A^-mediated PARP cleavage. Results are expressed as 
mean ± S.E.M. for 8 independent observations. *P<0.05.

B. Sample immunocytochemical images demonstrating cleaved PARP immunoreactivity 
in cells treated with (i) vehicle control (ii) A|3 (iii) cathepsin-L inhibitor (iv) cathepsin-L 
inhibitor + A(3 (v) cathepsin-D inhibitor and (vi) cathepsin-D inhibitor + A(3. Arrows 
indicate cells displaying representative cleaved PARP immunostaining. Scale bar is 
50|j,m.



5.2.10 AP-mediated DNA fragmentation involves cathepsin-L and cathepsin-D

The role of cathepsin-L in A|3-mediated cell death was assessed using the 

cathepsin-L inhibitor, Figure 5.10A and 5.10B). A cathepsin-D inhibitor (BaChem, UK) 

was used to determine if cathepsin-D plays any role in reducing A(3-mediated cell death 

(Figure 5.11 A and 5.1 IB). Cells were exposed to A(3 for 72hr since this treatment 

paradigm has been shown earlier to evoke maximal DNA fragmentation in cortical 

neurons. Figure 5.10A represents the percentage of cells displaying DNA fragmentation 

was significantly increased from 21 ± 2% (mean ± S.E.M.) to 54 ± 4% following 

exposure to A|3 (2 ^iM) for 72hr (p<0.05, ANOVA, n = 8). Treatment with the 

cathepsin-L inhibitor alone (lO^M) had no effect on the percentage o f cells displaying 

DNA fragmentation (14 ± 2%, n = 8) but it significantly reduced the percentage of DNA 

fragmentation in cells treated with A|3 to 14 ± 2% (p<0.05, ANOVA, n = 8). An image 

taken of cells displaying positive and negative TUNEL staining in this study is shown in 

Figure 5.10B. Figure 5.1 lA  depicts a separate study using the cathepsin-D inhibitor, 

where the percentage of cells displaying DNA fragmentation was significantly increased 

from 23 ± 4.5% (mean ± S.E.M.) to 42 ± 7% following exposure to A(3 (2^^M, 72hr; 

p<0.05, ANOVA, n = 8). Treatment with the cathepsin-D inhibitor alone (10 ^iM, 72hr) 

had no effect on the percentage of cells displaying DNA fragmentation (31 ± 6%, n = 8) 

but it significantly reduced the percentage of DNA fragmentation in cells treated with A|3 

to 22 ± 3.5% (p<0.05, ANOVA, n = 8). These findings suggest that both cathepsin-L and 

cathepsin-D play a role in the mechanism underlying the ability of A|3 to induce DNA 

fragmentation. A photo representing the positive staining for DNA fragmentation in the 

above conditions can be seen in Figure 5.1 IB.
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Figure 5.10 Inhibition of cathepsin-L reduces Ap-induced increase in TUNEL 
positive neurons.

A. Exposure of cells to Ap (2nM) significantly increased the percentage of cells 
displaying DNA fragmentation (TUNEL +ve cells) at 72hr. A^-induced DNA 
fragmentation was significantly reduced by the cathepsin-L inhibitor (lOjxM). Values 
expressed as means ± S.E.M., for 8 independent observations, ***p<0.001.

B. Representative image of (i) control (ii) A^-treated (iii) cathepsin-L inhibitor-treated 
and (iv) A|3 + cathepsin-L inhibitor-treated cortical neurons following TUNEL staining. 
Arrows indicate TUNEL-negative (-ve) and TUNEL-positive (-i-ve) neurons. Scale bar is 
20 ̂ im.
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Figure 5.11 Inhibition of cathepsin-L and cathepsin-D reduces A^-induced increase 
in TUNEL positive neurons.

A. Exposure of cells to Ap (2|xM) significantly increased the percentage of cells 
displaying DNA fragmentation (TUNEL +ve cells) at 72hr. DNA fragmentation induced 
by Ap (2fxM) at 72hr was significantly reduced by the cathepsin-D inhibitor (lOpiM). 
Values expressed as means ± S.E.M., for 7 independent observations, *p<O.OOL

B. Representative image of (i) control (ii) A(3-treated (iii) cathepsin-D inhibitor and 
(iv) A(3 +  cathepsin-D inhibitor-treated cortical neurons following TUNEL staining. 
Arrows indicate TUNEL-negative (-ve) and TUNEL-positive (+ve) neurons. Scale bar is 
50|j,m.



5.3 Discussion

The aim o f this study was to investigate the role o f cathepsins in A p-m ediated  

neurotoxicity o f cultured cortical neurons. The results dem onstrate that A|3 increases 

cathepsin-L activity in cultured cortical neurons in a dose- and time-dependent manner. 

In addition, A(3 induces a transient increase in cytosolic expression o f the processed 

(active) form o f  cathepsin-L. This increase in cytosolic expression o f cathepsin-L is 

likely to be due to translocation o f lysosomal cathepsin-L into the cytoplasm or may be 

related to the increase in total expression o f the proform  o f cathepsin-L, which can 

subsequently be cleaved into the processed form. A|3 initiated an apoptotic cascade (i.e. 

activation o f caspase-3, cleavage o f PARP and increase in DNA fragmentation) and this 

was b locked by the selective cathepsin-L  inhibitor Z-FF-FM K , suggesting that 

cathepsin-L is pertinent in A(3-neurotoxicity pathways in the cortex. Cytosolic and total 

expression o f cathepsin-D remained unchanged in A|3-treated cells. However, application 

o f  a cathepsin-D  inhibitor reduced A ^-induced DNA fragm entation, but failed to 

modulate the A(5-mediated increase in PARP cleavage and caspase-3 activity. This 

suggests a role for cathepsin-D  in A(3-mediated DNA fragm entation, w hich is 

independent o f  its cellular expression profile. Use o f  the calpain inhibitor M DL28170 

revealed some evidence for a calpain-mediated disruption o f lysosomal integrity as the 

inhibition o f calpain somewhat reduced the A(3-mediated increase o f  cytosolic expression 

o f cathepsin-L.

A(3 was found to increase cathepsin-L activity in a dose-dependent manner. The

lower concentration o f Ap (0.2[iM) used in this study is not neurotoxic (Harada et a l ,

1999) and was found to have no effect on cathepsin-L activity. In contrast, the higher
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concentration o f 2jxM activates the apoptotic cascade in cortical neurons (Boland and 

Campbell, 2003) and other cell types (Culmsee et a l, 2001) and this concentration was 

found to increase cathepsin-L activity in this study. This provides evidence to support the 

hypothesis that the A(3-mediated activation of cathepsin-L is involved in the neurotoxic 

properties of A(3. The impact of A(B on cathepsin-L activity was time-dependent. A Ihr 

exposure to AP failed to have any affect on cathepsin-L, however, at the later time-points 

of 6hr and 24hr, Ap increased cathepsin-L activity. This delay in A|3-mediated activation 

of cathepsin-L may reflect a dependence on upstream signaling events. The finding that 

cytosolic expression levels o f the processed form of cathepsin-L were increased 

following exposure to A|3, may suggest that A(3 induces a translocation of cathepsin-L 

into the cytoplasm. The finding that A(3 also increases total expression of the cathepsin-L 

precursor suggests that A|3 may regulate cathepsin-L transcription. This observation is 

consistent with the upregulation of cathepsin expression seen in IFN-gamma, Fas/APO-1 

and TNF-alpha-induced apoptosis (Deiss et al., 1996; Gallardo et al., 2001). These 

results demonstrate that lysosomes are rapid targets for modulation by A|5 and the release 

o f cathepsin-L precedes A(3-mediated apoptosis by several hours, indicating that 

cathepsin-L is an upstream event in this apoptotic pathway. This supports other studies 

where an upregulation of cathepsin expression has been found to precede the neuritic 

damage and DNA fragmentation induced by toxic stimuli (Adamec et al., 2000).

The mechanisms underlying Aji-mediated release of cathepsin-L from the

lysosomal compartment are unclear. However, there is evidence for a Ca^^-dependent

mechanism of lysosomal cathepsin release (Gardella et al., 2001), and this may be

pertinent given that Ap has been shown to disrupt homeostasis in cortical neurons
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(MacManus et a i,  2000). Loss of endosomal/lysosomal membrane impermeability has 

been implicated in brain ischemia, with increases in cathepsin-B and -L activities 

observed in the hippocampus (Nitatori et al, 1995). Investigations led by Yamashima et 

al,  (1998), demonstrated |a-calpain activation at the disrupted lysosomal membrane of 

postischaemic CAl neurons of the hippocampus and proposed a calpain-mediated release 

of cathepsin-B. Similar findings were shown by Tsuchiya et al., (1999), where the 

administration o f a cathepsin-L inhibitor (E-64c) immediately after the ischemic insult 

reduced neuronal damage by approximately 84%.

Caspase-3 cleaves the endogenous calpain inhibitor calpastatin, potentiating 

calpain activity within cells (Wang, 2000). The degradation of calpastatin initiated by 

caspase-3 activity may explain the co-existence of both A(3-induced calpain and caspase- 

3 activities. While caspase-3 activation may be calpain-independent in this system, A|3- 

induced caspase-3 activity could be contributing to calpain activity. Both calpain and 

cathepsin-L activities are increased in the protein degradation found in neuronal and 

neuromuscular disease states (Di Giovanni et a i,  2000; Chondrogianni et a l,  2002). 

Calpain might directly cleave and activate cathepsin-L, but a more likely mechanism is a 

calpain-mediated disruption o f lysosomal membrane integrity by cleavage of the 

lysosomal membrane stabiliser Bcl-2 (Zhao et al,  2001; Wang, 2000). Also, Leverrier et 

al., (2002) have described a calpain and caspase positive feedback of protein kinase C 

(PKC) proteolytic activation during apoptosis, which is believed to contribute to 

lysosomal secretion (Tanabe et al., 2000). In this study our results provide some evidence 

that calpain serves as a modulator of cytosolic cathepsin expression following treatment 

with A(3. The significant increase in cytosolic expression o f cathepsin-L (pro- and active 

forms) that was induced by A|3 at 6hr, was not seen in cells that were treated with the
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calpain inhibitor, MDL28170. However, it was also found that the A(3-mediated increase 

in total cathepsin-L expression was not reduced in the presence of MDL28170, thus 

pointing towards a role for calpain in the release of cathepsin-L but not in the overall 

expression o f cathepsin-L. It should be noted that there was considerable variation in 

these experiments and further experiments would be necessary to explore the relationship 

between calpain and cathepsin-L release.

Lysosomal membranes contain several highly N-glycosylated proteins, amongst 

the best known of these being LAMP-1 and LAMP-2 (lysosomal associated membrane 

proteins) and LIMP-1 and LIMP-2 (lysosomal integrated membrane proteins). These 

proteins are extensively glycosylated, protecting them from intracellular proteolysis 

(Kundra and Komfeld, 1999), accounting for about 50% of lysosomal membrane proteins 

(Marsh et a l, 1987) and 0.1% of total cell protein (Chen et a l, 1985). Astrogliosis and 

altered cathepsin-D distribution was found in LAMP-1-deficient mouse brains where the 

lamp-2 gene is not expressed (Andrejewski et al., 1999). It was also found in this study 

that in non-neuronal tissue, LAMP-2 was upregulated in LAMP-1 deficient mice as a 

compensatory mechanism, however the loss of both LAMP molecules in a double 

transgenic model led to embryonic lethality. Thus, an alteration in LAMP integrity may 

serve as a trigger for lysosomal cathepsin release. The effect of A(3 on LAMP was not 

addressed in this study but merits consideration for future experimentation.

Another factor contributing to lysosomal dysregulation and membrane instability 

is a reduction in the cellular ATP level preceding the elevation of lysosomal pH (Hishita 

et al., 2001). At a cytoplasmic pH of 7.5, H^-ATPase pumps are capable o f  pumping 

protons against a 10,000-fold concentration gradient o f pH 3.5 inside the vacuole 

lysosome (Hedrich et al., 1989). During apoptosis the levels o f cellular ATP decrease in
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response to activation of repair enzymes such as PARP, which uses NAD^ as a substrate 

(Marini et a l, 1993). The normal function and proper orientation of this proton pump in 

the lysosomal membrane are essential for maintaining an acidic pH, which is required for 

optimal activity o f lysosomal hydrolases (D'Souza et al., 1987). It is therefore the 

maintenance o f an ionic gradient that secures the stability of lysosomal membranes from 

allowing the leakage o f potentially deadly enzymes into the cytosol. An example of 

lysosomal leakage due to reduced ATP levels was found in etoposide-induced apoptosis 

o f cultured myelomonocytoid cells, which revealed a cytochrome-c-independent 

mechanism of caspase-3 activation, believed to be due to the release of cathepsin-L 

(Hishita et al., 2001).

Oxidative stress has also been implicated in lysosomal leakage (Kalra et al., 1988) 

with changes in pH (8.0, 7.4, 6.5, 6.0, 5.5, 4.5) alone not causing any increase in the 

enzyme release (Kalra et al., 1989). Ditaranto et al., (2001) demonstrated that A(3 invokes 

a rapid free radical generation within lysosomes, which disrupts the lysosomal membrane 

proton gradient and precedes cell death. There is also evidence that A(3 is sequestered in 

lysosomes, causing oxidative damage to the lysosomal membrane, with the release of 

cathepsins has been shown by Yang et al., (1998). However, calpain activity is reduced 

by oxidative stress (Guttmann and Johnson, 1998), which may suggest that a calpain- 

mediated disruption of lysosomes occurs before A^-induced oxidative stress.

Evidence exists for the insertion of both A|3 (Hirakura et al., 1999) and an ApoE4 

intermediate (Ji et al., 2002) into the lysosomal membrane, causing a rupture of the 

lysosome and leakage of hydrolytic enzymes into the cytosol. It has also been suggested 

that induction o f p53 activation precedes lysosomal membrane disruption (Yuan et al., 

2002), and considering that A(3 activates p53 in cortical neurons at a timepoint upstream
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of cathepsin-L release (Fogarty and Campbell, unpublished observations) this may also 

be an underlying mechanism contributing to the release of cathepsin-L into the cytosol.

The stimulatory effect of A|3 on caspase-3, an executioner protease o f apoptosis 

(Slee et al., 1999), and cleavage of the DNA repair enzyme PARP, a substrate for 

caspase-3-mediated proteolysis (Wang, 2000) was blocked by the cathepsin-L inhibitor. 

Caspase-3 has been shown to underlie AP-rnediated neuronal apoptosis in cultured 

cerebellar neurons (Marina et al., 2000), cerebral endothelial cells (Xu et al., 2001) and 

hippocampal neurons (Jordan et al., 1997). In AD brains an increase in expression of 

activated caspase-3 has been detected (Su et al., 2001). Taken together, these reports 

suggest that caspase-3 is pertinent in the neuronal cell loss that is associated with AD. 

The results from this study demonstrate that the A^-mediated activation o f caspase-3 in 

cortical neurons involves cathepsin-L. The finding that cathepsin-L inhibition protected 

neurons from A^-mediated DNA fragmentation, a morphological marker of apoptosis, 

indicates that cathepsin-L is critical in A(3-mediated apoptosis. The mechanism by which 

cathepsin-L links A|3 to activation of caspase-3 is at present unclear but may involve the 

release o f m itochondrial cytochrome-c, the principal activator o f caspase-3, via 

cathepsin-mediated cleavage o f the Bcl-2 family member Bid (Stoka et al., 2001). 

Studies have shown that cathepsin-B activates caspase-3 via activation o f the 

proinflammatory caspase-11 (the murine homolog for human caspase-4; Schotte et al., 

1998). A cytochrome-c-independent mechanism of caspase-3 activation by cathepsin-L 

was proposed by Ishisaka et a l, (1999a), where the activation o f a caspase-3-like 

protease occurred using a digitonin-treated lysosomal fraction, which was inhibited in the 

presence of a cathepsin-L inhibitor. Also, etoposide causes apoptosis with caspase-3
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activation independently of changes in the mitochondrial membrane potential (Ai^^m) and 

cytochrome-c release, but is dependent on cathepsin-L release and activity (Hishita et a i, 

2001). That report suggested an etoposide-induced reduction o f ATP levels and a 

concomitant increase in lysosomal pH, which is thought to leave the lysosomal 

membrane more susceptible to the leakage of cathepsin-L. Our findings o f an A(3-induced 

release of cathepsin-L from the lysosome and the concomitant increase in caspase-3 

activation further supports the view of a possible mechanism of cathepsin-L-mediated 

caspase-3 activation. Whether cathepsin-L cleaves pro-caspase-3 directly, or whether it 

indirectly activates caspase-3 through the release o f cytochrome-c (Stoka et a i, 2001), it 

has been shown in these experiments that cathepsin-L activity is a prerequisite for A(3- 

mediated caspase-3 activation.

The cathepsin-L-mediated cleavage of the DNA repair enzyme PARP, following 

treatment of neurons with Ap, suggests from our earlier findings using calpain inhibition 

that the mechanisms of cathepsin-L and calpain activation converge on similar 

intracellular substrates such as PARP and other substrates protecting DNA integrity. 

While PARP is a known substrate for calpain (McGinnis et a l, 1999), investigations into 

potential substrates for cathepsin-L have so far excluded PARP. The convergence of both 

calpain and cathepsin-L on PARP cleavage and loss o f DNA integrity may represent a 

critical biochemical pathway in the pathogenesis o f AD and the data lend fiirther support 

for the lysosomal system in neurodegeneration (Adamec et a l, 2000).

Growing evidence has suggested a role for cathepsin-D in AD pathology since 

increased expression of cathepsin-D has been observed in the AD brain (Suzuki et al., 

1988) prior to significant A(3 deposition (Cataldo et al., 1996), and cathepsin-D has a role
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in processing A poE (Dekroon and Armati, 2002). Release of cathepsin-D  has been 

reported as an early event in fibroblast apoptosis (Roberg et a l, 1999) and antisense 

studies have identified cathepsin-D  as a death factor in serum -deprived PC 12 cells 

(Isahara et al., 1999). In AD brains expression o f cathepsin-D is upregulated at the gene 

and protein level (Cataldo et al., 1995) and A(3 has been shown to increase cathepsin-D 

expression in cultured hippocampal slices (Hoffman et al., 1998). Cathepsin-D is thought 

to contribute to the pathophysiology o f AD by serving a role as a |3-secretase involved in 

processing o f (3-amyloid precursor protein into Af3(i.42) fragments (Sadik et a i, 1999). 

N either cathepsin-D  release nor total cathepsin-D expression was affected by A(3(i_40) 

treatm ent, yet the cathepsin-D inhibitior reduced A|3-induced DNA fragmentation, as 

m easured by TUNEL staining. W hile the cathepsin-D inhibitor reduced A(3-induced 

DNA fragm entation, a concom itant reduction in A |3-mediated cleavage o f  the DNA 

repair enzym e, PARP, was not observed. While we found that A(3-mediated DNA 

fragm entation involved cathepsin-D, the tum or suppressor p53, which activates the 

expression o f genes engaged in prom oting growth arrest or cell death in response to 

genotoxic stress, is inactive when cathepsin-D is inhibited (W u et al., 1998). This may be 

pertinent since p53 is directly involved in A(3-induced neuronal cell death (LaFerla et al., 

1996) w hen activated at specific phosphorylation sites (Fogarty and Cam pbell, 

unpublished observations). It is therefore plausible to suggest that cathepsin-D inhibition 

blocks p53-mediated cell death, and as such may represent a mode o f  cell death that is 

independent o f caspase-3 activation and cleavage o f PARP.

In this study A(3 had no effect on cathepsin-D expression or cellular distribution. 

Changes in cathepsin expression may not always underlie their contribution to cell death 

as cathepsin-B was found to be neurotoxic in a study where no increase in expression o f

150



cathepsin-B was detected (Kingham and Pocock, 2001). Cathepsin-induced apoptosis 

does not solely depend on upregulation o f the enzyme, but can involve the degradation o f 

their endogenous inhibitors. Such inhibitors include cystatins, and the presence o f 

cystatin C, an inhibitor o f cathepsins-B, -H and -L, is elevated in the AD brain (Deng et 

al., 2001), and such increased expression may represent a compensatory mechanism for 

elevated cathepsin activity.

The results found in this study indicate that cathepsin-D is a target for modulation 

by A(3 in cortical neuronal apoptosis but not through changes in its expression. However, 

the proclivity o f A(3 to activate caspase-3 and cleave PARP, two biochemical markers o f 

apoptosis, was not affected by the cathepsin-D inhibitor. Thus, while cathepsin-D may be 

involved in certain aspects o f  the apoptotic pathway and have a role in the accumulation 

o f the am yloid deposits associated with AD, results from this study dem onstrate that 

cathepsin-D is not pertinent in the A^-mediated activation o f caspase-3 and cleavage o f 

PARP in cortical neurons but may play a contributing role in A(3-induced DNA 

fragmentation.

The elevated Ca^^ influx mediated by A(3 (MacManus et a l,  2000), activating the 

Ca^^-dependent protease, calpain (Boland and Campbell, 2003) which in turn breaks 

down structural and regulatory components o f the cell as part o f the cell death pathway, 

has been proposed by previous work in our lab and in current work so far in this thesis. In 

this study the significant increase in cytosolic cathepsin-L expression mediated by A|3 

was not observed in cells that were treated with A(3 in the presence o f  the calpain 

inhibitor, M DL28170. This result suggests that leakage o f  cathepsin-L  from the 

lysosomal com partment may involve calpain. Further analysis is required to define the
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exact nature o f the relationship between calpain and lysosomal leakage o f  cathepsin-L. 

Given that the lysosomal system and cathepsin expression is upregulated in AD brain 

(Cataldo et a l ,  1990), our in vitro system provides evidence o f  a role for lysosomal 

cathepsins in A(3-mediated neurodegeneration. It is o f note that lysosomal instability is a 

feature o f  neurodegenerative conditions other than AD. Lysosomal instability retards 

degradation o f a-synuclein  and gives rise to formation o f  the intracellular a-synuclein 

deposits that are a feature o f Parkinson’s disease (Polymeropoulos et a i, 1997). Neuronal 

cerois lipofuscinoses are also associated w ith lysosom al degradation (Brunk and 

Therman, 2002). The cellular mechanisms underlying lysosomal instability and the role 

o f  lysosomal com ponents in neuronal cell death are therefore potential targets for 

investigation in relation to a variety o f neurodegenerative conditions.
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Chapter 6

AP-Mediated Cell Death Involves
Caspase-12



6.1 Introduction

The endoplasmic reticulum (ER) is involved in the regulation o f  protein folding 

and the maintenance o f  Ca^  ̂ ion gradients between the ER lumen and the cellular cytosol. 

A disruption o f  calcium homeostasis, inhibition o f  protein glycosylation, and a reduction 

o f  disulfide bonds causing protein m isfolding, provoke an accumulation o f  unfolded  

proteins in the ER (Imaizumi et a i ,  2001), which leaves the ER prone to stress. 

Contributing factors to ER stress include viral replication (Braakman, 1991), serum  

starvation (Yao et al., 2000), oxidative stress (Paschen et a l ,  2001), excitatory amino 

acids (Yu et al., 1999) and many toxic agents ranging from detergents such as digitonin 

(Tengholm et al., 2001), inhibitors o f  vesicle transport between the ER and Golgi such as 

brefeldin-A (Price et al., 1992), to modulators o f  ER Ca^  ̂ stores involving the InsP3 and 

Ryanodine receptors as w ell as the Ca^'^-ATPase channel SERCA (Verkhratsky and 

Petersen, 2002). Increased ER stress responses such as the unfolded protein response, ER 

overload response and ER associated degradation, can extend to initiate an apoptotic 

cascade o f  events culminating in cell death (Brostrom et al., 1995). Apoptotic ER stress 

responses include the translocation o f  the proapoptotic protein, Bax, to the ER membrane 

with a reduction in Bcl-2 function (Oltvai et  a l ,  1993), release o f  an ER chaperone 

protein, GRP78/Bip, from the ER (Rao et a l ,  2002) and the interaction o f  caspase-7 with 

the recently identified ER-specific protease caspase-12 (Rao et a l ,  2001).

Caspase-12 is predominantly localized in the ER and is specifically activated by 

disturbances to ER hom eostasis such as ER stress insults and m obilization o f  the 

intracellular Ca ion store (Nakagawa et a l ,  2000). Having previously been implicated 

in the ER -specific stress-activated apoptosis o f  A 549 epithelial cells (Nakagawa and
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Yuan, 2000), caspase-12 is also activated under adverse conditions such as hypoxia,

2+glucose deprivation and perturbation of Ca homeostasis (Yoneda et a l, 2001). Caspase- 

12 is cleaved from its pro-form of 60kDa into two active forms of 42kDa and 35kDa 

(Rao et al., 2001). So far three processing mechanisms for caspase-12 have been 

proposed, including cleavage by m-calpain (Nakagawa and Yuan (2000), cleavage by 

caspase-7 (Rao et al., 2001), and autocatalytic processing o f pro-caspase-12 into its 

active form (Fujita et al., 2002).

Calpain is known to translocate from the cytosol to the cell membrane when 

intracellular Câ "" concentrations rise (Suzuki et al., 1987). Caspase-12 enriched 

microsomes are processed by calpain (Siman et al., 2001), and it is therefore plausible to 

think that calpain may translocate to the ER membrane to activate caspase-12. Evidence 

for a calpain-mediated cleavage of pro-caspase-12, was found in an investigation by 

Nakagawa and Yuan (2000), where oxygen and glucose deprived glial cells expressed an 

m-calpain-dependent cleavage of the antiapoptotic protein BcIxl and caspase-12.

ER stress is apparent in the neuronal cell death of the AD brain (Mattson et al., 

1998). Investigations based on changes found in the ER and ER-associated proteins 

during the initiation and progression of AD, has become a focal point in understanding 

the underlying neuronal abnormalities found in the AD brain. The ER is a putative site 

for the production of A|3, and is in itself a target for modulation by A|3 (Wild-Bode et al., 

1997; Mattson and Guo Q, 1997). Mutations in the genes encoding integral ER 

transmembrane proteins such as the presenilins (PSl and PS2), have been found to be 

directly involved in increasing Ap production (Xia et al., 1997b). Meanwhile oxidative
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stress and disruption o f intracellular concentrations, triggered by exposure to A|3, 

cause ER stress and lead to cell death (Mattson et a l ,  1993; Guo et a l ,  1998).

Exposure o f primary cortical neurons to A|3 has been previously implicated with 

the activation of the ER-stress associated caspase-12 (Nakagawa et al., 2000). That study 

utilized both transgenic anim al and antisense technology to address the questions 

pertaining to a potential A |3-mediated cell death which acts through the ER. An 

A|3(|_40)-mediated activation of caspase-12 was found in that study, with an ensuing cell 

death being caspase-12 dependent. Considering caspase-12 is only activated under 

conditions of ER stress, such as a disruption in calcium homeostasis (using thapsigargin) 

and excess accumulation o f proteins in the ER (using tunicam ycin), and not through 

death-receptor or mitochondrial pathways of apoptosis, it was proposed by those authors 

that caspase-12 could serve as a key mediator in A|3-mediated neurotoxicity seen in AD. 

With previous and current work in our laboratory suggesting A|3 induces cell death via an 

increase in cytosolic Ca '̂ ,̂ and the increased activities o f calpain, caspase-3 and 

cathepsin-L , the aim of this chapter was to determ ine if A(3-mediated caspase-12 

activation lies downstream of the rapid activation of calpain and cathepsin-L. Depletion 

of caspase-12 using antisense oligoneuclotides was also used to determ ine a role for 

caspase-12 in A(3-mediated caspase-3 activity, PARP cleavage and DNA fragmentation.
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I
6.2 Antisense Technology

The recent completion of the Human Genome Project has yielded a large amount 

of new gene sequences encoding proteins with unknown functions. Today’s Post- 

Genomic era o f research aims to gain information on the function o f these proteins. 

Antisense technology, designed to inhibit the gene expression of specific proteins, is used 

to study the effects of individual proteins in normal and abnormal cellular states, and is 

therefore an important tool for investigating protein function analysis as well as the 

validation of therapeutic drug targets.

Antisense technology is designed to "switch o ff’ protein expression by interfering 

with the underlying mRNA of a specific gene. To understand how antisense technology 

works, one must look at the normal mechanisms involved in cellular protein expression. 

During transcription of information from DNA into mRNA, the two complementary 

strands of the DNA partly uncoil, allowing the sense strand to separate from the antisense 

strand. The antisense strand of DNA is then used as a template for transcribing enzymes 

that assemble mRNA in a process known as transcription. Newly synthesised mRNA then 

passes through the rough ER, where ribosomes facilitate the addition amino acids into 

polypeptide chains, relative to the information encoded on the mRNA, in a process 

known as translation. Nascent proteins then enter a secretory pathway, moving through 

the smooth ER and Golgi apparatus, before being trafficked to sites of normal 

localisation.

Antisense oligonucleotide (ASO) technology uses synthetic single stranded RNA 

or DNA to alter the intermediatory metabolism of specific mRNA, thereby modulating 

the transfer of information from gene to protein (Scanlon et al., 1995), in a sequence
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specific manner. Antisense oligonucleotides are designed to hybridise to their specific 

target mRNA, causing a steric or conformational obstacle for protein translation. This 

inhibits the production of the encoded protein, without effecting the expression of other 

genes. Figure 6.1 below depicts normal mRNA translation and antisense inhibited 

translation.

Anti sense 
oligonucleotide

STOP

Protein
chain

mRNA
Ribosome

Figure 6.1 Antisense oligonucleotides bind to specific sequences on mRNA preventing 

translation of that protein

The specificity of antisense derives from the selectivity of Watson-Crick base 

pairing (adenine nucleic acid residues form complementary base pairs with thymine 

(DNA) or uracil (RNA) via hydrogen bonding, while guanine forms complementary base 

pairs with cytosine; Watson and Crick, 1953). The decrease in affinity/specificity 

associated with a mismatch base pair varies depending on position of the mismatch in the 

region of complementarity and the sequence surrounding the mismatch. A single 

mismatch can result in a change in affinity of approximately 500 fold (Crook, 1996).
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Paul Zamecnik is generally attributed with publishing the first paper describing 

the use of antisense oligonucleotides (Zamecnik and Stephenson, 1978) and an early 

theory held by many was that if a synthetic oligonucleotide was annealed to a single 

stranded mRNA (or genetic DNA), the ribosome (or polym erase) would not continue 

reading the code and fall off, thus effecting 'hybrid arrest'. In fact, it was later learned that 

ribosomes and polymerases can quickly read through the hybridized region. Today there 

are three known m echanism s of inhibiting gene expression utilized by antisense 

technology, these include RNase H degradation, Translational arrest and M odulation of 

RNA processing. A diagram representing these three mechanisms of antisense inhibition 

of protein expression can be seen in Figure 6.2.

The primary mode of action for most antisense oligonucleotides is the creation of 

a substrate for endogenous RNase H, leading to directed cleavage o f the RNA portion of 

the oligonucleotide:RNA duplex (Dash et al., 1987; W alder and W alder, 1988). RNase H 

com prises a family o f ribonucleases that specifically cleave the RNA com ponent o f 

RNA-DNA duplexes (W alder and W alder, 1988). RNase H is found in both the nucleus 

and the cytoplasm o f all cells, and its name is derived from its ability to cleave RNA that 

is found in an RNA:DNA hybrid. The RNA-DNA duplex resulting from the interaction 

o f the antisense oligonucleotide with the mRNA provides an ideal substrate for RNase H 

(M inshull and Hunt, 1986). Inside the cell, RNase H may participate in removal of 

primers during DNA synthesis, removal o f misincorporated ribonucleotides, and in some 

transcription reactions. Post cleavage, the oligonucleotide can hybridize to another RNA 

transcript, enhancing the potential effect of any single molecule of oligonucleotide.
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Figure 6.2 Mechanisms of antisense inhibition on protein expression.

Translational arrest prevents the binding of translation initiator factors 

such as eIF-4E from binding to mRNA strands (Baker et a i, 1992). This process 

involves oligo/mRNA-hybrids positioned anywhere within the 5' UTR or 

approximately at the first 20 nucleotides o f the open reading frame, blocking cap- 

dependent translation initiation with high specificity, independent of RNase H cleavage 

or modifications which render the mRNA untranslatable (Johansson et a i, 1994). 

Splicing arrest occurs when antisense inhibitors bind to regions of the required mRNA
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sequence, just after transcription, and prevent them from being spliced and processed into 

functional mRNA.

Natural oligonucleotides consist of phosphodiester links. Phosophodiesters are 

extremely sensitive to nucleases, found intracellularly or in cell culture serum. The half- 

life of unmodified natural oligonucleotides is about 30 minutes (Crook, 1992). To 

increase oligonucleotide stability, various chemical modifications have been introduced 

to the phosphate backbone of antisense oligonucleotides to increase its stability. 

Phosphorothioate oligodeoxynucleotides contain sulphur in place of one of the oxygen 

atons in the DNA backbone. These phosophothioates are highly resistant to exo- and 

endonucleases, proven to be effective at low micromolar concentrations. They have a 

half-life of 48hours in 10% serum and are the only antisense drugs approved by the FDA. 

In this study we have chosen a phosphothioate oligodeoxynucleotide for the murine 

sequence of caspase-12.

Administration techniques for efficient uptake of antisense ODNs are similar to 

gene delivery techniques, including micro-injection, electroporation, endocytosis and 

liposome encapsulation and. Micro-injection makes use of a very fine pipette to inject 

antisense ODNs directly into cells. The yield of this method is very high, but because of 

the precision needed to inject a very small cell with smaller molecules, only about 100 

cells can be injected per day. Electroporation subjects cells to a short electrical pulse, 

thought to induce the reansient formation of pores in the cells membrane, through which 

the antisense ODN can enter the cell. Endocytosis is one of the simplest methods to get 

nucleotides into the cell, relying on the cell's natural process of receptor mediated 

endocytosis. The drawbacks to this method are the long amount of time for any
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accumulation to occur, unreliable results, and inefficiency (Dantus, 1997). The process 

of natural endocytosis has been artificially improved using liposome encapsulation. This 

is the m ost effective method of delivering antisense ODNs into cells, utilizing the 

formation of cationic phospholipid bilayers to surround the nucleotide sequence. The 

resulting liposome can merge with the cell membrane allowing the antisense to enter the 

cell. In this study we used DOTM A/DOPE lipofectin (Roche Products Ltd., UK) to 

enhance the uptake o f antisense ODNs into our cells.

The use of control ONDs are important for distinguishing non-specific effects 

produced by antisense ODNs on treated cells. In our study we have used the reverse 

sequence ODN for caspase-12 as our nonsense strand. Since there are no commercially 

available inhibitors o f caspase-12, application of antisense ODN technology is used in 

this study for investigating the effects o f A(3-mediated cell death on cells lacking 

functional caspase-12. Targets for investigation include caspase-3 activity, PARP 

cleavage and DNA fragmentation. Table 6.1 represents the concentration and incubation 

times used in this study, analysing the effects of antisense and nonsense ODNs on A(3- 

treated cells.
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Table 6.1 Concentration and timepoints used in caspase-12 antisense and nonsense ODN 

incubations.

Treatment
Groups

Staining Procedure Incubation Times

PARP TUNEL Caspase-3

Control (culture 
medium)

96hr 96hr 96hr 
control media

24hr 
control media

AP (2nM) 96hr 96hr 96hr 
control media

24hr
Ap

Antisense ODN 
(2fiM) 96hr 96hr 96hr

Antisense
ODN

24hr 
Antisense ODN

Ap (2nM) -1- 
Antisense ODN 

(2jiM)

96hr 96hr 96hr
Antisense

ODN

24hr 
A|3 +Antisense 

ODN
Nonsense ODN 

(2fiM)
96hr 96hr 96hr

Nonsense
ODN

24hr 
Nonsense ODN

Ap (2nM) + 
Nonsense ODN 

(2|iM)

96hr 96hr 96hr
Nonsense

ODN

24hr 
Ap -f- Nonsense 

ODN
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6.3 Results

6.3.1 Caspase-12 is located in the ER and is activated by AP

Caspase-12 localisation was investigated using immunofluorescence microscopy. 

Fluorescent caspase-12 expression was visualized by probing neurons with an anti- 

caspase-12 primary antibody, recognizing both the pro- and active forms o f caspase-12, 

and a fluoroscein-conjugated secondary antibody. Cells were then examined under a 

fluorescence microscope at an excitation wavelength o f 497nm. Figure 6.3 displays 

control-treated and A|3-treated neurons probed for caspase-12 immunoreactivity. The 

punctate fluorescence seen in control cells represents caspase-12 immunoreactivity 

localized to a sub-cellular organelle, likely to be the ER (Nakagawa et al,  20000). It was 

observed that caspase-12 immunoreactivity is localized in a diffuse pattern throughout 

the cell following treatment with A(3 (2^M) for 72hr, which may represent the release of 

caspase-12 from a sub-cellular compartment into the cytosol.

6.3.2 AP induces cleavage of pro-caspase-12 in cultured cortical neurons

The active configuration of caspase-12 results from the cleavage of its 60kDa 

proform into active fragments of 42kDa or 35kDa. Analyses of caspase-12 expression by 

western immunoblot in our studies revealed only the presence of the 60kDa pro-form and 

42kDa active form of caspase-12 in cultured neurons. Inconsistent expression of the 

35kDa active form of caspase-12 meant its quantification was ommited from this study. 

Cortical neurons were treated with A|3 (2|o,M) for 24hr and 72hr and the total expression
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A. B.

Figure 6.3 AP-mediates the translocation of caspase-12 from a punctate localisation 
to a diffuse distribution.

Cortical neurons were incubated overnight with a fluoroscein conjugated antibody for 
caspase-12 for visualisation under fluorescence microscopy. Cells were examined at x40 
magnification using an excitation wavelength o f 497nm. Scale bar is 50fxm.

A, Caspase-12 was localised in discrete punctate compartments within control cells.

B. Distribution o f caspase-12 was dispersed throughout the cell by Ap at 72hr.



o f pro- and active caspase-12 was analysed by w estern im m unoblot. Figure 6.4A 

demonstrates that total expression o f  pro-caspase-12 was significantly reduced between 

control-treated cells (1.05 ± 0.02, arbitrary units, mean ± S.E.M., n = 9) and cells exposed 

to AP (0.81 ± 0.96, p<0.05. S tudent’s p a ired -/te st, n = 9) for 24hr. Figure 6.4B 

dem onstrates that the A ^-m ediated decrease in pro-caspase-12 expression at 24hr, 

correlated with a significant increase in the expression o f the active form o f caspase-12 

(42kDa) between control-treated cells ( l . l  1 ± 0.03, arbitrary units, mean ± S.E.M., n = 4) 

and A(3-treated cells (1.69 ± 0.08, p<0.001. Student’s paired-/ test, n = 4).

The effect o f  A(3 on caspase-12 expression was also exam ined at the later 

timepoint o f  72hr. Figures 6.5A and 6.5B demonstrate that A(3-mediated cleavage o f pro- 

caspase-12 and increase in expression o f active caspase-12 is also observed at 72hr. 

T reatm ent o f  neurons with A(3 (2jj,M) for 72hr significantly  decreased the total 

expression o f pro-caspase-12 from 1.04 ± 0.01 (arbitrary units, mean ±  S.E.M.) to 0.85 ± 

0.05 (p<0.001, Student’s paired-/test, n = 19; Figure 6.5A). Figure 6.5B demonstrates 

that the cleavage o f pro-caspase-12 into its 42kDa active form was also significantly 

increased from 1.02 ±  0.2 to 1.58 ± 0.16 (arbitrary units, m ean ± S.E.M .) following 

treatm ent w ith A(3 (2jj,M) for 72hr (p<0.01, Student’s paired -/test, n = 14). This data 

demonstrates an A(3-mediated cleavage o f  caspase-12 that begins as early as 24hr and 

extends to at least 72hr.

6.3,3 Role of calpain in A^-mediated total caspase-12 expression

Previous studies on caspase-12 cleavage have im plicated the calcium activated 

protease calpain in the processing o f pro-caspase-12 (Nakagawa et al., 2000). In order to
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Figure 6.4 Effect of AP on expression of pro- and active caspase-12 at 24hr.

A. Cortical neurons were treated with A|3 (2//M) for 24hr and expression of 
caspase-12 was examined by western immunoblot. AP treatment significantly reduced 
expression of pro-caspase-12. Results are expressed as mean ± S.E.M. for 9 
observations, *p< 0.05.

B. Ap significantly increased expression of active caspase-12. Results are expressed as 
mean ± S.E.M. of 8 observations, ***p< 0.001.

Inset: sample immunoblot demonstrating the decrease in expression of pro-caspase-12 
and concomittant increase in expression of the active form of caspase-12 following 
treatment of cells with Ap for 24hr.
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Figure 6.5 Effect of Ap on expression of pro- and active caspase-12 at 72hr.

A. Cortical neurons were treated with Ap (2|aM) for 72hr and expression of caspase-12 
was examined by western immunoblot. A(3 treatment significantly reduced expression of 
pro-caspase-12. Results are expressed as mean ± S.E.M. for 19 observations, **p< 0.01.

B. A|3 significantly increased expression of active caspase-12. Results are expressed as 
mean ± S.E.M. for 19 observations, **p<0.01.

Inset: Sample immunoblot demonstrating the decrease in expression of pro-caspase-12 
and concomittant increase in expression of active caspase-12 following treatment of cells 
with A|3 for 72hr.



examine a role for calpain in the A|3-mediated processing of caspase-12, cortical neurons 

were treated with A(3 (2fiM) in the presence o f the calpain inhibitor MDL28170 (10|^M) 

and the total expression of caspase-12 was analysed by western immunoblot.

Figure 6.6A demonstrates the effect o f A(3 (2^M) on expression of pro-caspase- 

12 (60kDa) at 24hr, in the absence or presence of MDL28170 (10|iM). A(3 decreased the 

total expression of pro-caspase-12 from control levels o f 1.04 ± 0.01 to 0.82 ± 0.08 

(arbitrary units, mean ± S.E.M, n = 13). This result failed to reach significance using the 

one-way ANOVA test, although a p-value o f less than 0.05 is obtained when using a 

paired Student’s Mest. Culturing cells with MDL28170 (lO/aM; 24hr) alone had no effect 

on basal levels of pro-caspase-12 expression (0.967 ± 0.27, n = 4). When cells were 

incubated with A(3 (2|iM ; 24hr) in the presence o f MDL28170, pro-caspase-12 

expression was 1.09 ± 0.35 (n = 4), a value that is comparable to that measured in cells 

treated with MDL28170 alone.

In Figure 6.6B a concomitant increase in expression of active caspase-12 (42kDa) 

was found between control cells (1.11 ± 0.26, arbitrary units, mean ± S.E.M, n = 4) and 

cells treated with A(3 (2|iM) for 24hr (1.69 ± 0.8, n = 21). This result failed to reach 

statistical significance using the one-way ANOVA test although a p-value o f less than 

0.001 is obtained when using a paired Student’s f-test. In cells treated with MDL28170 

alone there was a trend towards an increase in active caspase-12 expression (1.52 ± 0.12, 

n = 4; not significant using one-way ANOVA but p<0.05 with a paired Student’s Mest). 

When cells were incubated with A(3 (2|j,M; 24hr) in the presence of MDL28170, active 

caspase-12 expression was 1.65 ± 0.31 (n = 4), a value that is comparable to that detected 

in cells treated with MDL28170 alone. Overall, these observations suggest that the
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Figure 6.6 Effect of MDL28170 on the AP-induced cleavage of caspase-12 at 24hr.

A. Cortical neurons were treated with A(3 (2^M) for 24hr and expression of 
caspase-12 was examined by western immunoblot. Ap treatment reduced expression of 
pro-caspase-12. MDL28170 (lO^iM) had no effect on pro-caspase-12 expression, but in 
the presence of MDL28170 the A|3-mediated reduction in pro-caspase-12 expression was 
not observed. Results are expressed as mean ± S.E.M. for 13 observations.

B. A|3 increased the expression o f active caspase-12. While MDL28170 treatment alone 
appeared to increase basal expression of active caspase-12, co-treatment of cells with Ap 
+ MDL28170 did not evoke any further increase in active caspase-12 expression. Results 
are expressed as mean ± S.E.M. for 13 observations.

Inset: sample immunoblot demonstrating pro- and active caspase-12 expression in 
control cells (lane 1), A^-treated cells (lane 2), MDL28170-treated cells (lane 3) and 
Ap+ MDL2 8 PC-treated cells (lane 4).



calpain inhibitor evokes a trend towards processing of pro-caspase-12 into active 

caspase-12. However, A|3 does not further process caspase-12 in the presence of the 

calpain inhibitor and this may indicate that the calpain inhibitor is involved in dampening 

the effect of A(3 on caspase-12 processing.

Figure 6.7A demonstrates the effect of A|3 (2^M) on expression of pro-caspase- 

12 (60kDa) at 72hr, in the absence or presence o f MDL28170 (10|iM). A(3 (2|o.M) 

significantly decreased the total expression o f pro-caspase-12 from control levels of 1.05 

± 0.02 to 0.91 ± 0.05 (arbitrary units, mean ± S.E.M, p<0.05, one-way ANOVA, n = 9). 

In cells treated with MDL28170 (10|aM) alone there was a trend towards a decrease in 

pro-caspase-12 expression (0.9 ± 0.07, n = 9), although this result did not reach statistical 

significance (p = 0.09, paired Student’s ^-test). When cells were incubated with Ap 

(2 )liM ; 72hr) in the presence of MDL28170, pro-caspase-12 expression was reduced to 

0.87 ± 0.08 (n = 9), a value that is comparable to that measured in cells treated with 

MDL28170 alone.

In Figure 6.7B a concomitant increase in expression of active caspase-12 was 

found between control cells (1.03 ± 0.02, arbitrary units, mean ± S.E.M., n = 21) and 

cells treated with A(3 (2^M) for 72hr (1.53 ± 0.13, one-way ANOVA, p < 0.05, n = 21). 

In cells treated with MDL28170 alone there was a trend towards an increase in active 

caspase-12 expression (1.44 ± 0.27, n = 7) but this result did not reach statistical 

significance (p = 0.23, paired Student’s ^-test). When cells were incubated with 

Ap (2|uM; 72hr) in the presence of MDL28170, active caspase-12 expression was 1.54 ± 

0.27 (n = 7), a value that is comparable to that detected in cells treated with MDL28170
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Figure 6.7 Effect of MDL28170 on the AP-induced cleavage of caspase-12 at 72hr.

A. Cortical neurons were treated with A(3 (2^M) for 72hr and expression of 
caspase-12 was examined by western immunoblot. Ap treatment significantly reduced 
expression of pro-caspase-12. MDL28170 (lO^xM) treatment alone reduced expression 
of the pro-form of caspase-12 and in cells treated with A|3 in the presence o f MDL28170, 
no further reduction in pro-caspase-12 expression was evident. Results are expressed as 
mean ± S.E.M. for 9 observations, *p<0.05.

B. A(3 increased the expression of active caspase-12. While MDL28170 treatment alone 
increased basal expression of active caspase-12, in cells treated with AP in the presence 
of MDL28170 no furhter increase in expression of active caspase-12 was observed. 
Results are expressed as mean ± S.E.M. for 7 observations, *p<0.05.

Inset: sample immunoblot demonstrating caspase-12 expression in control cells (lane 1), 
AP-treated cells (lane 2), MDL28170-treated cells (lane 3) and Ap+ MDL28170-treated 
cells (lane 4).



alone. Overall these observations suggest that the calpain inhibitor evokes a trend 

towards processing of pro-caspase-12 into active caspase-12. Furthermore, in the 

presence of the calpain inhibitor, the influence o f Ap on processing caspase-12 into its 

active form is dampened.

6.3.4 Caspase-12 localisation is affected by AP and calpain

The analysis of caspase-12 expression within cytosolic and non-cytosolic 

fractions of cell samples was used to determine the effect of Ap (2[xM) on caspase-12 

distribution at 24hr and 72hr. Caspase-12 activation is thought to involve a translocation 

of the enzyme from its intracellular ER residence into the cytosol and nucleus (Nakagawa 

et a l ,  2000; Fujita et a i ,  2002). Increased cleavage of caspase-12, mediated by 

Ap (2|aM) at 24hr and 72hr would therefore be expected to coincide with increased 

caspase-12 expression within the cytosolic fraction and reduced caspase-12 expression 

within non-cytosolic fractions. The effect of calpain inhibition (MDL28170; 10p,M) on 

caspase-12 distribution, in the absence or presence o f AP, was also examined.

Table 6.2 displays pro-caspase-12 expression in both cytosolic and non-cytosolic 

fractions at 24hr in control, Ap (2^M), MDL28170 (lO^M) and Ap + MDL28170-treated 

neurons (mean arbitrary units ± S.E.M., n = 6) as measured by densitometric analysis of 

western blots. Cytosolic expression of pro-caspase-12 was increased by the treatment of 

neurons with Ap, MDL28170 and Ap + MDL28170. Cells exposed to Ap + MDL28170 

had a higher expression of pro-caspase-12 than cells treated with MDL28170 or Ap

167



alone. However, variations in the mean arbitrary units measured for cytosolic expression 

of pro-caspase-12 meant that these observations failed to reach statistical significance in 

both the one-way ANOVA and Student’s /-test.

The non-cytosolic expression of pro-caspase-12, thought to be the unreleased 

fraction which remains in the ER, was assessed at 24hr in control, Ap (2|xM), MDL28170 

(lO^M) and Ap + MDL28170-treated neurons (mean arbitrary units ± S.E.M., n = 7) by 

densitometric analysis of western blots. Non-cytosolic expression of pro-caspase-12 was 

unchanged by Ap , MDL28170 and Ap + MDL28170-treated cells at 24hr. These results 

suggest that non-cytosolic pro-caspase-12 expression remains unaltered by both Ap and 

MDL28170 when used alone or together at 24hr.

In summary, the expression o f pro-caspase-12 was increased in cytosolic 

fractions, but unchanged in non-cytosolic fractions of cells treated with Ap, MDL28170 

and MDL28170 + Ap, 24hr. In light of our previous findings of an Ap-mediated decrease 

in total expression of pro-caspase-12 at 24hr, it may be possible that Ap induces pro- 

caspase-12 release from its resident non-cytosolic compartment into the cytosol, where it 

undergoes cleavage into its active form.
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Tible 6.2 Pro-caspase-12 expression at 24hr in cytosolic and non-cytosolic fractions.

Treatment Cytosolic expression Significance with Control

Mean band width 
± S.E.M. ANOVA Student's paired 

Mest

Control 1.07 ±0.02 N/A N/A

AP
(2tiM) 1.26±0.16 No No

MDL28170
(lOuM)

1.27 ±0.20 No No

AP + MDL28170 1.48 ±0.32 No No

Treatment Non-cytosolic expression Significance with Control

Mean band width 
± S.E.M. ANOVA Student's paired 

^-test

Control 0.96 ±0.02 N/A N/A

AP
(2^M) 0.97 ±0.13 No No

MDL28170 0.90 ±0.13 No No
(lOfiM)

Ap + MDL28170 0.94 ±0.19 No No

Table 6.3 displays the expression of both the cytosolic and non-cytosolic fractions 

of active caspase-12 expression observed at 24hr in control, A(5 (2p,M), MDL28170 

(lOfiM) and Ap + MDL28170-treated neurons (mean arbitrary units ± S.E.M., n = 7) as
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masured by densitometric analysis of western blots. Cytosolic expression of active 

caipase-12 was observed to be largely unchanged in A(3, MDL28170 and A(3 + 

M )L28170-treated cells. Non-cytosolic expression of active caspase-12 was also 

asessed at 24hr in control A|3 (2|nM), MDL28170 (10)iiM) and A|3 + MDL28170-treated 

neirons (mean arbitrary units ± S.E.M., n = 6). Non-cytosolic expression of active 

capase-12 reduced by treatment o f neurons with A|5. Treatment of cells with MDL28170 

sli;htly reduced basal expression of active caspase-12 in non-cytosolic fractions at 24hr 

bu this was not found to be significant. Cells exposed to MDL28170 in the presence of 

Af: exhibited a reduced expression of active caspase-12 in non-cytosolic extracts relative 

to ;ontrol amounts, but A(3 did not further decrease the non-cytosolic expression of active 

caoase-12 in the presence of MDL28170.

Decreased expression of active caspase-12 in non-cytosolic extracts is suggestive 

of :aspase-12 release from intracellular compartments into the cytosol. The role calpain 

pla's in regulating the distribution of active caspase-12 remains unclear but indications 

fouid here suggest that reduced calpain activity may facilitate caspase-12 release into the 

cyt«sol.
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Table 6.3 Active caspase-12 expression at 24hr in (i) cytosolic fractions and (ii) 
unreleased fractions.

Treatment Cytosolic expression Significance with Control

Mean band width 
± S.E.M. ANOVA Student's paired 

^-test

Control 1.10 ±0.03 N/A N/A

AP
(2fiM) 1.08 ±0.07 No No

MDL28170 1.09 ±0.16 No(lOfiM) No

Ap + MDL28170 1.02 ±0.23 No No

Treatment Non-cytosoiic expression Significance with Control

Mean band width 
± S.E.M. ANOVA Student's paired 

Mest

Control 1.01 ±0.03 N/A N/A

AP
(2^M) 0.83 ±0.07 No Yes (*p<0.05)

MDL28170 0.93 ±0.09 No
(lOuM) No

AP + MDL28170 0.93 ±0.12 No No
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Table 6.4 displays pro-caspase-12 expression in both cytosolic and non-cytosolic 

fractions at 72hr in control, A|3 (2|iM), MDL28170 (lOjuM) and A(3 + MDL28170-treated 

neurons (mean arbitrary units ± S.E.M., n = 6) as measured by densitometric analysis of 

western blots. Cytosolic expression of pro-caspase-12 was increased by treatment of 

neurons with Ap. However, MDL28170 mediated a reduction in pro-caspase-12 

expression in cytosolic and non-cytosolic compartments, and reduced the A^-mediated 

increase in cytosolic pro-caspase-12 expression below basal levels at 72hr. Although 

these observations failed to reach statistical significance in both the one-way ANOVA 

and Student’s /-test, a trend revealing MDL28170-mediated reduction in pro-caspase-12 

expression within cytosolic and non-cytosolic compartments indicates a role for calpain 

activity in the normal regulation of caspase-12 expression.

Non-cytosolic expression of pro-caspase-12 was assessed at 72hr in control, 

A(3 (2(xM), MDL28170 (lOfilVl) and A(3 + MDL28170-treated neurons (mean arbitrary 

units ± S.E.M., n = 6) by densitometric analysis o f western blots. Non-cytosolic 

expression of pro-caspase-12 was significantly reduced by treatment of neurons with Ap. 

This result taken together with the Ap-mediated increase in cytosolic expression of pro- 

caspase-12 is suggestive of an Ap-induced translocation o f pro-caspase-12 from a non- 

cytosolic compartment into the cytosol. Treatment of cells with MDL28170 also reduced 

basal expression of pro-caspase-12 in non-cytosolic fractions at 72hr, although this was 

not found to be statistically significant. Cells exposed to MDL28170 in the presence of 

Ap displayed the lowest expression o f pro-caspase-12 relative to control amounts, but Ap 

did not further decrease the non-cytosolic expression of active caspase-12 in the presence 

ofMDL28170.
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Table 6.4 Pro-caspase-12 expression at 72hr in (i) cytosolic fractions and (ii) unreleased 
fractions.

Treatment Cytosolic expression Significance with Control

Mean band width 
iS.E.M. ANOVA Student's paired 

r-test

Control 1.04 ± 0 . 0 2 N/A N/A

AP
(2nM) 1 .1 5 ± 0 .2 8 No No

MDL28170
(lOjiM)

0.87 ± 0 . 3 2 No No

AP + MDL28170 0.95 ± 0 . 2 5 No No

Treatment Non-cytosolic expression Significance with Control

Mean band width 
iS .E .M . ANOVA Student's paired 

^-test

Control 1.02 ±0.02 N/A N/A

AP
(2nM) 0.80 ±0.10 Yes (*p<0.05) No (p = 0.08)

MDL28170 0.70 ±0.17 No
(10|xM) No

AP + MDL28170 0.56 ±0.15 No Yes (*p<0.05)
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Table 6.5 displays active caspase-12 expression in both cytosolic and non- 

cytosolic fractions at 72hr in control, A|3 (2^iM), MDL28170 (10|iM ) and A(3+ 

MDL28170-treated neurons (mean arbitrary units ± S.E.M., n = 6) as measured by 

densitometric analysis of western blots. The cytosolic expression of active caspase-12, 

was found to be increased by A(3, although this failed to reach statistical significance. In 

MDL28170-treated cells, cytosolic expression of active caspase-12 was also increased 

from control levels. Cells exposed to A|3+ MDL28170 revealed an increase in active 

caspase-12 expression similar to cells treated with A(3and MDL28170 alone. These 

results suggest that cytosolic active caspase-12 expression is increased by A(3 and 

MDL28170, when either agent is applied to the cells alone or in conjunction with each 

other at 72hr.

Non-cytosolic expression of active caspase-12 was assessed at 72hr in control, 

A|3 (2|j,M), MDL28170 (lOjiM) and A p + MDL28170-treated neurons (mean arbitrary 

units ± S.E.M., n = 6) by densitometric analysis o f western blots. Non-cytosolic 

expression o f active caspase-12 was significantly reduced by treatment of neurons with 

A(3 ( p < 0.05, Students paired /-test), MDL28170 ( p < 0.05, one-way ANOVA), and A(3 

+ MDL28170 ( p < 0.01, one-way ANOVA) at 72hr.

A summary of the changes in both pro-caspase-12 and active caspase-12 in 

cytosolic, non-cytosolic and total expression, at 24hr and 72hr is shown in Table 6.6. 

From these observations there is evidence to suggest that A(3-induced apoptosis involves 

a translocation o f caspase-12 from non-cytosolic compartments into the cytosol. In these 

experiments, calpain inhibition was found to contribute to pro-caspase-12 processing 

into its active form, although more experiments are needed to justify this statement.
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Table 6.5 Active caspase-12 expression at 72hr in (i) cytosolic fractions and (ii) 
unreleased fractions.

Treatment Cytosolic expression Significance with Control

Mean band width 
iS.E.M. ANOVA Student's paired 

f-test

Control 1.06 ± 0 . 0 3 N/A N/A

AP
(2nM) 1.27 ± 0 . 1 5 No No

MDL28170
1.21 ± 0 . 1 3 No

(lOuM) No

AP + MDL28170 1 . 2 7 ± 0 . 1 8 No No

Treatment Non-cytosolic expression Significance with Control

Mean band width 
± S.E.M. ANOVA Student's paired 

f-test

Control 1.14 ±0.02 N/A N/A

AP
(2nM)

0.81 ±0.13 No Yes (*p<0.05)

MDL28170
(10[iM)

0.77 ±0.10 Yes (*p<0.05) Yes (**p<0.01)

AP + MDL28170 0.68 ±0.13 Yes (**p<0.01) Yes (*p<0.05)
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Table 6.6 Pro-caspase-12 and active caspase-12 expression profiles at 24hr and 72hr.

Summary of pro-caspase-12 expression

Cytosolic
Expression

Non-cytosolic
Expression

Total
Expression

AP
24hr t ~ i

72hr t 1 1

MDL28170
24hr t

72hr i i i

AP
+

MDL28170

24hr t ~ ~

72hr i 1

Summary of active caspase-12 expression

Cytosolic
Expression

Non-cytosolic
Expression

Total
Expression

Ap
24hr i t

72hr t i t

MDL28170
24hr i t

72hr T i t
Ap

+
MDL28170

24hr t

72hr t 1 t
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6.3.5 Effect of cathepsin-L inhibition on AP-mediated cleavage of caspase-12

S in ce  ca th ep s in -L  ex p ress io n  and a c tiv ity  w as in c reased  by Ap 

(Chapter 5), AP-m ediated cleavage o f caspase-12 was analysed in the presence o f the 

cathepsin-L inhibitor (Z-FF-FM K, lOjiM) to investigate a possible interaction o f 

cathepsin-L with caspase-12 cleavage. Cells w ere treated w ith AP(2|u,M) for 72hr, 

harvested and the expression o f caspase-12 was analysed by western blot. Figure 6.8A 

and 6.8B represent mean expression profiles o f pro-caspase-12 and active caspase-12 in 

control, Ap, cathepsin-L inhibitor and Ap + cathepsin-L inhibitor-treated cells.

In Figure 6.8A, total expression o f pro-caspase-12 expression was reduced from 

1.19 ± 0.08 to 0.83 ± 0.08 (mean ±  S.E.M., arbitrary units) by Ap (2[iM, 72hr, one-way 

ANOVA, p<0.01, n = 8). Cells treated with the cathepsin-L inhibitor possessed similar 

pro-caspase-12 expression to control cells (1.09 ± 0.10, mean ± S.E.M., n = 8), while 

treatm ent o f cells with both Ap + cathepsin-L  inhibitor resulted in a significant 

restoration o f pro-caspase-12 expression to 1.21 ± 1.12, m ean ± S.E.M ., one-way 

ANOVA, p<0.05, n = 8). These results suggest that cathepsin-L is involved in A p- 

mediated cleavage o f pro-caspase-12.

Figure 6.SB also demonstrates that the AP-mediated reduction in pro-caspase-12 

seen in Figure 6.8A is paralleled with an increase in the active form o f caspase-12. 

Ap (2|xM, 72hr) increased the expression o f active caspase-12 from 1.08 ± 0.06 to 1.60 ± 

0.13 (mean ±  S.E.M., one-way ANOVA, p<0.001, n = 20). The cathepsin-L inhibitor 

alone had no effect on active caspase-12 expression (1.03 ± 0.13, mean ± S.E.M., n = 6) 

but treatm ent o f cells with A p in the presence o f  the cathepsin-L inhibitor reduced the
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Figure 6.8 Effect of cathepsin-L inhibition on AP-mediated cleavage of caspase-12.

A. Cortical neurons were treated with Ap (2|j,M) and cathepsin-L inhibitor (10|o.M) for 
72hr and the expression of caspase-12 was examined by western immunoblot. Ap 
significantly decreased levels of pro-caspase-12 at 72hr. The Ap-mediated reduction in 
pro-caspase-12 was not seen in the presence o f the cathepsin-L inhibitor. Results are 
expressed as mean ± SEM for 8 observations., *p<0.05.

B. Expression of active caspase-12 at 72hr was measured by western immunoblot. Ap 
significantly increased levels of active caspase-12. No significant increase was found in 
cells treated with Ap in the presence of the cathepsin-L inhibitor. Results represent the 
mean ± SEM for 6 observations, *p<0.05.

Inset: Sample western blot showing caspase-12 expression in (1) control (2) Ap (3) 
cathepsin-L inhibitor and (4) Ap + cathepsin-L inhibitor-treated cells.



A (3-mediated increase in active caspase-12 expression at 72hr (1.30 ± 0.18, mean ± 

S.E.M., n = 6). The reduction in the Ap-mediated increase in active caspase-12 

expression using the cathepsin-L inhibitor failed to reach significance using the one-way 

ANOVA test but was found to be significant (p<0.05) using the Student’s paired t-test

These results suggest that application o f the cathepsin-L inhibitor prevented the 

A(3-mediated cleavage of caspase-12 in cortical neurons. Both calpain and caspase-7 have 

already been suggested to cleave caspase-12 directly (Nakagawa et a l, 2000; Rao et a l, 

2001) and results presented here indicate cathepsin-L is also involved in mediating 

caspase-12 cleavage. Whether cathepsin-L mediates this cleavage directly or indirectly 

remains to be elucidated.

6.3.6 Caspase-12 can be depleted by antisense oligonucleotides

There is currently no commercially available inhibitor of caspase-12, yet caspase- 

12 activity can be prevented by downregulating total caspase-12 expression at the 

transcriptional level, using antisense oligoneucleotides (ODNs). Studies using antisense 

ODNs to deplete cells of mRNA encoding murine caspase-12, was previously shown by 

Nakagawa et a i, (2000). In the study used by Nakagawa et al., (2000), the timepoint 

chosen to be effective in depleting caspase-12 expression was taken as 72hr. In this study 

we used the antisense approach to deplete cultured cortical neurons o f caspase-12 in 

order to examine the role of caspase-12 in A(3-mediated neurotoxicity.

The first priority was to establish whether the selected oligoneucleotide sequences 

were able to enter the intracellular compartment of cultured cortical neurons. The uptake
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of ODNs was determined by analyzing the fluorescence of cells treated with lipofectin 

and FITC-labeled ODNs (previously shown in Figure 2.2). It was also vital to 

demonstrate that the caspase-12 antisense ODNs were effective in downregulating 

caspase-12 expression. The extent of caspase-12 depletion was quantified by western 

immunoblot analysis. Shown in Figure 6.9A and 6.9B are representative images taken 

from immunoblots of cultured cells incubated with caspase-12 antisense and nonsense 

ODNs (2|iM) at 72hr and 96hr. After a 72hr exposure of cells to caspase-12 antisense and 

nonsense ODNs, expression of caspase-12 (pro- and active forms) was not significantly 

reduced (Figure 6.9A). A similar resuh was seen in 3 separate experiments. Figure 6.9B 

is a representative image taken from cells treated with antisense and nonsense ODNs at 

96hr. This result was observed in 3 separate experiments. In contrast, expression of 

caspase-12 was almost entirely depleted by antisense ODNs at 96hr, such that the 

expression o f both pro- and active caspase-12 was reduced to trace amounts. Nonsense 

ODN treatment did not alter basal expression of either pro- or active caspase-12 at 96hr. 

These findings demonstrate a selective downregulation o f caspase-12 expression at 96hr 

is mediated by the caspase-12 antisense ODN.

6.3.7 Ap-induced caspase-12 cleavage is reduced by antisense oligonucleotides for 

caspase-12

Having previously demonstrated an A(3-induced cleavage of caspase-12, the effect 

of A(3 on caspase-12 expression was assessed in cells that were treated with caspase-12 

ODNs. Figure 6.10A and lOB is a representative image taken from immunoblots of
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Figure 6.9 Caspase-12 antisense ODNs deplete cells of caspase-12 at 96hr.

A. Representive image o f a western immunoblot o f caspase-12 expression at 
72hr. Primary cortical neurons were treated with antisense and nonsense ODNs 
(2)iM) for 72hr and caspase-12 expression was examined by western 
immunoblot. Caspase-12 expresssion was not reduced at 72hr by antisense 
ODN's or nonesense ODN's. Results for the 72hr timepoint were taken from a 
sample size of 4.

B. Representive image o f a western immunoblot of caspase-12 expression at 
96hr. Cells cultured in antisense ODNs (2|iM) for 96hr displayed a marked 
reduction in the expression of caspase-12. Nonsense ODN's had no effect on 
caspase-12 expression at 96hr. Results for the 96hr timepoint were taken from a 
sample size o f 4.
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Figure 6.10 Caspase-12 antisense ODNs reduce AP-mediated tlie cleavage of 
caspase-12.

Primary cortical neurons were co-treated with A|3 (2^M) in the presence and absense of 
antisense or nonsense ODNs (2^M) and caspase-12 expression was examined by western 
immunoblot.

A. Representive image of caspase-12 expression using western immunoblot analysis at 
72hr, in control (1), A(3 (2) , antisense ODNs (3), nonsense ODNs (4), AP + antisense 
ODNs (5) and A(3 + antisense ODN-treated neurons (6). Ap-mediated cleavage of 
caspase-12 was reduced by antisense ODNs but not nonsense ODNs at 72hr. Results for 
the 72hr timepoint were taken from a sample size of 4.

B. Representive image o f caspase-12 expression using western immunoblot analysis at 
96hr, in control (1), Ap (2) , antisense ODNs (3), nonsense ODNs (4), Ap + antisense 
ODNs (5) and Ap + antisense ODN-treated neurons (6). Ap-mediated cleavage of 
caspase-12 was reduced by antisense ODNs but not nonsense ODNs at 96hr. Results for 
the 96hr timepoint were taken from a sample size of 4.

«- pro-caspase-12 (60kDa)

•«- active caspase-12 (42kDa)



cultured cells incubated with caspase-12 antisense and nonsense ODNs (2|xM) for 72hr 

and 96hr, in the presence or absence of A(3 (2}j,M, 96hr). A|3 induced a cleavage of pro- 

caspase-12 into its active form, which correlates with previous findings at 24hr and 72hr. 

Culturing cells in caspase-12 antisense ODNs reduced caspase-12 expression below basal 

levels, suggestive of a depletion of the protein. Culturing cells in caspase-12 nonsense 

ODNs failed to deplete caspase-12 expression and did not reduce the A(3-mediated 

cleavage of caspase-12. Cells that had been cultured with the caspase-12 antisense ODN 

and A(3, displayed a reduction in caspase-12 expression that was below basal expression. 

These results suggest that caspase-12 antisense ODNs deplete cells o f caspase-12 

preventing an Ap-induced caspase-12.

6.3.8 Caspase-12 is not involved in AP-induced caspase-3 activity

Taking the 96hr incubation o f cortical neurons with antisense ODNs as the 

optimal timepoint for the depletion of caspase-12, cells were subsequently exposed to 

A|3 for a further 24hr to investigate whether Ap-induced caspase-3 activity, was evident 

following caspase-12 depletion. Figure 6.11A demonstrates the percentage of neurons 

staining positive for active caspase-3 im m unoreactivity. Active caspase-3 

immunoreactivity in control cells was found to be 6.79% ± 0.76 (mean ± S.E.M., n = 7 

cov'erslips). Incubating neurons with caspase-12 antisense or nonsense ODNs (2fiM) 

resulted in an increased mean percentage o f immunoreactivity for active caspase-3 

(9.10% ±1.19 and 9.48% ± 1.48, mean ± S.E.M., n = 6 coverslips), although this was not 

found to be significant using one-way ANOVA or paired Student’s Mest analysis.
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Figure 6.11 Depletion of caspase-12 fails to reduce AP-induced caspase-3 activity.

A. Cortical neurons were treated with caspase-12 antisense ODN's and nonsense ODN's 
(2jaM) for 96hr and analysed for cleaved caspase-3 immunoreactivity. Treatment of cells 
with both antisense and nonsense ODNs did not significantly alter the percentage of cells 
displaying active caspase-3 immunoreactivity. Results are expressed as mean ± S.E.M., for 
6 coverslips.

B. Cortical neurons were treated with caspase-12 antisense ODNs or nonsense ODNs (2|j.M) 
for 96hr before exposure to Ap (2}iM). Ap significantly increased the percentage of cells 
displaying active caspase-3 immunoreactivity. Cells treated with Ap + capase-12 antisense 
ODN displayed a similar amount of caspase-3 immunoreactivity compared to cells exposed 
to Ap. Cells treated with Ap + capase-12 nonsense ODN displayed a similar amount of 
caspase-3 immunoreactivity compared to cells exposed to Ap alone. Results are expressed as 
mean ± S.E.M., *p<0.05, for 6 coverslips.



In Figure 6.1 IB, cells previously cultured with caspase-12 antisense or nonsense 

ODNs for 96hr were exposed to A(3 (2juM) for a further 24hr, to examine the effects of 

caspase-12 depletion on A^-induced caspase-3 activity (previously found at 24hr, 

Chapter 3). A(3 significantly increased the percentage o f neurons stained positive for 

active caspase-3, from 6.79% ± 0.76 to 10.8% ±1.21 (mean ± S.E.M., p<0.05, one-way 

ANOVA, n = 7 coverslips). Cells cultured with caspase-12 antisense or nonsense ODNs 

(2|iM, 96hr + 24hr) in the presence of A|3 displayed positive caspase-3 staining of 9.7% ± 

1.91 and 9.43% ± 0.91 respectively, mean ± S.E.M., n = 6 coverslips). However, no 

significant difference was found between antisense and nonsense ODN-treated cells and 

control or A(3-treated cells. The results obtained from this study indicate caspase-12 may 

not play a direct role in mediating A^-induced caspase-3 activity, as depletion of 

caspase-12 from cortical neurons failed to reduce the increase in cells immunopositive for 

active caspase-3 following exposure to Ap. A consideration for the time cells spend in 

culture is worth noting as a possible factor contributing to variations between samples. 

Therefore, additional experiments utilising antisense ODN depletion o f caspase-12 are 

needed to support the proposal of a caspase-12-independent mechanism o f A(3-induced 

caspase-3 activity.

6.3.9 Caspase-12 mediates AP-induced PARP cleavage in cortical neurons

The role o f caspase-12 in A^-induced PARP cleavage was investigated by 

immunocytochemistry using a cleavage site-specific antibody for PARP. Cortical neurons 

were treated with caspase-12 antisense and nonsense ODNs (2|aM), in the absence or
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Figure 6.12 Depletion of caspase-12 reduces AP-induced PARP cleavage.

A. Conical neurons were treated with caspase-12 antisense ODNs or nonsense 
ODNs (2|o.M) for 96hr in the presense or absense o f Ap (2|j,M). PARP cleavage 
was examined by immunostaining for the cleaved form o f PARP. A(3 
significantly increased PARP cleavage at 96hr. Capase-12 antisense ODN alone 
had no effect on PARP cleavage but reduced the A|3-induced cleavage of 
PARP. Capase-12 nonsense ODN alone had no effect on PARP cleavage and 
did not reduce the A(3-induced cleavage of PARP. Results are expressed as 
mean ± S.E.M., *p<0.05, for 4 coverslips.

B. Representative image of cortical neurons stained for cleaved PARP 
immunoreactivity. Arrows indicate PARP positive (+ve) and negative (-ve) 
cells in (i) control (ii) A(3 (iii) antisense (iv) A(3 + antisense (v) nonsense (vi) 
AB + nonsense-treated cells.



presence o f  A(3 (2 |iM ) for 96hr and the percen tage o f  neurons d isp lay ing  

immunopositivity for cleaved PARP was assessed. In Figure 6.12A, a graph representing 

the percentage o f neurons displaying positive immunostaining for cleaved PARP, shows 

that A(3 induces a significant increase in PARP cleavage from a basal value o f 15.05% ± 

1.62 to 27.38% ± 1.72 (mean ± S.E.M., one-way ANOVA, p<0.01, n = 4 coverslips) at 

96hr. Culturing cells with caspase-12 antisense ODNs alone had no effect on the 

percentage o f  cells displaying PARP cleavage (15.48%  ± 2.37, mean ± S.E.M., n = 4 

coverslips; 96hr). H owever, in cells treated w ith caspase-12 antisense ODNs and 

A(3 (2)iM; 96hr), the A|3-mediated increase in PARP cleavage was significantly reduced 

(20.68% ± 0.44, mean ± S.E.M., one-way ANOVA, p<0.05, n = 4 coverslips). Although 

treatment o f cells with nonsense ODNs showed a trend towards increased PARP cleavage 

(22.12%  ± 2.93, mean ± S.E.M ., n = 4 coverslips, 96hr) this was not found to be 

significant using the one-way ANOVA or Student’s t-test. Treatment o f cells with A|3 in 

the presence o f  the nonsense ODN had no effect on the A ^-mediated cleavage o f  PARP, 

w here staining for cleaved PARP remained significantly higher than control cells 

(39.19%  ± 5.48, mean ± S.E.M ., one-way ANOVA, p<0.05, n = 4 coverslips). These 

results indicate the protective effect o f caspase-12 antisense ODN treatm ent against 

A(3-mediated PARP cleavage, and dem onstrate a role for caspase-12 in A ^-m ediated 

execution o f apoptosis.

Figure 6.12B is a photo taken o f cells stained for the cleaved fragment o f PARP. 

The individual images shown, depict cells treated with control, A|3 (2^M ), antisense 

O DNs (2fxM), A|3 + antisense ODNs, nonsense ODNs (2 |j,M) and A p + nonsense ODNs 

at 96hr.
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Figure 6.13 Depletion of caspase-12 reduces AP-induced DNA fragmentation.

A. Cortical neurons were treated with caspase-12 antisense ODNs or nonsense ODNs 
(2|uM) for 96hr in the presense or absense o f Ap (2|^M). DNA fragmentation was 
examined by TUNEL analysis. Ap significantly increased DNA fragmentation at 96hr. 
Capase-12 antisense ODNs alone had no effect on DNA fragmentation but reduced the 
number of Ap-induced TUNEL positive neurons at 96hr. Capase-12 nonsense ODNs 
alone had no effect on DNA fragmentation and did not reduce the Ap-induced increase 
in TUNEL positive neurons at 96hr. Results are expressed as mean ± S.E.M., *p<0.05, 
for 4 coverslips.

B. Representative image o f cortical neurons stained for DNA fragmentation. Arrows 
indicate TUNEL positive (+ve) and negative (-ve) cells in (i) control (ii) AP (iii) 
antisense (iv) Ap + antisense (v) nonsense (vi) Ap + nonsense-treated cells.



6.3.10 Caspase-12 mediates AP-induced DNA fragmentation in cortical neurons

To investigate the role of caspase-12 in A (3-mediated DNA fragmentation, 

cortical neurons were treated with caspase-12 antisense or nonsense ODNs (2nM) in the 

absence or presense of A|3 (2|aM) for 96hr and the percentage of neurons displaying 

fragmented DNA was measured by TUNEL staining. Shown in Figure 6.13A, Ap (2|aM) 

caused a significant increase in DNA fragmentation at 96hr, increasing the number of 

TUNEL positive cells from 9.62% ± 2.35 (mean ± S.E.M., n = 5 coverslips) in control 

cells, to 20.08% ± 2.99 (mean ± S.E.M., one-way ANOVA, p<0.05, n = 5 coverslips). 

Culturing cells with caspase-12 antisense ODN alone, had no effect on DNA 

fragmentation (9.68% ±2.71, mean ± S.E.M., n = 5 coverslips). However, in cells treated 

with caspase-12 and Ap, a significant reduction in Ap-mediated DNA fragmentation was 

observed (10.48% ± 2.36, mean ± S.E.M., one-way ANOVA, p<0.05, n = 5 coverslips). 

Treatment of cells with nonsense ODNs alone had no effect on TUNEL staining (9.8% ± 

1.13, mean ± S.E.M., n = 5 coverslips, 96hr). Furthermore, Ap-mediated increase in 

DNA fragmentation was retained in cells treated with Ap and nonsense ODNs (19.18% ± 

5.48, mean ± S.E.M., one-way ANOVA, p<0.05, n = 5 coverslips). These results indicate 

the protective effect o f caspase-12 antisense ODN against AP-mediated DNA 

fragmentation

Figure 6.13B is a photo taken o f cells displaying DNA fragmentation, as 

measured using the TUNEL staining procedure. The individual images shown, depict 

cells treated with control, Ap (2jj,M), antisense ODNs (2|.iM), AP + antisense ODNs, 

nonsense ODNs (2|aM) and Ap + nonsense ODNs at 96hr.
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6.4 Discussion

Experimental work carried out in this chapter investigated the involvement of the 

ER-specific, stress-activated protease, caspase-12, in A|3-mediated cell death. Examining 

caspase-12 distribution within cortical neurons by fluorescence microscopy revealed 

caspase-12 localisation within punctate regions o f the cell. Exposure o f neurons to A(3 

resulted in a change of caspase-12 localisation from a punctate to diffuse distribution. A(3 

induced the cleavage of caspase-12 from its inactive pro-form to its active form. Further 

analysis of caspase-12 expression in cytosolic and non-cytosolic extracts revealed an 

A |3-mediated translocation of both pro-caspase-12 and active caspase-12 from non- 

cytosolic com partm ents into the cytosol. Cells treated with the calpain inhibitor 

MDL28170 displayed increased caspase-12 processing and translocation. However, when 

used in conjunction with A p, no further increase in A(3-mediated cleavage of caspase-12 

was observed. Cathepsin-L inhibition was found to reduce overall cleavage of caspase-12 

in A(3-treated cells. Antisense oligoneucleotide (ODN) technology was used to examine 

the involvement of caspase-12 in AP-induced cell death. Although the role of caspase-12 

in A|3-mediated caspase-3 activity was found to be inconclusive, caspase-12 was found to 

be involved in A ^-induced markers of apoptosis such as PARP cleavage and DNA 

fragmentation. These findings support a role for caspase-12 in A|3-mediated cell death.

Fluorescent microscopy was used to determ ine caspase-12 localization within 

cortical neurons. In control cells, a punctate distribution of caspase-12, representative of 

its containment within an intracellular compartment, was observed. Exposure of cells to 

A(3 for 72hr caused a redistribution of caspase-12 into a dispersed area within the cell
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most likely to be the cytosol (Rao et al., 2001). Previous studies using double labelling 

fluorescent microscopy for caspase-12 and the ER-specific protein GRP78/Bip, found 

predominant caspase-12 localization in the ER (Nakagawa and Yuan, 2000). Studies 

using trypsin digestion of kidney microsomal fractions revealed that caspase-12 lies on 

the cytoplasmic side of the ER, as the luminal proteins GRP78/BiP, GRP94 and 

calreticulin were protected from trypsin digestion (Nakagawa et al., 2000). Cleavage of 

caspase-12 from its resident ER site and subsequent release into the cytosol is known to 

occur during ER stress (Rao et al., 2001). The dispersed nature of caspase-12 staining 

found in our cells, following treatment with A|3 (2|j,M), supports evidence that A|3 

mediates the release of caspase-12 from its ER site into the cytosol.

Caspase-12 expression was analysed in whole cell lysates and in cell fractions 

specifically harvested to extract cytosolic and non-cytosolic components. Total 

expression of pro- and active caspase-12 in cells treated with A|3 presented a reduced 

expression of pro-caspase-12, with a concurrent increase in the expression of active 

caspase-12. Our experiments report that A|3-mediated caspase-12 cleavage began as early 

as 24hr and extended to 96hr. A(3 can disrupt [Ca^^i in cultured cortical neurons within 

24hr (MacManus et al., 2000). Since a dysregulation of Câ "̂  homeostasis has been 

proposed to evoke ER stress (Mattson and Guo, 1997), the A(3-mediated cleavage of 

caspase-12 seen in this study may therefore be connected with the earlier disruption in 

Câ "̂  homeostasis.

To analyse A|3-mediated changes in caspase-12 expression within cytosolic and 

non-cytosolic cellular compartments, cells were harvested according to a specific 

protocol designed to maintain the integrity of intracellular organelles, including the ER,
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while extracting the cytosolic fraction and to lyse these compartments when extracting 

the non-cytosolic fraction. Ap caused an increase in the cytosolic expression of pro- and 

active caspase-12, with a simultaneous decrease in pro- and active caspase-12 expression 

in non-cytosolic fractions. Having already seen A(3-mediated changes in caspase-12 

localization using fluorescence microscopy, the A(3-mediated changes in caspase-12 

expression within cytosolic and non-cytosolic fractions suggest caspase-12 is released 

into the cytosol during apoptosis.

Although total and non-cytosolic expression of pro-caspase-12 was reduced by 

A(3 cytosolic expression of pro-caspase-12 was increased in cells exposed to A(3. 

Considering the cytosolic expression of pro-caspase-12 is generally low in healthy cells, 

as it is localized in non-cytosolic compartments, the A(3-mediated increase in cytosolic 

pro-caspase-12 may reflect a mechanism of caspase-12 release from the cytosol 

proceeding its activation. The antiapoptotic protein GRP78/Bip, normally found in the 

ER lumen, redistributes to the cytosol and outer ER, during stress mediated by alterations 

in Câ "̂  homeostasis (Rao et al., 2002). It may be possible that a compromised ER 

membrane integrity caused by ER stress allows the release of pro-caspase-12 from the 

ER into the cytosol, where it is then activated. Although caspase-7 reportedly interacts 

with caspase-12 at the ER membrane (Rao et al., 2001) a site for calpain-mediated 

caspase-12 has yet to be established (Nakagawa et al., 2000).

Evidence for ER stress mediated by direct exposure to A^ was first shown by 

W att et al., (1994), reporting “prominent vacuole formation, dispersal of polyribosome 

rosettes and the disappearance of the Golgi complex, smooth endoplasmic reticulum and 

microtubules with increased cytoplasmic electron density” . Caspase-12 activation and
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release into the cytosol is now well established as a molecular marker for ER stress, with 

ER stressors ranging from the protein folding inhibitors tunicamycin and brefeldin-A to 

the Ca^VATPase inhibitor thapsigargin, involved in its activation (Price et al., 1992; 

Nakagawa et al., 2000). Our results suggest Ap alters normal ER function responsible for 

the maintenance of inactive pro-caspase-12, resulting in the exposure of pro-caspase-12 

to proteolytic enzymes capable of cleaving caspase-12 into its active form.

Having previously observed elevated activities of calpain and cathepsin-L in A(3- 

treated cortical neurons, the calpain inhibitior M DL28170, and the cathepsin-L inhibitior 

Z-FF-FM K) were used to exam ine the roles of calpain and cathepsin-L in the A(3- 

mediated cleavage of caspase-12. Treatment of neurons with M DL28170 had previously 

resulted in a reduction of A(3-mediated calpain activity, PARP cleavage and DNA 

fragmentation. However, M DL28170 did not appear to reverse the cleavage of caspase- 

12 mediated by A p. Total expression of pro-caspase-12 was reduced and active caspase- 

12 was increased in M DL28170-treated cells. Although A(3 did not induce any further 

increase in caspase-12 cleavage in cells co-treated with M DL28170, any conclusive 

findings concerning the reduction of A(3-mediated caspase-12 cleavage by MDL28170 is 

difficult to confirm considering the effect of MDL28170 alone on caspase-12 expression. 

If M DL28170 is acting to alter basal expression of caspase-12, the effect of MDL28170 

on A|3-mediated caspase-12 cleavage is obscured by possible M DL28170-m ediated 

increases in caspase-12 processing. Studies using caspase-12 enriched microsomes found 

that calpain led to degradation  of procaspase-12 and form ation o f a sm aller 

im m unoreactive fragm ents, which could be blocked using the calpain and cathepsin-L

187



inhibitor calpeptin but not with the caspase-3 inhibitor DEVD (Siman et al., 2001). In 

contrast to our findings, Nakagawa and Yuan (2000) found a protective effect of 

MDL28170 on A|3-mediated caspase-12 cleavage in cultured cortical neurons. However, 

this study used the fragment and no representation o f cells treated with

MDL28170 alone were shown.

Figure 6.6 schematically represents changes in caspase-12 (pro- and active) 

distribution in cells treated with MDL28170 (IG^iM) for 72hr. Following examination of 

caspase-12 expression in cytosolic and non-cytosolic fractions of MDL28170-treated 

cells, we demonstrated a reduction in caspase-12 (pro- and active) expression in the non- 

cytoplasmic component of MDL28170-treated cells compared to control cells, which 

may reflect the release of caspase-12 into the cytosol. In support of this, MDL28170 also 

caused an increase in cytosolic and total expression of active caspase-12. This 

observation, coupled with the finding that MDL28170 reduces the expression of pro- 

caspase-12 (total and cytosolic), may reflect a role for calpain in the regulation of the 

cellular distribution and processing of caspase-12.

An overlapping similarity shared by cells treated with Ap (2^M), MDL28170 

(lOfxM) and Ap + MDL28170 (Figure 6.6), was that they all displayed an increase in 

total expression of active caspase-12 with a paralleled decrease in total expression of pro- 

caspase-12. However, cytosolic pro-caspase-12 expression in A|3-treated cells was 

increased with respect to control cells, but reduced in MDL28170 and Ap + MDL28170- 

treated cells at 72hr. This finding indicates an effect mediated by MDL28170 on caspase- 

12 processing or storage that is separate from Ap, possibly determining pro-caspase-12 

cleavage within the ER (as indicated by reduced pro-caspase-12 in non-cytosolic and

188



cytosolic fractions), or ourside of the ER (as indicated by increased cytosolic expression 

of pro-caspase-12 despite a reduction in total expression).

Calpain activity is important in maintaining the localisation of APP within the 

ER/Golgi netowrk and RESP18 (Regulated endocrine-specific protein 18-kDa) within the 

ER lumen (Mathews et al., 2002; Tomimoto et al., 1995; Schiller et al., 1995). Calpain 

inhibition causes a redistribution of APP to the cell surface, increasing the production of 

a -  and (3-cleaved APP metabolites and A(3(,.42) secretion in murine L cells (Mathews et 

al., 2002). Reduced calpain activity has been suggested to precede A(3 accumulation in 

AD (Chen, 1997). However, a converse role for calpain in neurodegeneration following 

A(3deposition has been observed (Nixon, 1989). We have demonstrated increased calpain 

activity in neurons treated with A(3, as early as 24hr. In this study calpain inhibition 

facilitated caspase-12 processing in control cells. Considering basal activity of calpain is 

required for normal cellular functions such as differentiation (Ueda et al., 1998) and 

synaptic plasticity (M alenka et al., 1989), it is possible that inhibition of calpain, 

especially for the duration o f timepoints used in this study (24hr and 72hr), may cause 

changes in ER function that facilitate caspase-12 processing. W hile short-term calpain 

inhibition rescues cells in hippocampal slice cultures deprived of oxygen and glucose 

(Rami et al., 1997), long-term administration causes toxicity (Brana et al., 1999). It is 

worth noting that in our study, the decrease in pro-caspase-12 and increase in active 

caspase-12 expression mediated by MDL28170 became more evident in cells treated with 

the calpain inhibitor over a longer period of time.
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An A(3-mediated increase in calpain activity has been found in this study to 

induce PARP cleavage and DNA fragmentation. A lthough calpain inhibition did not 

reduce A |3-m ediated caspase-12 processing in this study, com parisons between 

M DL28170-treated cells and cells treated with A|3 in the presence of M DL28170 did not 

display any further increase in caspase-12 activation. In conclusion, this study has found 

basal calpain activity to be involved in maintaining normal caspase-12 distribution within 

the ER. It also suggests that while A(3-mediated caspase-12 is not solely calpain 

dependent, it may form part of a wider sequence of events that contribute to A(3-mediated 

caspase-12 activation.

N akagaw a et al., (2000), investigated calpain’s involvem ent in caspase-12 

cleavage in oxygen and glucose deprived (OGD) cells, using E64d, calpain inhibitors I 

(ALLN), II (ALLM ) and III (MDL28170) to inhibit calpain. W hile that study found a 

direct correlation between the reduced A^-mediated caspase-12 cleavage and treatment 

of cells with E64, calpain inhibitors I and II and M DL28170, these inhibitors are known 

to inactivate other enzymes. E64d inhibits the lysosomal enzymes cathepsin-L (Stonelake 

et al., 1997), cathepsin-K (Clavaeu et al., 2000), elastase and cathepsin-G (Cui et al., 

2001). Calpain inhibitor I and II also inhibits cathepsin-B and -L (Blagosklonny et al., 

1999). M DL28170 is a relatively specific and potent calpain inhibitor, but it is not 

excluded from inhibiting other cysteine proteases considering its chemical structure with 

the presence of valine in the P2 position (Rami et al., 1997). ER stress induced by 

brefeldin-A  was found to induce apoptosis in Jurkat T cells in a caspase-dependent and 

calpain-independent manner (Guo et al., 1998). Although our findings so far have shown
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calpain to be effective in reducing A(3-mediated calpain activity, PARP cleavage and 

DNA fragmentation, further analysis is required to resolve questions relating to the role 

of calpain inhibition in A^-mediated cleavage of a caspase-12.

Cathepsin-B and -L resemble the classical cysteinyl proteinase, papain, in that 

they effectively bind to aromatic residues on their substrates (Schechter and Berger, 

1968). However, cathepsins -L and -S can accommodate the aromatic side chain of 

tyrosine in the PI site of their substrates whereas cathepsins -H and -B cannot (Xin et al., 

1992). The specificities of each enzyme for synthetic substrates and inhibitors have 

enabled the construction of models of the architecture of the active sites of the 

mammalian cysteine proteinases that clearly show the differences between the four 

enzymes. Fluoromethyl Ketone (FMK) is a trapping group that is an irreversible, non- 

cytotoxic inhibitor of a wide spectrum of enzymes ranging from caspases-3, -6 ,-7 , -8 and 

-10, to calpain and cathepsins -B and -L (Nicotera et al., 1999). The cathepsin-L inhibitor 

used in this study (Z-FF-FMK) is selective to cathepsin-L, but may inhibit cathepsin-B to 

a lesser extent (Esser et al., 1994).

Our finding of reduced A(3-mediated cleavage of caspase-12 in cells treated with 

Z-FF-FMK indicates cathepsin-L to be an upstream intermediary of caspase-12 cleavage. 

While we found no significant protection of caspase-12 cleavage by A|3 in the presence 

of MDL28170 it may be possible that reports published by Nakagawa et al., (2000), 

which used a wide variety of non-specific calpain inhibitors, could have also inhibited 

cathepsin-L, producing the effects seen in our studies with Z-FF-FMK. Further analysis
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would be required to confirm this, but future work on the isolation of specific enzyme 

activities must aim to use inhibitors that are selective for single enzymes.

In the absence of a commercially available caspase-12 inhibitor, antisense ODN 

technology was used to deplete cells of caspase-12, and the involvement of caspase-12 in 

A(3-mediated caspase-3 activity, PARP cleavage and DNA fragmentation was analysed. 

FITC labelled antisense and nonsense ODNs were incorporated into cells after Ihr in the 

presense of lipofectin, confirming the presence o f ODNs within the cell. However, 

immunoblot analysis of caspase-12 expression in cells treated with antisense ODNs over 

a timecourse o f Ihr to 96hr, revealed antisense ODN depletion of caspase-12 does not 

become apparent until 72hr-96hr. Therefore, a 96hr incubation of cells with antisense 

ODNs was taken as the duration of time deemed necessary for sufficient caspase-12 

depletion.

Co-existance of caspase-12 and caspase-3 activities has been suggested to be 

evidence for a mechanism of cross-talk between the mitochondrial and ER pathways of 

apoptosis (McConkey et al., 2001) and caspase-12-mediated caspase-3 activation 

(Morishima et al., 2002). We investigated the effects of A(3-induced caspase-3 activity 

after depleting cells of caspase-12 to determine a role for caspase-12 upstream of 

caspase-3 in A|3-induced apoptosis of cortical neurons. A(3 increased the number of cells 

displaying active caspase-3, as measured by immunocytochemistry. Treatment of cells 

with antisense or nonsense ODNs alone revealed a trend towards increased basal activity 

of caspase-3, although not significant. Cells treated with Ap in the presence of antisense 

and nonsense ODNs did not display reduced staining for active caspase-3, yet the
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percentage of positive cells were lower than those found in cells treated with A|3 alone. 

Our findings proved inconclusive, yet compared to the clear reduction in Ap-induced 

caspase-3 activity following cathepsin-L inhibition, it is likely that caspase-12 is not the 

sole mediator of caspase-3 activation in the cell death produced by Ap.

The effect of caspase-12 antisense ODNs on A(3-mediated PARP cleavage and 

DNA fragmentation, two endstage markers of apoptosis, was shown to be beneficial. 

Cells cultured with Ap for 96hr displayed significant PARP cleavage and TUNEL 

staining compared to control cells. A(3-mediated cleavage of PARP and DNA 

fragmentation was reduced in cells treated with antisense ODNs over the duration of 

96hr. This was found to be specific to cells cultured in antisense ODNs, as the reduction 

in A(3-mediated cleavage of PARP and DNA fragmentation was not apparent in cells 

cultured in nonsense ODNs. Whether caspase-12 is directly involved in PARP cleavage 

or DNA fragmentation remains to be answered.

A synopsis of this study so far has implicated A(3-mediated calpain, cathepsin-L 

and caspase-12 activites to PARP cleavage. We have also linked A(3-induced calpain, 

cathepsin-L, cathepsin-D and caspase-12 activities to DNA fragmentation. While 

caspase-3 activation by A(3 appears to be mediated through mitochondrial (cytochrome-c 

release) and lysosomal (cathepsin-L) pathways, the possibility of crosstalk between the 

ER and these compartments is likely and may therefore involve caspase-12, even if 

potentiating an existing caspase-3 activity. The cleavage of caspase-12 found in this 

study, involving a reduction in pro-caspase-12 expression and increase in active caspase- 

12 expression, depicts an arm of the apoptotic cascade mediated by A|3. It is evident from
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the results obtained from this study that many arms of the apoptotic cascade may overlap 

to produce a sustained response required to achieve cell death, and that the involvement 

of caspase-12 in A|3-mediated cell death must be considered with a sight on developing 

future therapies for Alzheimer’s disease.
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Chapter 7

IL-ip-Induced Apoptosis 
Involves Calpain Activation



7.1 Introduction

From its first pathological characterization by Alois Alzheimer (1907), AD has 

been associated with signs o f an inflammatory reaction. Although classically defined 

inflammation, including such features as edema and neutrophil invasion, is not seen in 

the AD brain, increasing evidence indicates that a large number of inflammatory 

mediators are associated with brain degeneration in AD (Akiyama et al., 2000). The 

“inflammatory hypothesis” of AD, suggests neuronal degeneration in the AD brain is due 

to an inflammatory response to senile plaques (SPs) and neurofibrillary tangles (NFTs), 

rather than the accumulation of Ap and formation of NFTs (Eikelenboom et al., 2002). 

The inflammatory hypothesis equally accepts that inflammation can trigger the formation 

and accumulation of SPs and NFTs, which in turn activate toxic inflammatory reactions 

(Combs et a l, 2000).

Considerable attention has been paid to glial cells, especially microglia, since they 

generate inflammatory responses to a wide variety of primary pathological insults in vivo 

and in vitro (Glenner, 1979; Streit et a i, 1999). Activated microglia are consistently 

associated with SPs in both the human and transgenic from of AD (Mackenzie et al., 

1995; Bornemann et a l, 2001). Astrocytes are also known to secrete a wide range of 

cytotoxic substances including pro-inflammatory cytokines, reactive oxygen species and 

nitrogen (Eddleston and Mucke, 1993). Endogenous sources o f cytokines in the AD 

brain are beginning to be defined. Activated microglia have been reported to produce 

IL-1, IL-6, TNF-a, complement and express monocyte chemoattractant protein 1 (MCP- 

1), while studies on astrocytes in AD, have found increased secretion of IL-1 p, IL-6 and
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TGF-(3 (Grammas and Ovase, 2001). Brain microvasculature has also been found to 

secrete IFN-y, IL-IS and increase the expression of CD40, when exposed to A(3 (Suo et 

al, 1997).

O f p a rticu la r in te re st in our lab o ra to ry  are the changes in 

1L-1(3 associated with the aged and AD brain. Elevated expression of IL-1(3 is known to 

exist in the aged brain (McGahon et a l, 1999) and excessive expression of IL-1|3 in the 

AD brain has been proposed to contribute to additional synthesis o f APP and 

A 0 deposition in neurons (Forloni et al., 1992). Increased production of Ap, which 

activates more microglial cells, propagates the “cytokine cycle”, accentuating the 

progression of AD (Araujo and Cotman et al., 1992). It is now known that 78% of 

plaques containing aggregated Ap peptide contain IL-l(3-immunoreactive microglia 

(Griffin et al., 1995), and activated microglia overexpressing IL -ip are associated with 

48% of neurons displaying early stages of neurofibrillary tangles and in 92% of neurons 

in late stage tangle formation (Mrak and Griffen, 2001). This evidence makes IL -lp, 

along with A(3, a worthy candidate in the study o f possible underlying mechanisms 

involved in the pathogenesis of AD.

Having previously described Ap-mediated increases in calpain and caspase-3 

activity, as well as DNA fragmentation, we chose to investigate the effects of IL-1(3 on 

these markers o f apoptosis. Work carried out by Campbell and Lynch (1998) have 

previously shovv̂ n increases in [Câ "̂ ]! following exposure of synaptosomes to IL-ip. The 

aim of this study was to investigate potential downstream signaling events involved in the 

IL-l(3-mediated cell death pathway. In relation to IL -l|3 ’s ability to disrupt [Ca "̂ ]̂!,

197



calpain activity was assessed following IL-1(3 exposure to cells. IL -l|3 ’s impact on 

caspase-3 activity was also examined using calpain inhibition. Apoptotic cell death, as 

measured by DNA fragmentation was measured to investigate whether IL-lp-m ediated 

cell death is calpain-dependent.
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7.2 Results

7.2.1 IL-ip induces calpain activity in cultured primary cortical neurons

To investigate whether calpain activation may be regulated by IL -ip , the effect 

IL-1|3 on calpain activity was examined using a fluorogenic assay (Figure 7.1). Exposure 

of the cells to IL -ip  (5ng/ml, 24hr) increased calpain activity from 165 ± 4 3  to 279.4 ± 

45 pmol AFC produced/mg/min (mean ± S.E.M., n = 9). Although this increase was not 

significam using the one-way ANOVA test, a paired Student’s r-test gave a p value of 

less than 0.05. MDL28170 (lO^iM, 24hr) had no effect on basal calpain activity (205 ± 72 

pmol AFC produced/mg/min, n = 10), but it abolished the IL-l(3-mediated increase in 

calpain activity (188.6 ± 23.9 pmol AFC produced/mg/min, n = 5). In contrast to the 

stimulatory effects o f IL-1(3 on calpain activity observed at 24hr, exposure o f cortical 

neurons to IL-1(3 for 48hr had no effect on calpain activity; basal calpain activity was 329 

± 69.7 pmol AFC produced/mg/min and calpain activity in the presence of IL -ip  was 337 

± 75.2 pmol AFC/mg/min (n = 5). These results suggest that calpain is transiently 

activated by IL -ip  in cortical neurons, since calpain was activated by IL-1(3 at 24hr but 

not at 48hr. It is of note that basal calpain activity increased at 48hr. This was also found 

to be the case in our investigation of A(3 exposure to cortical neurons. Calpain activity is 

known to be developmentally regulated, with increased activity in neonatal brain, 

dropping 80% during the early postnatal period (Simonson et a l,  1985). Therefore the 

increased basal expression o f calpain activity seen in our study at 48hr, represents the
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Figure 7.1 IL-ip increases calpain activity in primary cortical neurons at 24hr.

Calpain activity was measured using the fluorogenic substrate LLVY-AFC. Cortical 
neurons displayed a significant increase in calpain activity following exposure to IL-ip 
(5ng/ml, 24hr). IL-ip-induced calpain activity was reduced when cells were co-treated 
with MDL28170 (10|o.M, 24hr). No change was detected between control cells and IL-ip 
treated cells at 48hr. Values are expressed as means ± S.E.M., for 7 observations, 
*p<0.05.



transient developmental increase in calpain activity, which was found to be reduced to 

minimal activity at 72hr (see Chapter 4).

7.2.2 IL-ip does not induce caspase-3 activity in cultured primary cortical neurons 

at24hr

The effect o f  IL-1(3 on caspase-3 activation was assessed. Cells were exposed to 

IL-1(3 (5ng/ml, 24hr), and caspase-3 activity was examined using the caspase-3 substrate 

DEVD-AFC. Figure 7.2 represents the effect o f IL -ip  on caspase-3 activity, as measured 

by cleavage o f the fluorogenic caspase-3 peptide substrate, DEVD-AFC. Exposure to 

IL -ip  had no effect on basal caspase-3 activity (control activity was 586 ± 39 and activity 

in lL-l(3-treated cells was 511 ± 4 2  pmol AFC produced/mg/m in, n = 7). M DL28170 

(10|J,M, 24hr), had no effect on either basal caspase-3 activity (505 ± 53 pmol AFC 

produced/mg/min, n = 6) or caspase-3 activity in the presence o f IL-1(3 (627 ± 75 pmol 

AFC produced/mg/min, n = 7). This result indicates IL -ip  is not involved in activating 

caspase-3 in cultured cortical neurons.

7.2.3 IL-ip induces neuronal apoptosis in cultured primary cortical neurons

Figure 7.3A dem onstrates the effect o f  the calpain inhibitor M DL28170, on 

IL-l(3-mediated DNA fragmentation in cortical neurons. Since increased expression of 

IL-1P is an additional feature o f AD (Forloni et a l ,  1992), we examined the effect o f this 

cytokine on neuronal viability and investigated the influence calpain had on the IL -ip -
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Figure 7,2 IL-1|3 does not modulate caspase-3 activity in primary cortical neurons at 24hr.

Caspase-3 activity was measured using the fluorogenic substrate DEVD-AMC. Exposure of 
cortical neurons to IL -ip  (5ng/ml, 24hr) had no effect on caspase-3 activity. MDL28170 
( 1 0 |liM , 24hr) had no effect on caspase-3 activity. Values are expressed as means ± S.E.M., for 6 
observations.



mediated changes. Treatment o f cortical neurons with IL-1(3 (5ng/ml, 72hr) resulted in a 

significant increase in TUNEL staining (percentage positive control cells 23.8 ± 2.1% 

compared to IL-l|3-treated cells 45.2 ± 11.3%, p<0.001, one-way ANOVA, n = 8 

coverslips). MDL28170 (lOfxM, 72hr) alone had no effect on DNA fragmentation (12.62 

± 1.6%, n = 8), however, the IL-l(3-mediated increase in DNA fragmentation was 

reduced when cells were co-incubated with MDL28170 (35.25 ± 2.4%>, p<0.01, one-way 

ANOVA, n = 8).
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Figure 7.3 MDL28170 reduces the IL-l|3-induced increase DNA fragmentation.

Exposure o f cells to IL-1(3 (5ng/ml, 72hr) significantly increased the percentage o f cells 
displaying DNA fragmentation (TUNEL +ve cells). IL-ip-induced DNA fragmentation 
was significantly reduced by MDL28170 (lOmM, 72hr). Values expressed as means ± 
S.E.M., for 8 independent observations, ***p<0.001, **p<0.01.



7.3 Discussion

The aim o f this aspect o f the study was to investigate the effect o f  IL -ip  on 

neuronal viability and identify the mechanisms that play a role in IL-1 p -m ed ia ted  

neurodegeneration. Treatment o f primary cortical neurons with IL-1|3 increased calpain 

activity at 24hr but not at 48hr, suggestive o f a transient activation o f calpain. Unlike the 

effect o f  A(5 on protease activation, which was associated with elevated activities o f both 

calpain and caspase-3, IL-1|5 did not modulate caspase-3 activity. IL-1|3 induced DNA 

fragmentation in cultured cortical neurons, in a manner that was attenuated by the calpain 

in h ib ito r M D L 28170, suggesting  that a p roportion  o f  IL -l(3-m ediated DNA 

fragmentation is calpain-dependent. From the results found so far in this study, both 

IL-1 (3 and A(3-mediated cell death were found to be calpain-dependent. These results add 

further support the hypothesis that disturbances in Ca^^ hom eostasis may underlie 

neuronal cell death found in the aged and AD brain.

This study revealed an lL-l|3-m ediated increase in calpain activity at 24hr. The 

activation o f calpain by IL -ip  was transient, as calpain activity was not affected by a 

48hr exposure to IL-1 p. Previous work in our laboratory has found IL-1 (3 to increase 

[Ca^^]i in cortical synaptosomes (Campbell and Lynch, 1998). Our finding o f increased 

calpain activation in cells, following exposure to IL -l^ , suggests that an IL-ip-m ediated 

increase in may evoke calpain activation in neurons. Both calpain activation and

IL -ip  expression are elevated in ischemic injury (W ang et al., 2001). Calpain is known 

to cleave IL-1 a  and IL-1 (3 into their active forms (Kobayashi et al., 1990; Kalf et al., 

1996), and inhibition of calpain and IL-1|3 converting enzyme-like proteases (ICE) offer
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protection against AP-induced neuronal cell death (Jordan et a l, 1997). Considering IL- 

113 is involved in activating other cell death-associated signaling pathways, such as stress 

activated kinases JNK and p38 (Vereker et al., 2001; Kelly et al., 2001) and NFkB 

(Shirakawa et al., 1989), this study implicates calpain as an additional mediator o f IL -ip 

signaling.

In our investigations relating to IL-ip-m ediated activation o f caspase-3, it 

transpired that caspase-3 was not activated by IL-ip. This result suggests IL-ip-mediated 

cell death is different than that produced by Ap, considering AP did activate caspase-3 in 

our system at 24hr. Whether IL -lp  induces caspase-3 activity in cortical neurons at a 

timepoint later than 24hr remains to be elucidated and future experiments would aim to 

investigate the effects of IL -lp over a longer exposure period. Elevated caspase-3 activity 

has been reported in spinal cord neurons 72hr after injury and administration of the IL-1 

receptor antagonist (IL-lra) effectively reduced both increased caspase-3 activity and cell 

death (Nesic et al., 2001). This indicates IL -ip may require a longer exposure to activate 

caspase-3 in cortical neurons than Ap. Caspase-3 activity has been linked with increased 

expression of IL -lp  in the aged hippocampus (Lynch and Lynch, 2002) and current 

research in our lab, using cultured cortical neurons, has established an IL-ip-m ediated 

upregulation in caspase-3 mRNA at 1 Shr (Martin et al., 2002), suggesting an increase in 

caspase-3 expression that may precede its activation. That study also proposed a 

mechanism for IL-lp-induced caspase-3 activation in the aged brain, involving p38- 

mediated cytochrome-c release. Considering aged neurons are more susceptible to IL-ip- 

induced cell death, culturing cells for longer periods before exposing them to IL -ip  may 

reveal age-related changes in IL-ip-mediated caspase-3 activity.
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To investigate the effects of IL-1(3 on neuronal viability, a later timepoint of 72hr 

was used. It was found that IL-1(3 caused an increase in the number of cells displaying 

TUNEL positive staining, indicating increased DNA fragmentation in IL-l|3-treated 

neurons. Also, it was found that calpain inhibition, using MDL28170, reduced the IL-ip- 

mediated increase in TUNEL positive neurons, suggestive o f an IL-l|3-induced cell death 

pathway that is calpain-dependent. However, MDL28170 was found to only reduce the 

IL-l|3-mediated increase in DNA fragmentation by 53%, thus suggesting that calpain is 

not the sole moderator of IL-l^-induced cell death. IL -1(3-mediated Ca entry into 

neurons may increase the vulnerability of neurons to excitotoxicity, via involvement of 

other cell death signaling pathways such as phosphorylation dependent activation of 

several kinases, including MAPK, p38 and JNK (Campbell and Lynch, 1998; Panegyres 

and Hughes, 1998; Vereker et al, 2001; Martin et al., 2002). In mixed cultures of gUa and 

neurons, IL-1(3 can be toxic at picomolar concentrations, and this has been ascribed to the 

release o f secondary mediators, including nitric oxide and superoxides (Chao et al., 1996; 

Giulian ei al., 1993). Oxidative stress can induce cell death and is also known to amplify 

IL -1(3 generation (Kasama et al., 1989). IL-I(3 may also influence the severity of 

phlogistic responses by stimulating the production o f eicosanoids (Hartung et al., 1989), 

cell adhesion molecules (Shrikant et al., 1994), corticotrophin-releasing factor (CRF; 

Tsagarakis et al., 1989), acute phase proteins including AFP (Yang et al., 1998b), as well 

as activating complement proteins (Prowse and Baumann H, 1989). Bearing in mind 

1L-1(3 produces a wide spectrum of responses, it would also be expected that mechanisms 

of IL -1(3-mediated cell death are multifaceted. The results found in this study, 

nevertheless proves a role for calpain in IL-l(3-mediated cell death pathway, v/hich has
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implications in understanding the mechanisms involved in neurodegeneration found in 

both the aged and AD brain.
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Chapter 8 

Final Discussion



8.1 Final Discussion

8.1.1 Characterising Ap-induced cell death

There is currently no effective treatment for preventing the progressive dementia 

experienced by those affected by Alzheim er’s disease today. The history o f research into 

the causes o f A lzheim er’s disease (AD), dating from its initial characterisation in 1907 up 

to the present day, continuously refers to the presence o f  an amyloidogenic substance, the 

main constituent o f which being the aggregated A|3 peptide. Much debate continues today 

over potential mechanisms o f A ^ production and consequences o f A|3 exposure to 

neurons in relation to its involvement in AD. The primary objective o f this study was to 

investigate the effects o f A(5 on primary cortical neurons, representing an in vitro model 

for A(3 deposition in the brain. The ability o f A|3 to disrupt intracellular Ca^^ homeostasis 

in cultured neurons (Mattson et al., 1992, McManus et al., 2000) was taken as a central 

rationale for choosing target molecules in this study to identify possible signalling 

systems stemming from A(3-triggered Ca^^ dysfunction.

This study analysed the impact o f A(3(i.40), and its reverse sequence A(3(4o-i), on 

neuronal morphology and DNA fragmentation in cortical neurons. Both peptides were 

given in their aggregated forms, how ever, A(3(i-40) increased the num ber o f  cells 

displaying m orphological hallmarks o f cell degeneration and DNA fragmentation in a 

tim e-dependent manner, while AP(4o-i) was found to have no detrim ental effect on 

neuronal viability. The lack o f affect o f A|5(4o.i) might be explained by previous work in 

our laboratory, which demonstrated an A|3(i.40)-mediated influx o f Ca^^ through N- and P- 

type Ca^^ channels in cultured cortical neurons, while A(3(4o-i) did not cause any changes
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in channel currents (MacManus et a l ,  2000). Rovira et a i ,  (2002) also found a lack

2+o f effect o f  A(3(4o-i) on [Ca ]; in cultured hippocampal neurons. Although evidence for a 

detrimental effect produced by A(3(4o-i) in vitro  is scarce, reverse fragments o f  A(3 have 

been shown to mediate cellular effects in vivo. AP(4 o-i) was found to cause neurotoxicity 

in cholinergic axons when injected intracerebrally (Emre et al., 1992), although the 

vehicle used in that study also caused neurotoxicity. The lipophilic portion o f  A|3 may 

be necessary to impinge on neuronal function, considering A(3(35.25) which contains 

lipophilic residues can impair LTP at subneurotoxic concentrations; while A p(i5 .2 5 ), which 

lacks lipophilic residues does not alter LTP (Frier et al., 2001). In a study by Giordano et 

al., (1994), aggregation o f  A[3(i.40) formed fibrillar structures, whereas A(5(4o.i) results in 

amorphous particles and any toxic properties conferred by A(3(4o-i) may result from 

different mechanisms. We therefore decided to dedicate the remainder o f  this study to the 

effects mediated by AP(i.4 0 ) on cortical neurons, as this peptide is the dominant species o f

A|3 produced (Kanai et al., 1998) and previous work in our lab on A(3-mediated

2+disruption in Ca homeostasis had used this form o f  Ap.

Apoptotic cell death markers such as cleavage o f  the D N A  repair enzym e PARP 

and D N A  fragmentation were assessed in A|3-treated neurons to distinguish the type o f  

cell death which was taking place. A|3 increased D N A  fragmentation at 48hr, with no 

further increases seen after 72hr. Choosing 72hr as an endpoint for A(3-mediated cell 

death, analyses o f  PARP cleavage also revealed significant increases in cells exposed to 

A(3. These findings suggest A(3 activates apoptotic pathways which converge on PARP 

cleavage and D N A  fragmentation. In vitro, A(3-induced neurotoxicity has been w ell 

characterised since Yankner et al., (1989) concluded; “a peptide derived from the
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am yloid precursor may be neurotoxic” . Pike et al. (1991) found that A(3 caused 

significant cell death after a 2-4 day incubation period. Forloni et al. (1993) first 

proposed that A|3 mediates neurodegeneration via an apoptotic pathway after observing 

significant increases in DNA fragmentation following exposure o f primary hippocampal 

neurons to A(3(25-35)- Their finding was follow ed by sim ilar increases in DNA 

fragmentation produced by A(3(i-40) and A(3(i.42) in vivo and in vitro; (Loo et al., 1993; 

Morimoto et al., 1998).

Debate continues today over the classification o f A|3-induced neurodegeneration 

into apoptotic or necrotic cell death. Apoptosis related proteins, such as bax,bcl-2, bak, 

bad, p53, Par-4, caspase-2, -3, and Fas have been observed in AD brains (Kitamura et 

a/., 1998; Stadelmann et al., 1999). It was once believed that necrotic cell death, which 

overwhelms the cell’s repair mechanisms in a short duration o f execution, did not display 

markers o f apoptosis. It is now known that necrotic cell death can also display many o f 

the features o f apoptotic cell death (W ang, 2000). Brain ischem ia is an example o f 

neurodegeneration, displaying both necrotic m orphology such as cell swelling and 

rupture, with the release o f cytoplasmic contents into the extracellular space, along with 

apoptotic markers like DNA fragmentation, activation o f caspases and expression o f  Bcl- 

like gene products (Yamashima et a l,  1998; Chu et al., 2002). W hile intranucleosomal 

DNA fragmentation and end-labelling techniques have been used as absolute indices o f  

apoptotic cell death in AD (Anderson et al., 1996), A(3 may also stim ulate necrotic 

changes, although apoptosis predom inates (Sutton et al., 1997; Tan et al., 1999). 

Secondary factors that complicate the exclusivity o f A(3-induced DNA fragmentation, by 

contributing to DNA fragm entation, include oxidative stress (Smith et a l,  1997),
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cytokine production (Cacabelos et a l, 1991) and post-m ortem  autolysis o f  AD brain 

samples (Stadelmann et a l,  1998). Our study implicates A(3 as a stimulus that promotes 

DNA fragmentation in cortical neurons. The in vitro  nature o f this study, selectively 

using cortical neurons without the influencing factors o f  glial cells, supports a case for 

A(3-m ediated apoptotic cell death, as m easured by PARP cleavage and DNA 

fragmentation.

8.1.2 AP-induced disturbances, independently activate calpain and caspase-3

Having established an effective concentration and tim epoint for analysing A|3- 

m ediated changes in cortical neurons, we decided to investigate potential upstream  

signalling events involved in this system. A previously characterised alteration in Ca^^ 

homeostasis produced by A|3 in cultured cortical neurons (M acManus et al., 2000) was 

found to occur upstream of calpain activation in these cells. Using the calpain inhibitor, 

M DL28170,1 discovered that calpain activity is an upstream requirement for A|3-induced 

PARP cleavage and DNA fragmentation. However, calpain inhibition failed to reduce 

A (3-mediated caspase-3 activity at 24hr, suggesting that a calpain-independent arm o f 

apoptotic signalling is also activated by A(3. However, A^-mediated caspase-3 activation 

was found to be Ca^^-dependent, since chelation o f  extracellular Ca^^ using EGTA 

reduced A|3-mediated caspase-3 activity. Intracellular Ca^^ stores were also implicated in 

A(3-mediated caspase-3 activation since A|3 failed to increase caspase-3 activity in cells 

that had intracellular Ca^^ stores depleted with thapsigargin. These results propose an
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independent activation o f calpain and caspase-3 that are dependent on A(3-induced 

increases in [Ca^^Ji.

8.1.3 Translocation of cytochrome-c and cathepsin-L into the cytosol precede Ap~ 

induced caspase-3 activity.

2 +H aving estab lished  a Ca -dependent m echanism  o f  caspase-3 activity , 

independent o f calpain, this study revealed the involvement o f two molecules involved in 

A|3-mediated caspase-3 activation, namely cytochrome-c and cathepsin-L (Stadelmann et 

a l,  1999; Ishisaka et a l ,  1999a). Opening o f  the mitochondrial permeability transition 

pore (M PTP), allowing the release o f cytochrom e-c into the cytosol, is a defining 

characteristic o f a cells commitment to apoptotic death (Yang et a i,  1997). Cytochrome-c 

incorporation into the apoptosom e (consisting o f  A PA F-1, caspase-9, ATP and 

cytochrome-c) is known as the mitochondrial pathway o f caspase-3 activation (Li et al., 

1997). A redistribution o f cytochrome-c from the mitochondria into the cytosol occurred 

after a 6hr exposure to A(3 and may represent a putative mechanism for the downstream 

activation o f caspase-3 found at 24hr in our study. This result has recently been supported 

by a report that found A|3 to induce cytochrome-c release and mitochondrial swelling, 

from isolated mitochondria (Kim et a i ,  2002). The lack o f  effect o f  the calpain inhibitor 

on A(3-mediated cytochrome-c release was not surprising considering it had failed to 

reduce caspase-3 activity. Mitochondria are well characterised Ca^^ stores that respond to 

disturbances in [Ca^^ji by exhibiting a Ca^"^-induced Ca^^ and cytochrom e-c release 

(Brand and Lehninger, 1975; Kantrow and Piantadosi, 1997). We propose that an A(3-
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induced dysfunction in cells may cause the cytochrom e-c release and caspase-3 

activation in our study.

Câ "̂  influx has also been linked with destabilising the integrity o f lysosomal 

membranes, through the depletion o f gluthatione and ATP (Wong and Tepperman, 1994; 

Hishita et a l ,  2001). Evidence that an upregulation o f the endosomal/lysosomal system is 

found in AD neurons (Cataldo et a l ,  1995) and the lysosomal protease cathepsin-L is 

capable o f activating caspase-3 (Ishisaka et a l ,  1999b), led us to investigate the possible 

role o f cathepsin-L in A(3-mediated caspase-3 activation.

A transient upregulation o f cathepsin-L expression was caused by the exposure o f 

cortical neurons to A(3 for 6hr, as normal expression o f cathepsin-L was found after this 

timepoint. A(3-induced translocation o f cathepsin-L from non-cytosolic fractions into the 

cytosolic fractions was also seen at 6hr, providing evidence for an A ^ -m e d ia ted  

disruption o f  lysosom al integrity. A|3 increased cathepsin-L activity in a time and 

concentration dependent m anner, betw een 6hr and 24hr, suggesting a sustained 

cathepsin-L  activation over this period. A(3 did not cause any further increases in 

expression o f  active cathepsin-L in the presence o f the calpain inhibitor, which may 

indicate some role for calpain in Ap-m ediated cathepsin-L release. The A|3-mediated 

increase in cathepsin-L activity was reduced by the cathepsin-L inhibitor Z-FF-FMK, 

w hich concom ittan tly  reduced the A(3-mediated increase in caspase-3 activity. 

C athepsin-L  has been found to cleave the antiapoptotic m olecule Bid, causing 

cytochrome-c release from mitochondria and subsequent caspase-3 activation (Hishita et 

al., 2001). W ith the evidence collected in this study reflecting a m itochondrial and
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lysosomal destabilisation produced by A(3, the presence o f  cross-talk between the two 

organelles during the initiation o f caspase-3 activity is suggested.

8.1.4 AP-induced apoptosis is cathepsin-L and cathepsin-D-dependent.

Having established an Ap-m ediated redistribution and increase in cathepsin-L 

expression in cortical neurons, a similar study investigating A |3-mediated effects on 

cathepsin-D did not reveal any alterations in cathepsin-D expression. However, use o f 

cathepsin-L and cathepsin-D  inhibitors both significantly reduced A(3-induced DNA 

fragmentation, providing evidence for the role o f cathepsin-L and cathepsin-D in A|3- 

induced cell death. Interestingly, cathepsin-L inhibition also reduced A(3-mediated PARP 

cleavage, while cathepsin-D inhibition did not. Having previously linked cathepsin-L 

activity with downstream caspase-3 activation, it is possible that cathepsin-L mediates the 

cleavage o f PARP directly or via the activation o f caspase-3, which is known to cleave 

PARP (Tewari et a l,  1995).

Cathepsin-D expression is regulated by the tum or suppressor transcription factor 

p53 (Kondo et al., 2002), therefore the inhibition o f cathepsin-D prevents a p53-mediated 

apoptotic response (W u et al., 1998). Although A ^-induced PARP cleavage was not 

reduced by cathepsin-D inhibition, a p53-mediated apoptotic response initiated by Ap 

(Fogarty and Campbell, 2002; unpublished observations) may prevent the mechanisms 

responsible for DNA fragmentation. Our study is the first investigation o f cathepsin-D 

expression in a neuronal cell culture exposed to Ap. Previous studies have linked 

cathepsin-D with AD since an upregulation o f  cathepsin-D expression was found in the
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AD brain, preceding the development of dystrophic neurites, nuclear segmentation or 

fragmentation o f DNA (Cataldo et al., 1990). Also, hippocampal slices cultured for six 

days with A(3 display a two-fold increase in cathepsin-D expression (Hoffman et al., 

1998). In a comphrensive study by Adamec et al., (2000), which found increases in 

cathepsin-D expression in cultured hippocampal neurons given a range o f stimuli 

inducing apoptosis, oncosis (necrotic cell swellling) and mixed apoptosis and oncosis, the 

effect produced by A(3 exposure was not investigated. While we found cathepsin-D was 

implicated in A(3-induced cortical neuronal cell death independent of a regulation in its 

expression, further experiments are needed to define its contributing mechanism in A(3- 

mediated neurodegeneration. In conclusion to this aspect o f the study, we propose a 

mechanism of A(3-induced neuronal cell death, which involves cathepsin-L and 

cathepsin-D. The translocation of cathepsin-L into the cytosol is a prerequisite for A(3- 

mediated caspase-3 activation and PARP cleavage, while cathepsin-L and cathepsin-D 

confer DNA fragmentation on cortical neurons exposed to A(3. These results support a 

role for the lysosomal system in the underlying pathobiology of AD.

8.1.5 Caspase-12 is an upstream mediator of Ap-induced cell death

Cortical neurons exposed to A(3 displayed a cleavage of the ER resident protease 

caspase-12 from its inactive proform into its active form, and a translocation of the 

protease from non-cytosolic compartments into the cytosol. The A^-mediated cleavage of 

caspase-12 was seen at 24hr and extended to 96hr. Calpain inhibition was found to 

increase caspase-12 processing, although not significantly, making it difficult to draw any

213



conclusive findings on the effect o f  calpain inhibition on A ^-m ediated caspase-12 

cleavage. Cathepsin-L  was im plicated in caspase-12 processing, as inhibition o f 

cathepsin-L reduced A(3-mediated caspase-12 cleavage. The cleaved fragment o f caspase- 

12 that we measured was representative o f the 42kDa active form o f caspase-12 produced 

by caspase-7 cleavage (Rao et a l ,  2001). It may be possible that cathepsin-L may 

activate caspase-7 in A|5-treated neurons. It is also possible that cathepsin-L cleaves 

caspase-12 directly, as is seen with the cathepsin-L-m ediated cleavage o f the ER 

m em brane enzym e, HM G-CoA reductase (M oriyam a et a l ,  2001). Taking previous 

observations o f  an A(3-mediated translocation o f cytochrome-c and cathepsin-L into the 

cytosol, cathepsin-L-dependent cleavage o f  caspase-12 supports the possibility  o f 

m ultip le cross-ta lk  m echanism s involved in A(3-induced cell death, affecting 

mitochondria, lysosomes and the ER.

Depletion o f caspase-12 using antisense ODNs, reduced end-point markers o f A(3- 

mediated cell death such as PARP cleavage and DNA fragmentation. In a recent study by 

Chen and Gao (2002), caspase-12 activation only appeared after 24hr o f brefeldin-A  

treatm ent in differentiated PC 12 cells. This delay in activation may explain our finding 

that caspase-12 depletion did not reduce A(3-mediated caspase-3 activation at 24hr. While 

caspase-12 has been suggested to influence caspase-3 activity via its interaction 

activation o f  caspase-9 (Rao et al., 2001), this m echanism  may not be exclusive in 

reducing A|3-mediated caspase-3 activity. Caspase-12 therefore contributes to markers of 

A |3-mediated cell death, including PARP cleavage and DNA fragmentation, but is not 

necessarily involved in caspase-3 activation, in this study.
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8.1.6 IL-iP-m ediated apoptosis is calpain-dependent

Exposure o f  cortical neurons to IL -ip  led to the activation o f  calpain prior to 

increasing D N A  fragmentation. Calpain inhibition reduced IL -l^ -m ediated  calpain 

activity and D N A  fragmentation. IL-1(3 did not evoke caspase-3 activation, a finding 

dissimilar to that seen with A(3. Considering higher expression o f  IL-1(3 is found in the 

aged brain and is believed to contribute to A D  pathology (McGahon et a l ,  1999; Forloni 

et al., 1992), the calpain-dependent pathway characterised in our study suggests IL -ip  

could contribute to AD neurodegeneration. Evidence for an IL-l(3-induced increase in A(3 

production (V asilakos et al., 1994) and an A(3-mediated increase in IL -lp  secretion 

(Gitter et al., 1995), allow s the possib ility  o f  a reinforcem ent toxicity  cycle that 

exacerbates the neurodegeneration found in the A D  brain. W ith both AP and 

IL -ip  capable o f  activating calpain-induced DNA fragmentation, this study has revealed 

an overlapping m echanism  shared by AP and IL -ip , which may be important in 

maintaining their positive regulation o f  each other.

8.2 Synopsis

This study chartered the toxic effects produced by AP(i-40) on primary cortical 

neurons. Previous work in our lab described the proclivity o f  AP to disrupt Ca^  ̂

hom eostasis (M acM anus et al., 2000) and this study based its investigation on 

downstream effects mediated by a dysregulation in [Ca '̂ ]̂,. Increased activity o f  the 

calcium  activated protease, calpain, was found after AP exposure, m ediating the
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cleavage o f PARP and DNA fragmentation. Increased activity o f caspase-3, produced by 

A(3, was found to be calpain-independent, but cathepsin-L dependent. Cytochrome-c 

release occurred upstream o f A(3-induced caspase-3, suggesting both cathepsin-L and 

cytochrome-c are involved in this pathway o f caspase-3 activation, indicating possible 

cross-talk existing between lysosomes and mitochondria at the onset o f A(3-mediated 

apoptotic signalling. On further investigation o f the downstream effects produced by 

cathepsin-L and cathepsin-D, it was found that DNA fragm entation was m ediated by 

cathepsin-L and cathepsin-D, but only cathepsin-L was involved in A|3-induced PARP 

cleavage. The ER resident, caspase-12, was cleaved into its active form by A(3 in a 

cathepsin-L-dependent manner upstream of PARP cleavage and DNA fragmentation, but 

not caspase-3 activity. The proinflam m atory cytokine IL-1(3, was found to activate 

calpain but not caspase-3 upstream o f inducing DNA fragmentation. This result points to 

a shared pathway involving Ap and IL-l(3’s ability to activate calpain.

In conclusion, this study revealed the m ulti-faceted nature o f  the cell death 

response mediated by A(3, affecting intracellular organelles that include mitochondria, 

lysosomes and the endoplasmic reticulum. Inhibition o f the cytosolic protease calpain, 

lysosomal proteases cathepsin-L, cathepsin-D and the endoplasm ic reticulum  resident 

caspase-12, protected neurons from A p-m ediated cell death. In the case o f  IL-1(3- 

m ediated cell death, calpain was also found to act on the cell death pathway. By 

understanding the underlying mechanisms involved in A|3 and IL-I(3-induced cell death, 

better strategies can be used to combat the progressive neurodegeneration found in AD, 

by targeting m olecules that are im plicitly involved in their cell death response.
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VIII Future Experiments

Analysing the effect o f cathepsin-L inhibition on A|3-induced cytochrome-c 

release, would aim to determine if cathepsin-L activation is involved in cytochrome-c 

release from the mitochondria. It has been previously suggested that cathepsin-L can 

activate caspase-3 through the direct cleavage o f pro-caspase-3 into its active form 

(Ishisaka et al., 1999) or through an indirect pathway that involves the cleavage of the 

antiapoptotic protein Bid, which renders the mitochondria prone to cytochrome-c release 

(Stoka et al., 2001). Using cathepsin-L inhibition in A(3-treated cells, the expression of 

cytochrome-c would support a mechanism of cathepsin-L-mediated caspase-3 activation.

Considering a caspase-mediated reduction in the calpain inhibitor calpastatin is 

believed to maintain calpain activation in apoptotic cells (Wang, 2000), inhibition of 

cathepsin-L may have an effect on calpain activity. The effect o f A^-induced calpain 

activity in cells that had been treated with the cathepsin-L inhibitor would aim to resolve 

this proposal.

Extracellular expression and activity o f cathepsin proteases have been implicated 

with tumour metastasis and apoptosis (Garcia et al., 1996; Nakanishi et al., 1994). 

Analysis o f the extracellular expression of cathepsin-L and -D following exposure of 

cortical neurons to AP would investigate the possibility o f an extracellular cathepsin- 

mediated apoptotic response in A|3-treated cells.

Suggested mechanims of Ap-mediated lysosomal damage have included an 

oxidative damage to lysosomal membranes as a result o f A(3 fibril incorporation into the 

lysosome (Yang et al., 1998) and an A(3-induced insertion of an APOE4 intermediate into
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the lysosomal membrane (Ji et a l,  2002), both o f which result in an apoptotic response 

that involves the release o f hydrolytic enzymes into the cytosol. Future experimental 

work investigating the localization o f cathepsin enzymes using fluorescence microscopy, 

would aim to trace the changes in cathepin-L and -D distribution within intracellular 

compartments, following exposure o f cells to A(3.

Future investigation o f  endogenous cathepsin inhibitors, such as members o f the 

cystatin and stefin family, would aim to determ ine w hether A(3-mediated apoptosis 

involves the reduction in endogenous cathepsin inhibitors. Also, changes in extracellular 

pH have been ascribed to the ability o f  cathepsins to remain active when released from 

the lysosome (W ebb et al., 1999). Using fluorescently labeled pH probes to assess 

intracellular pH in living cells, the ability o f  Ap to induce changes in intracellular pH, 

would determine if  A(3-mediated cathepsin activity is facilitated by a reduction in the 

intracellular pH o f cells.

In this study, cathepsin-L inhibition was found to reduce A(3-induced cleavage o f 

caspase-12, while the involment o f calpain in caspase-12 cleavage was uncertain. Future 

experim ents would aim to confirm  the role cathepsin-L in A(3-induced cleavage o f 

caspase-12, by using selective protease inhibitors for each enzyme that have recently 

become commercially available. These include the cathepsin-L inhibitor III (Z-FY(nBu)- 

DMK), which displays a 10,000-fold greater affinity for cathepsin-L than for cathepsin-S 

(Shaw et al., 1993). Also, the cathepsin-L inhibitor V (Z -F Y (0 /-B u)-C 0C H 0, exhibits 

an approximately 360-fold greater selectivity for cathepsin-L compared to cathepsin-B 

(Lynas et al., 2000). The use o f cathepsin-L inhibitors III and V, would therefore aim to
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eliminate any additional enzymes that may have been involved in the A(3-induced 

cleavage of caspase-12.

The ability of caspase-7 to cleave caspase-12 has already been demonstrated by 

Rao et a l, (2001). However, the role of caspase-7 in Ap-mediated neuronal cell death has 

not been documented. Future experiments would investigate the effect o f A(3 on 

caspase-7 activity in cortical neurons, with consideration o f a possible A(3-mediated 

activation o f caspase-7, which in turn activates caspase-12. Changes in the antiapoptotic 

ER-associated proteins, Bcl-2 and GRP78 could also be investigated following A(3 

exposure to cortical neurons, to assess the possible role these proteins may play during 

A(3-mediated apoptosis. Although this study did not indicate a caspase-12-dependent 

activation of caspase-3, previous reports have suggested a caspase-12-mediated activation 

of caspase-9 (Rao et al., 2002). Further studies would aim to investigate the involvement 

of caspase-12 with caspase-9 in A(3-induced neurodegeneration.
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XI Appendix I - Solutions

Cell Culture Solutions

70% Ethanol, lOOmL

70m L,EtOH ; SOmL.H^O.

PBS (cell culture)

lOmL D ulbecco’s M odified Phosphate Buffered Saline (DM -PBS, N a2HP0 4  (80mM ), 

NaH2P0 4  (20mM), NaCl, (lOOmM)/ lOOmL H^O.

Trypsin Solution (cell culture)

0.3mg trypsin/mL PBS.

Trypsin Inhibitor Solution (cell culture)

Soyabean trypsin inhibitor (SBTI; 0.2mg/m L), DNase (0.2mg/mL), M gS0 4  (O.IM) /mL 

PBS.

Supplemented Neurobasal Medium (day 1)

Heat inactivated horse serum (10% , lOmL); Penicillin/Streptomycin (lOOU/mL; ImL); 

Glutamax; (2mM ; 1ml); B27 (1%, ImL) / lOOmL Neurobasal Medium.

Antimitotic Neurobasal Medium (day 4)

H eat inactivated horse serum  (lO m L); Penicillin /S treptom ycin , lOOU/mL (Im L ); 

Glutamax; 2mM (1ml); ARA-C (5ng/mL) / lOOmL Neurobasal Medium.
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Replacement Neurobasal Medium (day 5)

Heat inactivated horse serum  (lOm L); Penicillin /S treptom ycin , lOOU/mL (Im L ); 

Glutamax; 2mM (1ml)/ lOOmL Neurobasal Medium.

Cell Harvesting Solutions

Lysis Buffer, pH 7.4 (Harvesting total protein)

HEPES (20mM ), KCl (lOmM ), EGTA (Im M ), MgClz (1.5m M ), EDTA, (Im M ), DTT, 

(Im M ), PMSF, (O.lmM ), Leupeptin, (2[Ag/ml), Aprotinin, (2fxg/ml), Sucrose, (200mM).

Permeabilisation Buffer pH 7.2 (Harvesting cytosolic extracts)

Sucrose (250mM), KCl (70mM ), NaCl (137mM ), Na2H P0 4 (4 .5 mM ), KH2PO4 (1.4mM), 

PM SF ( 10 0 f4,M), leupeptin (lOfxg/mL), aprotinin (2|xg/mL), digitonin (lOOjuig/mL),

Mitochondrial Lysis Buffer pH 7.4 (Harvesting mitochondrial extracts)

Tris Base (50mM ), NaCl (150mM ), EGTA (2mM), Triton-X (0.2%), Igepal P-40 (0.3%), 

PM SF (lOOfiM), leupeptin (lOfig/mL), aprotinin (2jAg/mL).

SDS-PAGE Solutions

Phosphate buffered saline-Tween 20 (PBS-Tween), pH 7.4

Na2HP0 4  (80mM), NaH 2P0 4  (20mM ), NaCl, (lOOmM), Tween 20 (0.1%).

Tris buffered saline-Tween 20 (TBS-Tween), pH 7.4

Tris-HCl, (20mM), NaCl, (150mM), Tween 20 (0.1%).
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Sample buffer (pH 6.8)

Tris-HCl (0.05M), Glycerol 20% (v/v), SDS 2% (w/v), (3-Mercaptoethanol 5% (v/v), 

bromophenol blue 0.05% (w/v).

Stacking gel (4%, pH 6.8)

Acrylamide/bis-acrylamide (30% stock, 13% (v/v), dHjO 60% (v/v), Tris-HCl (0.05M, 

pH 6.8, 25% (v/v)), SDS (10% w/v stock, 1% (v/v)), APS (10% w/v stock, 0.5% (v/v)), 

TEMED,0.5%(v/v).

Separating gel (10%, pH 8.8)

Acrylamide/bis-acrylamide (30% stock, 33% (v/v)), dHjO, 40% (v/v), Tris-HCl, (0.05M, 

pH 6.8, 25% (v/v)), SDS (10% w/v stock, 1% (v/v), APS (10% w/v stock, 0.5% (v/v)), 

TEMED, 0.05% (v/v).

Separating gel (12%, pH 8.8)

Acrylamide/bis-acrylamide (30% stock, 40% (v/v)), dHjO, 33% (v/v), Tris-HCl, (0.05M, 

pH 6.8, 25% (v/v), SDS (10% w/v stock), 1% (v/v), APS (10% w/v stock),, 0.5% (v/v), 

TEMED, 0.05% (v/v).

Electrode running buffer

Tris base (25mM), Glycine (192mM), SDS (0.1% (w/v)).

Transfer buffer (pH 83)

Tris base (25mM), Glycine (192mM), MeOH (20% (v/v)), SDS (0.05% (w/v)).
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Fluorogenic Assay Solutions

Lysis Buffer (Calpain assay, pH 7.4)

HEPES (25mM), MgCl^ (5mM), DTT (5mM) EDTA (5mM), PMSF (2mM), Pepstatin 

(10/<g/ml)

Lysis Buffer (Caspase-3 assay, pH 7.4)

HEPES (25mM), MgClz (5mM), DTT (5mM) EDTA (5mM), PMSF (2mM), Leupeptin 

(lO/ig/ml), Pepstatin (10;<g/ml)

Lysis Buffer (Cathepsin-L assay, pH 5)

NaOAc(20mM), EDTA (4mM), DTT (8mM), Urea (4M)

Incubation Buffer (Calpain, Caspase-3 and Cathepsin-L assay, pH 7.4)

HEPES (lOOmM), DTT (5mM)
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XII Appendix II -  Suppliers addresses

ALEXIS Corporation LTD., P.O. Box 6757, Bingham, Nottingham, NG13 8LS, England.

Alomone Labs, Shatner Center 3, P.O. Box 4287, Jerusalem, Isreal.

Amersham pic, Amersham Place, Little Chalfont, Buckinghamshire, HP79NA, England.

Astec-Microflow Systems, 2180 Andrea Lane, Fort Myers, FL33912, U.S.A.

B.Braun Melsungen AG, Carl-Braun Srta|3e 1, D-34212 Melsungen, Germany.

Bachem Ltd., PO Box 260, 17 Westside Industrial Estate, Jackson Street, St. Helens, 

Meyerside WA9 3AJ, England.

BD Biosciences Pharmingen, 10975 Torreyana Road, San Diego, CA 921121, U.S.A. 

BDH Laboratory Supplies, Poole, Dorset, BH151TD, England.

Becton Dickinson Labware Europe, Becton Dickinson France S.A., 1 rue Aristide 

Berges, BP4, 38800 Le Pont De Claix, France.

Bel-Art Products Inc., 6 Industrial Road, Pequannock, New Jersey 07440, U.S.A.

Bibby Sterilin Ltd., Tilling Drive, Staffordshire, ST150SA, England.
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Biognostik GmbH., Gerhard-Gerdes-Str.l9, 37079 Gottingen, Germany.

Biometra GmbH, Rudolph-Wissell Stra|3e 30, D-37079 Gottingen, Germany.

Bio-Rad Laboratories GmbH., Heidemarmstrasse 164, D-80939 Munich, Germany.

Biosource International, 542 Flynn Road, Camarillo, California USA 93012, U.S.A.

Calbiochem International, Merck KGaA, Frankfurter Str. 250, D-64293 Darmstadt, 

Germany.

Chance Propper Ltd, P O Box 53, Spon Lane South, Smethwick, West Midlands, B66 

INZ, England.

Chivers Ireland Ltd., Coolock, Dublin 5, Ireland.

Dako Corporation, 6392 Via Road, Carpinteria, CA93013, U.S.A.

DiaChem International Ltd, Unit 5, Gardiners Place,West Gillibrands, Skelmersdale, 

Lancashire, WN8 9SP. England.

FUJIFILM Medical Systems USA, Inc. Headquarters: 419 West Avenue Stamford, CT 

06902, U.S.A.
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Greiner Bio-One GmbH, Bad Haller Strasse 32, 4550 Kremsmuenster, Austria.

Improvision Software, Viscount Centre II, University of Warwick Science Park, Millbum 

Hill Road, Coventry , CV4 7HS, England.

InVitrogen Ltd., Inchinnan Business Park, 3 Fountain Drive, Paisley PA49RF, Scotland.

Jencons Scientific Ltd., Cherrycourt Way Industrial Estate, Stanbridge Road, Lancashire, 

WN8 9SP. England.

Leica Microsystems AG, Emst-Leitz-Strasse 17-37, Wetzlar, 35578, Germany.

Millipore Ireland B.V. Tullagreen Carrigtwohill, Co.Cork, Ireland.

Molecular Probes Europe BV, PoortGebouw, Rijnsburgerweg 10, 2333 AA Leiden, The 

Netherlands.

Nikon Instech Co., Ltd. Parale Mitsui Bldg., 8, Higashida-cho, Kawasaki-ku, Kawasaki, 

Kanagawa 210-0005, Japan.

Pall Corporation, 600 South Wagner Road, Ann Arbour, MI48103-9019 U.S.A.

Perkin Elmer Ltd., 710 Bridgeport Avenue Shelton, Connecticut 06484-4794, U.S.A. 

Pierce Biotechnology, 3747 N.Meridian Rd, P.O. Box 117, Rockford, IL61105, U.S.A.
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Priorclave Ltd., 129-131 Nathan Way, Thamesmead, London, SE280AB, England.

Promega Sciences, 2800 Woods Hollow Road Madison WI 5371, U.S.A.

Roche Diagnostics Ltd., Bell Lane, Lewes, East Sussex, BN7 ILG, England.

Rocol Ltd, Rocol House, Wakefield Road, Swillington, Leeds, LS268BS, England.

Sanyo-Gallenkamp Ltd., Monarch Way, Loughborough, LEI 15XG, England.

Sarstedt Ltd., 68 Boston Road, Beumount Leys, Leicester, LE41AW, England,

Sartorius AG Ltd., 94-108 Weender Landstra^e, D-37075 Goettingen, Germany.

Scanalytics Inc. 8550 Lee Highway, Suite 400, Fairfax, VA 22031, USA.

Sigma-Aldrich Company Ltd., The Old Brickyard, New Road, Gillingham, Dorset, 

SP84XT, England.

Swann-Morton Limited, Owlerton Green, Sheffield, S62BJ, England.
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Thermo Labsystems, Thermo Labsystems Oy, Ratastie 2, P.O.Box 100, Vantaa, 01620, 

Finland.

Vector Laboratories Inc., Burlingame, CA94010, U.S.A.

Whatman International Ltd., Whatman House, St. Leonard’s Road, 20/20 Maidstone, 

Kent, ME160LS, England.
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