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VI  Abstract

Deposition of -amyloid around neurons is a neuropathological hallmark of
Alzheimer’s disease. The aim of this study was to investigate the cellular and molecular
mechanisms underlying -amyloid-mediated cell death in cultured cortical neurons. B-
amyloid evoked a differential timeframe of activation of specific isoforms of the stress-
activated protein kinases, c-jun-N-terminal kinase. To delineate the respective roles of c-
jun-N-terminal kinase isoforms in [-amyloid-mediated cell death, antisense
oligonucleotide technology was used. The results demonstrate that c-jun-N-terminal
kinase 1 is the principal isoform involved in B-amyloid-mediated activation of caspase-3
and DNA fragmentation. c-jun-N-terminal kinase 1 also stabilised the tumour suppressor
protein, p53, via phosphorylation at serine-15. The p53 inhibitor, pifithrin-a, reduced the
-amyloid-mediated increase in expression of pro-apoptotic Bax, activation of caspase-3,
cleavage of the DNA repair enzyme, poly (ADP) ribose polymerase, and subsequent
DNA fragmentation, indicating that f-amyloid, at least in part, arbitrates neuronal cell
death in a p53-dependent manner. -amyloid increased Bax and pS3 expression at the
mitochondria. The increased mitochondrial association of Bax and p53 coincided with
release of mitochondrial cytochrome ¢ to the cytosol suggesting that these proteins play a
role in P-amyloid-mediated regulation of the mitochondrial membrane. A particularly
exciting discovery was the observation that 3-amyloid promoted the association of Bax
and p53 with lysosomes. The association of these proteins with lysosomes coincided with
an alteration in lysosomal integrity. Pifithrin-o attenuated the [-amyloid -mediated
increase in cytosolic activity of the lysosomal protease, cathepsin-L, suggesting a novel
mechanism whereby pS53 may contribute to destabilisation of lysosomal membranes and
promote leakage of lysosomal constituents.

An increase in intracellular calcium concentration was induced by f-amyloid and
this influx of calcium was attenuated by treatment with the L-type voltage dependent
calcium channel blocker, nicardipine. Nicardipine reduced the B-amyloid-mediated

increases in c-jun-N-terminal kinase activity, pS3 stabilisation, cathepsin-L activity,

XV



caspase-3 activation, and DNA fragmentation. These results emphasise the importance of
the L-type calcium channel in the $-amyloid-neurodegenerative cascade.

-amyloid increased mRNA expression of the pro-inflammatory cytokine, tumour
necrosis factor-o, and the associated transcription factor, nuclear factor-kappaB,
demonstrating that B-amyloid elicits a local inflammatory response in cultured neurons.
Analysis of the effects of the pro-inflammatory cytokine, interleukin-1f, on mRNA
expression revealed an increase in mRNA expression of pro-apoptotic Bax and caspase-3,
and anti-apoptotic Bcl-x1, demonstrating that pro-inflammatory signals in neuronal cells
may favour the occurrence of apoptosis in these cells.

The data presented in this study demonstrates the diverse signalling pathways
regulated by PB-amyloid in cultured cortical neurons. Inhibition of various proteins
involved in B-amyloid-mediated cell death resulted in a reduction in neurodegeneration
and offers insight for potential targets which may aid prevention of the neuronal

degeneration characteristic of Alzheimer’s Disease.
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Chapter 1

General introduction.




1.1 Alzheimer’s Disease (AD): Clinical Characteristics

Alzheimer’s disease (AD) is a progressive neurodegenerative disease clinically
characterised by an irreversible loss of cognitive function, associated with impairment in
activities of daily living, mental and physical deterioration with progressive behavioural
disturbances, and ultimately by death. There are three main stages in the progression of
Alzheimer’s disease, with rate of disease progression varying from individual to
individual. In the mild stage a person begins to lose short-term memory. The final stages
of the disease are marked by severe cognitive decline with mental emptiness and loss of
control of all bodily functions (Goldman and Coté, 1991). AD is the most common form
of dementia accounting for over 60% of all dementia cases. Dementia denotes a
progressive decline in mental function, memory, and in acquired intellectual skills
(Goldman and Coté, 1991). Dementia can result from many causes, and is not by itself
diagnostic of a specific disease. There are nearly 18 million people with dementia in the
world, with over 700,000 people being affected in the UK and over 33,000 people
suffering from dementia in Ireland (Alzheimer’s Association of Ireland). It is estimated
that 1 in 10 people over 65 and almost half of those over 85 have AD. AD is becoming
more common in developed nations as average human life expectancy continues to

increase.

1.2 Pathology of AD

The first case of AD was diagnosed by the Bavarian psychiatrist Alois Alzheimer
in 1907 when he used the Bielschowsky silver staining technique to identify ‘dense
bundles’ of neurofibrils and the ‘deposition of a peculiar substance in the cerebral cortex
and hippocampus’ of the autopsy brain of a 51 year old woman. Today, the major
histopathological hallmarks diagnostic of AD include synaptic dysfunction, nerve cell
loss primarily in the cerebral cortex, the hippocampus, and the amygdala, and two kinds
of deposits, senile plaques and neurofibrillary tangles (Selkoe, 1991). Senile plaques are
roughly spherical complex extracellular deposits within the neuropil, composed of a

central core containing beta-amyloid (Ap) protein surrounded by activated microglia,



astrocytes, dystrophic neurites and cellular debris. Neurofibrillary tangles (NFT) consist
of intraneuronal bundles of abnormal filaments composed of paired helical filaments
(PHF), the major component of which is tau protein (Selkoe, 1995). Tau protein is
normally associated with microtubules and functions in the stability of the neuronal
cytoskeleton. However, abnormal phosphorylation of tau leads to a destabilisation in tau
binding to tubulin, and promotes PHF and NFT formation due to aggregation of the
abnormally phosphorylated tau (Hashiguchi ez al., 2000).

There has been much debate as to which of the hallmarks of AD, senile plaques or
neurofibrillary tangles appear first in the disease. Some groups have proposed that hyper
phosphorylation of tau precedes plaque formation in AD brain (Su ez al., 1994a; Pope et
al., 1994) and the appearance of neurofibrillary tangles has been demonstrated to
correlate spatially and temporally with Alzheimer's disease severity (Braak and Braak,
1991). However, over the last 5-10 years the ‘amyloid hypothesis’ of AD had gained
acceptance. According to the amyloid hypothesis, accumulation of AP in the brain is the
primary influence driving AD pathogenesis. The formation of neurofibrillary tangles,
containing tau protein is proposed to result from an imbalance between A production
and AP clearance (Hardy and Selkoe, 2002). Evidence that AP deposition precedes
neurofibrillary tangle formation in AD is provided by the following observations.
Mutations in the gene encoding tau protein cause frontotemporal dementia with
parkinsoniam (Hutton et al., 1998). This disease is characterized by severe deposition of
tau in neurofibrillary tangles in the brain, but no deposition of amyloid. This
demonstrates that profound neurofibrillary tangle formation leading to neurodegeneration
is not sufficient to induce formation of the amyloid plaques characteristic of AD,
providing evidence that the neurofibrillary tangles of wild-type tau seen in AD brains are
likely to be deposited after changes in A} metabolism and plaque formation rather than
before (Hardy et al., 1998). In addition, transgenic mice overexpressing both mutant
human APP and mutant human tau undergo increased formation of tangles as opposed to
mice overexpressing tau alone, whereas the structure of amyloid plaques remained
unaltered (Lewis et al., 2001). This finding indicates that altered processing of APP
protein precedes alterations in tau in the pathological cascade of AD. Development of
amyloid deposits in the AD brain can be catergorised into three stages (A-C). Amyloid

deposition initially develops in poorly myelinated areas of the basal neocortex (Stage A),
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spreading to the adjoining areas of the hippocampus, neocortex archicortical areas and
amygdala (Stage B), until finally populating the entire cortex (Braak and Braak, 1997,

see Figure 1.1).

Shaded areas represent areas
of amyloid deposition

Stage C

Figure 1.1 Stages of development of amyloid plaques in AD brain; Braak and Braak, 1997

1.3 Mutations in AD

AD can be divided into two subgroups, based on inheritance and mean onset age of the
disease. The majority of AD cases are non-inherited and have a late mean age of onset,
and are thereby classified as sporadic late-onset AD. The other form of AD is inherited
and has an early mean age of onset, and is classified as familial early-onset AD (FAD).
FAD is rare, being responsible for less then 10% of all cases of AD (Gandy et al., 2000).
FAD is associated with specific mutations of 3 particular genes (see Table 1.1). Initial
attempts to understand the role of genetics in AD carried out in the 1980s demonstrated

significant linkage of early onset FAD to chromosome 21. The gene encoding the



amyloid precursor protein (4PP) is found on chromosome 21 and so this made APP a
candidate gene for AD mutations. The first APP mutation was discovered in 1990 (Goate
et al., 1991). Since then, 11 different pathogenetic mutations have been identified in APP,
all of which are missense mutations lying within or close to the domain encoding the Af
peptide (Tanzi and Bertram, 2001). All APP mutations lead to increased production of
either total AP or a specific AB isoform (Selkoe, 1994). In addition, APP mutations
internal to the AP sequence heighten the self-aggregation of AP into amyloid fibrils
(Wisniewski et al., 1991). Down’s Syndrome sufferers who inherit an extra copy of
chromosome 21, and therefore an extra copy of the APP gene, develop AD pathology if
they live past 40, providing further support for the role of APP in early development of
AD (Armstrong, 1994). However, mutations in APP account for less than 0.1% of all AD
cases (Tanzi, 1999).

Chromosome | Gene defect | AD subtype | Effect on AP | Associated
phenotype age of onset
gl BAPP FAD Production of total | 50s
mutations AP peptides or AP;.
42 peptides
14 Presenilinl FAD Production of AB;.4; | 40s and 50s
mutations peptides
1 Presenilin 2 FAD Production of AB;.4; | 50s
mutations peptides
19 ApoE4 Sporadic Density of AP | 60s and older
polymorphism | FAD plaques and vascular
deposits

Table 1.1 Genetic factors predisposing to Alzheimer’s Disease (Selkoe, 2001)

The second and third AD genes identified were presenilinl(PS1) and presenilin2(PS2)
found on chromosome 14 and 1, respectively (Selkoe, 2001). These genes encode for
highly homologous, multitransmembrane proteins which are predominantly localised

within the endoplasmic reticulum, and to a lesser extent in the Golgi compartment



(Walter et al., 1996). The precise functions of presenilins within the cell is unknown but
it has been suggested that PS1 and PS2 play a role in neurite outgrowth (Dowjat et al.,
1999). More than 90 missense mutations identified to date in PS1 and at least 6 in PS2
cause the most aggressive forms of familial AD yet recognised, with some PS1 mutations
producing symptoms of dementia as early as in the twenties (Selkoe, 2002). All AD-
causing PS mutations expressed to date in transgenic mice or cell culture models increase
the production of the AB;.4> form of AP (Selkoe, 2002). Together mutations in these two
genes account for about 30 % of all FAD cases but only 2-3% of all AD cases.

The majority (>90%) of AD cases are late onset sporadic AD, not related to any
single gene mutation. The etiology of sporadic AD is complex due to interactions
between environmental conditions and genetic features of the individual. Individuals
containing one or two E4 alleles of the apoE gene are predisposed to late onset
Alzheimer’s disease (Dekroom and Armati, 1994). ApoE is a major serum lipoprotein
that is involved in regulation of cholesterol metabolism in the body by binding to
lipoproteins and mediating transport of lipids to and from the bloodstream. In the brain,
apoE is thought to be involved in membrane remodelling by mobilizing and redistributing
cholesterol and phospholipids. It has been shown to be critical in deposition of
AP peptide in transgenic mice overproducing APP (Raber et al., 1998). Humans
expressing apoE4 show no overall increase in AP production, it is therefore thought that
the inheritance of apoE4 may leads to a rise in the steady-state levels of A in the brain,
by decreasing its clearance from the brain’s extracellular space or by enhancing the
fibrillogenic potential of AB (Schmechel ez al., 1993; Holtzman et al., 2000). Despite its
established association, the apoFE4 allele is neither necessary nor sufficient to cause AD,
but instead operates as a genetic risk modifier by decreasing the age of onset in a dose-
dependent manner (Blacker et al, 1997; Meyer et al., 1998).

Several other putative genetic risk factors for sporadic AD which lead to
increased production of AP} have been reported, including a2-macroglobulin encoded by
two genes on chromosome 12 (Blacker et al., 1998), and insulin degrading enzyme

encoded by the IDE gene on chromosome 10 (Selkoe, 2001).



1.4 AD and Environmental factors

Several environmental risk factors have been implicated in development of late-
onset AD including head injury, increased concentration of aluminium in drinking water,
alcohol abuse, early or late parental age and vascular risk factors such as high cholesterol
(Richard and Amouyel, 2001). Several protective factors have also been associated with a
decreased risk for AD development including high education level, antioxidants such as
vitamin C, E, and B12, hormone replacement therapy in women, polyunsaturated fatty
acids, moderate wine consumption and use of anti-inflammatory drugs (Nourhashemi et
al., 2000, Richard and Amouyel, 2001). It is becoming increasingly clear that multiple
environmental and genetic determinants interacting throughout life are likely to create

susceptibility to sporadic late-onset Alzheimer's disease.

1.5 The Biogenesis of B-amyloid

AP, the 40-42 amino acid peptide which is the major constituent of the senile
plaques associated with Alzheimer’s disease (Selkoe ef al., 1991) is formed during
constitutive proteolytic processing of its precursor protein, BAPP, that is encoded by a
gene on human chromosome 21 (Kang ef al., 1987). Amyloid precursor proteins are a
family of type 1 integral membrane proteins (Haass and Selkoe, 1993). It has been shown
that in the brain a proportion of APP is present on the cell surface, and although the exact
function of APP is still unknown it is proposed that this cell surface APP mediates the
transduction of extracellular signals into the cell (Perez et al., 1997). In addition, there is
a considerable amount of evidence to indicate a role for APP in promoting neuronal
survival. Exogenously added APP has been demonstrated to protect primary neuronal
cultures and cell lines from a range of toxic insults including hypoglycemia, glutamate
excitotoxicity or AP toxicity (Schubert and Behl, 1993; Mattson et al., 1993a; Goodman
and Mattson, 1994). The protective effect of APP is thought to occur by lowering
intracellular calcium ([Ca*'];) levels (Mattson, 1993b). The amino-terminus of the Ap
peptide is located 99 residues proximal to the carboxy-terminus of APP (see Figure 1.2)

and extends into the membrane-spanning domain (Howlett ez al., 2000). Thus, proteolytic



cleavage occurs at both the amino- and carboxy-termini of the Af domain within BAPP

to yield the AP peptide.
Intracellular:Extracellular
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Figure 1.2 Structure of Amyloid Precursor Protein

The three key BAPP processing steps are mediated by enzymes referred to as a, 3
and y-secretase (Tischer and Cordell, 1996). Figure 1.3 represents the pathways involved
in normal and pathological processing of BAPP. BAPP is cleaved by a and f3 secretases,
thereby shedding the large ectodomain and producing membrane anchored 83- and 99-
amino acid carboxy terminal fragments (CTF83 and CTF99) with release of soluble
derivatives of the protein termed a-APPs and B-APPs (Selkce ef al., 1994). a-APPs are
known to be neuroprotective and have been demonstrated to protect against ischemic
brain injury (Smith-Swintosky et al., 1994) and to protect hippocampal neurons from
oxidative injury (Goodman and Mattson, 1994). The generated CTF83 and CTF99
fragments can serve as substrates for y-secretase, which apparently cleaves within the
transmembrane domain of the BAPP, to form the 40-42 amino acid AP peptide from
CTF99 and an amino-terminal truncated non-pathological fragment of AP, p3, from
CTF83 (Haass et al., 1992). AB peptides are normal products of cellular matabolism with
roughly 90% of A being the 1-40 form of the peptide and 10% being the 1-42 variant.
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Figure 1.3 Cleavage of APP by a, 3, and y-secretase; adapted from Wolfe et al., 1999



While AP.4; is less soluble and more amyloidogenic than AB;.4 form of the

peptide, neuritic plaques contain both forms of the peptide (Selkoe, 2001).

The disintegrin metalloproteinases ADAM 10 and ADAM 17 can serve as o-
secretases for APP (Brown et al., 2000; Buxbaum ez al., 1998). In 1999 an enzyme
denoted Beta site APP cleaving enzyme 1 (BACE 1) was identified as B-secretase
(Vassar et al., 1999; Yan et al., 1999). This enzyme is an aspartic protease, which cleaves
APP 16 amino acids amino-terminal to the o-secretase site generating CTF99. The
identity of the y-secretase protease remains elusive, however it has been demonstrated to
display some of the properties of an aspartyl protease (Wolfe et al., 1999a). PS1 and PS2
have been established to be critical for y-secretase action. For example, it has been
reported that in primary fibroblast cultures from PS1 knockout mice, carboxy-terminal
fragments that are normally processed by vy-secretase were increased and that
subsequently AP production was dramatically reduced (De Strooper et al., 1998). Two
TM aspartases in PS1 have been identified that are critical for y-secretase function (Wolfe
et al, 1999b). Some reports suggest that the presenilins function as y-secretases (Wolfe et
al., 1999a, Satoh et al., 2001). However, this hypothesis remains controversial and
further experimentation will need to be carried out in order to clarify the exact role of the

presenilins in the genesis of the AP peptide.

1.6 AB and Neurotoxicity

According to the amyloid hypothesis of AD, AP generation, aggregation and
deposition are decisive events in AD pathogenisis, resulting in severe neuronal
degeneration and loss of synaptic density (Mcgeer and Mcgeer, 2001). The neurotoxic
properties of AP are proposed to underlie AD. Early experiments in vitro in primary
cultured cortical neurons (Yanker er al., 1989) along with experiments in vivo in rat
cerebral cortex (Kowall et al., 1991) demonstrated the toxic nature of AP to neurons. The
toxicity of AP has been demonstrated to reside on amino acids 25-35 of the AP fragment
(Pike et al., 1995). It was originally thought that it was necessary for Af to be aggregated

into fibrils to display toxicity (Pike et al., 1991). However, AP peptides can exert toxicity



before fibril formation and evidence from a number of recent reports has demonstrated
that soluble oligomers of A} may be responsible for the synaptic dysfunction observed in
the brains of patients with AD (Maclean et al., 1999). A recent study has demonstrated
that soluble oligomers of AP} are neurotoxic and lead to inhibition of LTP in hippocampus
(Walsh, 2002).

The mechanisms of AP toxicity have been a major focus of AD research for the past
decade and are thought to involve a combination of three main causes — dysregulation of
calcium (Ca®") homeostasis, generation of reactive oxygen species resulting in oxidative
stress and neuroinflammation (Mattson et al., 1993a; Storey and Cappai, 1999). Studies
are ongoing to identify the downstream mechanisms arising from these three causes,
which culminate in either neuronal apoptosis or necrosis and the main objective of this
study is to further investigate the molecular and cellular events occurring as a result of
neuronal exposure to AB. A brief summary outlining the known effects to date of Af on
Ca”" homeostasis, oxidative stress and inflammation is presented in the following

sections.

1.6.1 AP and disruption of cellular Ca*" homeostasis

Ca”™" is one of the most ubiquitous intracellular messengers transmitting cellular
messages in a wide variety of cell types. An elaborate system maintains the
intercytoplasmic concentration of Ca®" at 50 — 200 nM despite an extracellular Ca™
concentration of 1-2 mM. The resting intracellular calcium concentration ([Ca2+]i) is kept
low by a combination of ATP-dependent Ca** pumps in the plasma membrane and in
membranes of Ca®" stores such as the mitochondria and endoplasmic reticulum, as well
as by plasma membrane Na’"-Ca*" exchangers and cytosolic Ca®’ binding proteins
(Mattson et al., 1993b). Ca®" enters the cell through either voltage-dependent Ca®
channels or ligand-gated Ca>* channels (Zamani and Allen, 2001).

AP toxicity involves a dysregulation of Ca’" homeostasis resulting in increased
[Ca’']; (Pascale and Etcheberrigaray, 1999). This alteration in regulation of Ca*’
homeostasis is proposed to be the underlying mechanism of Af-mediated neurotoxicity

(Mattson et al., 1993b). Neurons that are unable to keep intracellular Ca’" concentrations
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within a certain range are rendered vulnerable. Potential mechanisms for AB-induced
dysregulation of [Ca®"]; involve an AB-mediated increase in Ca** influx through voltage-
gated Ca”'channels (VDCCs; MacManus ef al., 2000), formation of a cation-selective ion
channel after APB-peptide incorporation into the cellular membrane (Mirzabekov et al.,
1994) or triggering of intracellular store release of Ca®" (He et al., 2002). Intracellular
Ca”" stores and putative AB-formed Zn®>* dependent channels were recently reported to
constitute 25.1 % and 13.9 % respectively of the contribution of AP to increased [Ca2+]i,
while VDCCs were found to account for 61 % (He at al., 2002).

One of the principal routes for Ca”* entry into the cell is via the VDCCs. VDCCs
are classified by the characteristic properties of the single channel activity as determined
by electrophysiological patch clamp studies. They are a diverse group of multi subunit
proteins containing 4-5 distinct subunits. They are composed of a pore-forming subunit
(o) of about 190-250 kDa and several auxillary units including o, and 8 subunits joined

by a disulphide bridge (Figure 1.4; Takahashi et al., 1982)

Extracellular

Cytoplasmic

Figure 1.4 Substructure of VDCC. Y denotes areas of N-linked glycosylation; P denotes
cAMP-dependent protein kinase phosphorylation sites.

In mammalian central nervous system (CNS) neurons, there is a clear distinction
between low-conductance channels activated by moderate depolarisations of the plasma
membrane (low voltage-activated, LVA) and high conductance channels activated by

large depolarisations of the plasma membrane (high-voltage activated, HVA)
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| transients
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| release
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Q HVA o (brain) ? Nerve terminals Dendrites | No specific blockers - Neurotransmitter
Agatoxin IVA release
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R ; HVA/LVA oy (brain) ? Cell bodies Dendrites None known Neurotransmitter
| release
oo LVA oG 8 No specific blockers Repetitive firing

ey Ni*", octanol, amiloride,
| carbamazepine,
I phenytoin.




(Dolphin et al., 1995). Members of the LVA Ca”" channels include the T - and R- type
channels. These channels generally have a low single-channel conductance of Ca®*", of
about 7-8 pS (Droogmans and Nilius, 1989). Members of the HVA Ca*" channels include
the L-, N-, P, and Q- type channels. The HVA Ca**channels typically have a high single
channel conductance for Ca®" ranging from 10-24 pS (Nilius et al., 1985). Table 1.4
demonstrates the properties of different channel subtypes. The main factor which defines
the different calcium currents is which a; subtype is included in the channel complex. In
most neurons, L-type Ca’" channels contain oc or oy subunits. Association with
different B subunits also influences a channel gating substantially, allowing for diversity
between Ca®" channels in neurons (Caterwall, 1998). While the L-type Ca”" channels are
found in virtually all excitable tissues and in many non-excitable cells, the N-type and P-
type channels are largely restricted to neurons. There are three major types of channel
blockers — inorganic compounds, organic compounds including benzothiazepines and
dihydropyridines (DHP) and peptides-venoms. Long closures of the L-type Ca”" channel
are brought about by DHP antagonists and they are thought to promote channel
inactivation. In contrast, N type calcium channels are insensitive to DHP but are potently
and irreversibly blocked by m-conotoxins, in particular the w-conotoxin GVIA, a toxin
derived from the cone shell mollusc Conus geographus (Uchitel, 1997).

Previous work carried out in this laboratory demonstrated that the Aj.4o-
mediated increase in influx of Ca®" in rat cortical synaptosomes occurred via activation
of the L- and N- type of VDCCs (MacManus et al., 2000). Additionally, AB-mediated
augmentation of the L-type VDCCs has been reported in a variety of cell types including
PC12 cells and cultured neurons (Green and Peers, 2001; Ueda et al., 1997). In this

thesis, the role of the L-type VDCC in Af-mediated events was examined.

1.6.2 AP and oxidative stress

The first evidence that oxidative stress might be involved in A toxicity was the
observation that vitamin E and other lipophilic antioxidants rescue neuronal cell lines
from AB-induced neurotoxicity (Behl ez al., 1992). A build up of reactive oxygen species

is detectable in cells exposed to AP and this generation of free radicals results in lipid
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peroxidation and protein oxidation rendering the cell more susceptible to death
(Butterfield et al., 1999). Under normal conditions, damage by oxygen radicals is kept in
check by antioxidant systems, however oxidative damage occurs when the oxidative
balance 1s disturbed such that reactive oxygen species exceeds the cellular antioxidant
defenses. The brain is particularly vulnerable to oxidative stress, having low levels of
catalase enzyme. This enzyme functions to break down hydrogen peroxide (H,0,) into
water (H,0) and oxygen (0,) thus preventing the generation of free radicals (Davis et al.,
1996). Neurons in particular are vulnerable to attack by free radicals due to the fact that
their glutathione content, an important natural antioxidant, is low and the fact that their
membranes contain a high proportion of polyunsaturated fatty acids (Christen, 2000). The
oxidative damage found in AD includes advanced glycation end products, nitration, and
lipid peroxidation adduction products. AP has been demonstrated to contribute to
oxidative damage in a number of ways. Iron, in a redox active state, is increased in
amyloid deposits (Smith et al., 1994). Iron catalyses the formation of hydroxl radicals
("OH) from H,0, as well as producing damaging advanced glycation end products.
Another method by which AP generates free radicals is through activation of microglia
which are a source of NO and O;" (Meda ez al., 1995). In addition, AP can bind the
receptor for advanced glycation end products (RAGE) to increase production of reactive
oxygen (Yan et al., 1996). In vivo findings that oxidative damage occurs in areas of the

brain rich in senile plaques supports the pro-oxidant potential of AB (Smith ez al., 2002)

1.6.3 AP and inflammation

Chronic long term neuroinflammation is a prominent feature in AD pathology
(Giometto et al., 1988). The general hypothesis of inflammation in AD is that Af3 leads to
activation of glial cells, activated glial cells then lead to production of cytotoxic agents
including pro-inflammatory cytokines such as interleukin-1§ (IL-1f3; McGeer and
McGeer, 2002). IL-1B in turn, in combination with IFNy, can positively influence the
production of additional AP by supporting -secretase cleavage of the immature APP
molecule (Blasko er al., 2000). In addition, activated microglia create more damage by
contributing to formation of reactive oxygen species (Moore and O’ Banion, 2002). This

demonstrates the strong link that exists between the processes of inflammation and
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oxidative stress in AD. Production of reactive oxygen species is also known to amplify
microglial generation of the pro-inflammatory cytokine, interleukin-1p3 (IL-1p; Kasama
et al., 1989). Increased protein levels of the proinflammatory cytokines IL-1[3, tumour
necrosis factor-o. (TNF-a) and interleukin-8 (IL-8) have been detected in the culture
media of human microglia following exposure to AP (Lee et al., 2002; Meda et al.,
1995). It is important to note that inflammation-related changes in AD brain may also be
important in maintenance of function and repair of damage. Many cytokines have been
shown to have protective roles, for example, the anti-inflammatory cytokine, IL-10, is
thought to promote cell survival and also limit inflammation in the brain by reducing
synthesis of proinflammatory cytokines, and suppressing cytokine receptor expression
(Strle et al., 2001). In addition, the anti-inflammatory cytokines IL-10, IL-4 and IL-13
have been demonstrated to suppress Ap-induced production of pro-inflammatory
cytokines TNF-o. and IL-1PB (Szczepanik er al., 2001). Further investigation into the
functions of such immune modulating cytokines in the brain may lead to a better
understanding of the mechanisms by which a balance of pro-inflammatory and anti-
inflammatory cytokines is achieved in the brain and lead to development of therapeutic

strategies involving the stimulation of inhibitory cytokine pathways.
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1.7 AB and apoptosis

Apoptosis is the genetically mediated mechanism by which individual cells
orchestrate their own demise in normal and diseased tissues (Kerr et al., 1972). It is an
active process requiring gene transcription and synthesis of specific message RNA
molecules (Staunton et al., 1998). Necrosis, in contrast is a passive pathological event,
which frequently arises from insult or trauma to cells (Behl, 2000). In necrosis no new
gene transcription is required. Necrotic cells swell and burst, spilling their contents over
neighbouring cells causing a damaging inflammatory response (Raff, 1998). Conversely,
apoptosis is characterised by shrinkage of cell, membrane blebbing and chromatin
condensation, leading to DNA fragmentation into apoptotic bodies (Behl, 2000). These
apoptotic bodies are rapidly phagocytosed by neighbouring cells, before there is any
leakage of their contents and thus avoiding an inflammatory response in apoptotic tissue
(Williams and Smith, 1993). Apoptosis occurs in all cells as part of normal cellular
turnover (Raff, 1998). It is crucial during development and afterwards for maintaining the
balance between cell death and cell growth. Apoptosis can be triggered by internal or
external stimuli (Blatt and Glick, 2001). External stimuli include binding of death signals
such as Fas to death receptors, DNA damage due to chemotherapeutic drugs, generation
of oxidative stress, and sustained increase in [Ca®"]; (Raff, 1998).

Apoptosis can be divided into three main stages (Kreomer, 1997). In the first
stage the cell receives an apoptotic stimuli. In the second stage of apoptosis, the cell
integrates the various signals and may, or may not, commit to apoptosis (Blatt and Glick
2001). The final stages (known as the post-mortem phase) involve the activation of a
common degradative signalling pathway which triggers the morphological features
characteristic of apoptosis (Kreomer, 1997). Apoptosis is identified using biochemical
methods which detect key events of apoptosis (Behl, 2000). One hallmark of apoptosis is
cleavage of intranucleosomal DNA into 180 base pair fragments (bp) yielding the
characteristic laddering pattern seen on agarose gels. This DNA fragmentation can also
be detected using in situ labelling techniques such as TDT-mediated-UTP-end nick
labelling (TUNEL) to identify the DNA breaks of apoptotic cells.

It was first proposed that apoptosis participates in the neuropathology of AD by

Su et al (1994b) when evidence of DNA fragmentation and shrunken cell bodies in
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neurons in AD brain was observed. Today the involvement of apoptosis in AD remains
controversial with some reports suggesting the primary route to neuronal cell death in
AD involves necrosis not apoptosis. In support of a role for apoptosis in AD pathology,
increased expression of apoptosis-related proteins, including Bax and caspase-3, have
been demonstrated to colocalise with DNA fragmentation in AD brain (Su et al., 1997;
Masliah et al., 1998). Exposure to AP peptide has been demonstrated to directly induce
apoptosis in vitro (Forloni et al., 1993; Loo et al., 1993). Furthermore, increased DNA
damage and caspase activity, along with alterations in expression of apoptosis-related
genes such as Bcl-2 family members, and DNA damage response genes, such as p53,
have been found in neurons associated with amyloid deposits in the brains of AD patients
(Su et al., 1994; Masliah et al., 1998; De la Monte et al., 1997). Many signals can trigger
apoptosis in neurons and the combined effects of increased Ca*" influx, oxidative stress
and production of an inflammatory response are thought to be among the factors leading
to induction of AB-mediated apoptosis in AD (McGeer and McGgeer, 2003; Ekinci et al.,
2000). The main focus of this thesis is to characterise apoptotic mechanisms occurring
downstream of these initiating events following treatment of cortical neurons with Ap.
The next section will describe the involvement of proteins which are integral to execution

of apoptosis.

1.8 The apoptotic pathway

1.8.1 Cytochrome ¢

Mitochondria are suggested to be integrators of apoptotic stimuli; dysregulation of
mitochondrial function causes the sequential reduction of transmembrane potential and
generation of reactive oxygen species (Zamzami et al., 1995). When the mitochondrial
membrane is compromised cytochrome c is released. This protein normally resides in the
space between the outer and inner membranes of the mitochondria, where it is
responsible for electron-transport processes in the mitochondria (Reed, 1997). Once in
the cytoplasm however this protein takes on a different function (Raff, 1998), where it

binds to an adaptor molecule known as apoptosis protease activating factor 1 (apafl), in
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the presence of ATP, and thus activates the inactive precursor, procaspase-9, to its active
form. This leads to initiation of a caspase cascade culminating in activation of pro-
caspase-3 to its active form (Li et al., 1997). This series of reactions is known as the
mitochondrial pathway of caspase-3 activation. Cytochrome c¢ release from the
mitochondria has been shown to accompany apoptosis in every circumstance and cell line

where it has been studied (Reed, 1997).

1.8.2 Bcl-2 proteins

The Bcl-2 (B-cell leukaemia/lymphoma 2-like proteins) family of proteins, of
which 20 members have been identified to date includes members that inhibit apoptosis
(Bcl-2, Bel-x1, Mcl-1, Al, Bagl) and members that promote apoptosis (Bax, Bak, Bad,
Bid, Bik, Bcl-xs; Korsmeyer S, 1999; Minn et al., 1998). These cytosolic proteins are key
regulators of cell apoptosis by virtue of their ability to regulate the integrity of the outer
mitochondrial membrane (Korsmeyer, 1995). The members contain up to four conserved
motifs known as Bcl-2 homology domains (BH1-4; Adams and Cory, 1998). The anti-
apoptotic members contain all 4 domains, while the pro-apoptotic members possess
between 1 and 3 domains. These proteins play a central role in controlling the
mitochondrial pathway. They can localise or translocate to the mitochondrial membrane
and modulate apoptosis by permeabilistion of the inner/outer membrane resulting in
cytochrome-c release or stabilising barrier function (Herr and Debatin, 1998). Bcl-2
family members can form homo- and heterodimers through BH domain interaction and
thus titrate each others function (Thornberry et al., 1997). This suggests that the relative
ratio of pro- and anti-apoptotic members determines whether a cell will live or die.
Heterodimerisation is not a requirement for the function of these proteins.

Pro-apoptotic Bax is a cytosolic protein until stimulated by an apoptotic signal
when a change in conformation of the protein allows it to translocate to the mitochondrial
membrane (Ng and Shore, 1998). Bax is thought to facilitate release of cytochrome ¢ by
the formation of tetrameric channels in the mitochondrial membrane (Narita e al., 1998)
The anti-apoptotic proteins, Bcl-2 and Bcl-x1 reside on the cytoplasmic face of the outer
mitochondrial membrane (Blatt and Glick, 2001). Bcl-2 is also localised to the

endoplasmic reticulum and nuclear membranes (Wolter et al., 1997). One method by
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which Bcl-2 and Bcl-x] act to prevent apoptosis is to bind to and sequester Bax,
preventing its translocation to the mitochondrial membrane (Mahajan et al., 1998).
Changes in levels of expression of the Bcl family of proteins have been reported in Ap-

mediated apoptosis (Tortosa et al., 1998; Zhang et al., 2002).

1.8.3 Caspase Cascade

The main executioners of apoptosis are a family of cysteine proteases called
caspases (Thornberry and Lazebnik, 1998). These enzymes participate in a cascade in
response to pro-apoptotic signals and bring about cleavage of certain proteins resulting in
disassembly of the cell. Caspases were first identified as effectors of apoptosis when
studies carried out on the nematode Caenorhabditis elegans (C. elegans) led to discovery
of a gene required for cell death (ced-3; Raff, 1998). The human homolog of this gene is
interleukin 1-B-converting enzyme (ICE/Caspase-1). Caspase-1 was the first identified
member of this large family of proteases, of which 14 are known to date, whose members
have distinct roles in inflammation and apoptosis. Members of the caspase family
function as either effectors of apoptosis (cell disassembly) and initiators (initiation of this
disassembly; Thornberry and Lazebnik, 1998). Oxidative stress, ultraviolet light, x-rays,
and chemotheraputic drugs are known stimuli that activate early phase initiator caspases
such as caspase-8, -9 and —10, which proceed to activate executioner caspases such as
caspase-3, -6, and —7 (Hofmann, 1999). Caspases are synthesised as inactive pro-
enzymes (pro-caspases) mainly in the cytosol. The protein is activated by cleavage at two
aspartic acids. The pro-domain is discarded and the large and small subunits form the
active enzyme (see Figure 1.5). Activated caspases consist of two large and two small
subunits (Raff, 1998). Caspases are extremely specific proteases, cleaving only after an

aspartate residue in the substrate.
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Figure 1.5 Activation of a caspase (adapted from Raff, 1998)

Caspases employ a number of mechanisms to execute apoptosis. One role of the
caspases 1s to inactivate proteins that protect living cells from apoptosis. An example of
this i1s cleavage of Bcl-2 proteins by caspases. Cleavage of Bcl-2 causes inactivation of
the anti-apoptotic function of these proteins (Adams and Cory, 1998). Caspases also
contribute to apoptosis by disassembling cell structures such as lamina and fodrin, or by
cleavage of DNA repair enzymes such as poly (ADP)-ribose polymerase (PARP).
Caspase proteins also contribute to apoptosis through reorganisation of the cell structure
by cleaving proteins involved in regulation of the cytoskeleton (Kothakota ez al., 1997).

The effector caspase, caspase-3 is a key executioner of apoptosis in mammalian
cells. Activation of caspase-3 involves cleavage of the 32-kDa inactive precursor protein
to the hererodimeric form (17 kDa and 12 kDa; Slee ef al., 1999). Caspase-3 can be
activated in a number of ways. As mentioned above the mitochondrial pathway of
caspase-3 activation involves cleavage of pro-caspase-3 by a complex termed an
apoptosome, consisting of caspase-9, Apaf-1, cytochrome ¢ and dATP. In addition,
caspase-3 is activated by the initiator caspase, caspase-8. Caspase-8 exists in an active
form coupled to death receptors for TNF-a and Fas ligands. Activation of these death
receptors leads to sequential activation of caspase-8 and caspase-3 (Schmitz et al., 2000).
Cleavage and thus activation of caspase-3 is also reported to occur by the lysosomal
protease cathepsin-L (Ishisaka et al., 1999). Expression levels of caspase-3 is increased in

AD (Shimohama et al., 1999; Stadelmann et al., 1999) and several studies carried out in



vitro have demonstrated increased activity of caspase-3 in AB-treated neurons (Suzuki,

1997, Selznick et al., 1999).

1.8.4 Poly (ADP)-Ribose Polymerase (PARP)

The DNA repair enzyme, poly (ADP)-ribose polymerase (PARP), is a vital substrate of
caspase-3. PARP maintains cell survival by facilitating the opening of DNA strands and
thus enabling DNA repair enzymes access to broken strands (Alvarez-Gonzalez et al.,
1994). The intact PARP enzyme has a molecular weight of 113 kDa, which is cleaved
into fragments of 89 kDa and 24 kDa by apoptotic proteases, including caspase-3
(Tewari et al., 1995) and lysosomal proteases (Gobeil et al., 2001). Cleavage of PARP
prevents repair of damaged DNA and consequently leads to cell death. PARP cleavage is
widely accepted as a hallmark of apoptosis and had been implicated with the neuronal

cell death observed in the AD brain (Love ef al., 1999).
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1.9 Overview of Mitogen Activated Protein Kinases (MAPK)

The mitogen activated protein kinases (MAPK) comprise a family of proteins that

are activated by phosphorylation on Serine (Ser) / Threonine (Thr) amino acid residues
and in turn activate other kinases giving rise to a signalling cascade. The MAPK cascade
is one of the principal intracellular signalling pathways linking activation of cell surface
receptors to cytoplasmic and nuclear effectors. MAPK cascades have been strongly
conserved through evolution demonstrating their importance in intracellular signalling
(Sugden and Clerk, 1997). The three members which have been identified to date are the
extracellular response kinases (ERKs), the c-jun-N-terminal Kinases (JNKs), and p38
MAPKs. Each MAPK member is preferentially recruited by distinct extracellular stimuli,
therefore allowing the cell to respond in parallel to multiple divergent inputs (Herr and
Debatin, 2001). The ERK cascade is involved in regulation of cell growth and
differentiation, while JNK and p38 MAPKs are involved in cellular responses to
environmental stress (Schaeffer and Weber, 1999).
The activation pathway of all MAPK members includes a linear sequence of activation
events, (see Table 1.2), consisting of a three kinase cascade during which MAPK
enzymes are activated by Thr and Tyrosine (Tyr) phosphorylation catalysed by a family
of dual specificity kinases known as MAPK kinases (MEKs). MEKSs in turn are regulated
by Ser / Thr phosphorylation catalysed by several protein kinase families collectively
referred to as MAPK-kinase-kinases (MAPKKKs; Schaeffer and Weber, 1999).

MAPKs are proline (pro)-directed kinases, that preferentially phosphorylate the
consensus sequence Pro-Xaa-Ser/Thr-Pro or Ser/Thr-Pro in substrate proteins (Davis,
1993). Although the kinase cascade leading to activation of JNK is distinct from the
kinase cascade leading to ERK, there is also potential for cross-talk between these
cascades at each level of the signal transduction cascade, due to the fact that MAPK
members share a common phosphorylation sequence. Consequently, the MAPK kinase,

JNK kinase (JNKK) activates not only JNK, but also ERK (Minden and Karin, 1997).
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Sttt Growth Inflammatory Cytokines
Factors Cellular Stresses
MAPKKK Raf/Ras MEKK MLK/DLK TAK ASK
MAPKK ME% 1/2 MKK4/7 MKK3/6
MAPK ERK 1/2 INK P38
Responses  Proliferation,Differentiation Inflammation, Apoptosis
Development Development

Table 1.3 Activation sequence of the MAPK signalling cascade (Lee and MCubrey,
2002)

1.9.1 Extracellular Response Kinase (ERK)

The archetypical ERK signalling pathway was the first MAP kinase cascade to be
characterized. The ERK family were originally identified as protein kinases which
phosphorylated microtubule-associated protein 2 (MAP-2) and were initially referred to
as MAPK. However, with further investigation it became clear that the MAPK cascade
was a prototype for a family of signalling cascades and the term MAPK was used to
describe the entire superfamily of signalling pathways consisting of ERK, JNK and p38
MAPK (Sweatt, 2001). There are 3 isoforms of ERK denoted ERK 1 (p44), ERK2 (p42)
and ERK3 (p62) (Boulton et al., 1990). ERK 1 and ERK2 are highly expressed in the
brain (Miyasaka et al., 1990), and have been shown to be essential for cellular growth
and proliferation, acquisition and maintenance of a differentiated phenotype as well as
apoptosis (Marshall, 1995; Schaeffer and Weber, 1999).

Activation of the ERK cascade is typically regulated through receptor tyrosine
kinases and involves activation of the small G protein, Ras, leading to activation of the

MAPKKK, Raf-1 (Schaeffer and Weber, 1999). Downstream activation by the dual
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function kinases MEK1/MEK2 stimulates ERK. Upon activation ERK translocates to the
nucleus where it acts to phosphorylate its nuclear substrates.

ERK1 and ERK2 have a wide range of substrates. Nuclear substrates include
cAMP-responsive element binding protein (CREB), ELK-1 (Marais et al., 1993) and
RNA polymerase II (Dubois et al., 1994). ERK1 and ERK2 also phosphorylate structural
proteins such as MAP2 and tau while cytoplasmic substrates mainly include translation
factors. A number of recent studies have implicated ERK activation in AB-induced cell
death (Rapoport and Ferreira, 2000; Ekinci er al., 1999a; Pyo et al., 1998) This
involvement of ERK is controversial with other studies disputing the role of ERK in this
neurodegrative pathway (Abe and Saito, 2000). The effect of AB on ERK activation will

be assessed in this thesis.

1.9.2 c-jun-N-terminal kinase (JNK)

JNK signalling has been implicated in a variety of cellular responses, including
proliferation, differentiation, and cellular stress-induced apoptosis (Herr and Debatin,
2001). The effects of JNK on cellular responses appear to depend on cell type and the
context of other signals received by the cells. JNK kinase proteins are encoded by three
different genes - jukl, jnk2 and jnk3. The jnkl and jnk2 genes are ubiquitously expressed
while jnk3 gene is predominantly expressed in the brain, and to a lesser extent in the heart
and testis (Gupta er al. 1996). The transcripts of all 3 genes can be alternatively spliced
with 2 splicing variants of the 3" end (Mielke and Herdegen, 2000). The spliced
transcripts of junkl and jnk2 genes can encode proteins of 46kDa and 54kDa while the
spliced transcripts of juk3 gene encodes larger protein isoforms of 48kDa and 57kDa.
JNK is widely expressed in the nervous system (Mielke and Herdegen, 2000).

Studies of mice deficient in JNK1, JNK2, and JNK3 provide evidence for the
functional diversity of isoforms, with mice deficient in JNKI1 and JNK2 being
embryonically lethal (Kuan et al., 1999) and mice deficient in JNK3 displaying decreased
susceptibility to kainic acid-induced hippocampal cell death (Yang et al., 1997). There is
growing evidence to suggest that JNK isoforms have differing specificities for
downstream transcription factors (Gupta et al., 1996, Yin et al., 1997) suggesting distinct

physiological roles of each JNK isoform.
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JNK proteins are anchored and retained in the cytoplasm by proteins known as
JNK interacting proteins (JIPs ; Dickens et al., 1997). These proteins act as a scaffold and
mediate signal transduction through upstream kinases leading to final activation of JNK
(Whitmarsh ez al., 1998). Following dissociation from the retaining JIP anchor complex
JNK can translocate to the nucleus where they associate with their substrates (Gupta et
al., 1995). JNK1 and JNK2 are activated by phosphorylation at their threonine and
tyrosine residues in positions 183 and 185 (Mielke and Herdegen, 2000). Activated JNK

molecules phosphorylate both nuclear and cytoplasmic substrates (Figure 1.6).

bcl-2
>

neurofilament—— NK— tau

rd
pS3

Figure 1.6 Cytoplasmic and Nuclear Substrates of JNK

Nuclear substrates of JNK include transcription factors c-jun (Herdegen et al.,
1997), activating transcription factor 2 (ATF-2; Gupta ef al., 1995) and ELK-1. So far the
JNK family are the only kinases that phosphorylate c-jun at residues ser63 and
ser73 and it was this property that led to their identification (Hibi ef al., 1993). Once
phosphorylated these transcription factors act to regulate gene expression in response to
cytokines, growth factors and other cellular stress stimuli. JNK also phosphorylates
cytoplasmic substrates such as the tumour suppressor protein, pS3 (Fuchs et al., 1998),
Bcl-2 (Park et al., 1997), and cytoskeletal proteins such as tau. JNK can target p53 for
ubiquitin-mediated degradation (Fuchs er al., 1997) or can stabilise p53 by
phosphorylation, thus inhibiting ubiquitin-mediated degradation (Fuchs et al., 1998).
These opposing effects of JNK on p53 expression are dependent on the p53 residue
phosphoryhated by JNK. This demonstrates an important regulatory function of JNK.
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JNK is also proposed to phosphorylate anti-apoptotic proteins Bel-x1 and Bcl-2 leading to
inactivation of their cell protective functions (Park ez al. 1997).

JNK can be linked to both neuroprotection and neurodegeneration (Herdegen et al.,
1997) with the final outcome, death or survival, depending on cellular context and the
suitability of the surrounding environment, for example the availability of trophic
molecules. There is increasing evidence that JNK proteins are potent effectors of
apoptosis since JNK has been implicated as a mediator of cell death in response to a
variety of stimuli including growth factor deprivation and oxidative stress (Eilers et al.,
2001; Yoshizumi et al., 2002). One of the earliest studies implicating JNK in apoptosis
demonstrated that sustained activation of JNK occurred in PC12 cells upon NGF
withdrawal, and this was correlated with the resulting cell death which ensued (Xia et al.,
1995). A number of recent studies have proposed that AR mediates neuronal apoptosis
through activation of JNK (Morishima et al., 2001; Shoji et al., 2001; Troy et al., 2001).
However, the identity of the JNK isoforms involved in AP-triggered cell death remain to

be elucidated and will be addressed in this study.

1.10 p53

The tumour suppressor protein, p53, is critical in regulation of the cell cycle. It is
a DNA-binding protein involved in regulating the expression of genes involved in cell
cycle arrest and apoptosis (Levine, 1997). pS3 can be referred to as the gate keeper of the
cell; on mediation of cell cycle arrest it functions to integrate cellular responses
promoting either cell repair or apoptosis depending on state of the cell and type of
inducing stimulus (Levine, 1997). However, since most neuronal cells exist in a post-
mitotic state, the cell cycle regulatory function of p53 is effectively redundant in these
cells (Miller et al., 2000). Therefore, in post-mitotic DNA damaged cells, p53 is
associated with cell death mechanisms, rather than recovery (Enokido et al., 1996). While
the primary stimulus for activating p53 is DNA damage, it is also activated in response to
other cell stresses such as heat shock, UV irradiation, oxidative stress and osmotic shock
(Herr and Debatin, 2001). The induction of cell cycle arrest by p53 depends on its

wafl

activity as a sequence-specific transcriptional activator and the p21™ protein appears to

be a major effector of p53 mediated G1 cell cycle arrest after DNA damage (Zornig et al.,
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2001). p21™" damage exerts its effect by binding to and inhibiting cyclin-dependent
kinases, thereby blocking cell proliferation. In contrast, p53-mediated apoptosis involves
both transcriptional activation-dependent and independent pathways (Attardi et al.,
1996).

Normally p53 protein is kept at low concentrations within the cell due to its short
half-life (20 minutes). Within the cell the oncoprotein, Mdm2, binds to p53 and
negatively modulates its activity by targeting p53 for ubiquitin-mediated proteolysis and
inhibiting the transcription factor function of p53 (Zornig et al., 2001). In response to
DNA-damage or cellular stress, p53 becomes stabilised resulting in an increase in
intracellular p53 concentration. It is suggested that in response to cellular stress p53
becomes phosphorylated on a critical serine residue in the Mdm2 binding domain of p53
thus disrupting Mdm2 / p53 binding and preventing p53 degradation (Evan and
Littlewood, 1998). Interestingly Mdm2 is a p53-induced gene, and Mdm?2 levels increase
following p53 activation (Levine, 1997). Mdm2 in turn inactivates p53 thus forming a
negative feedback loop. Phosphorylation of p53 is critical in the regulation of this
pathway and a large number of kinases can phosphorylate p53, including ERK and JNK
(Blatt and Glick, 2001).

A number of different mechanisms have been suggested by which p53 protein
may signal to apoptotic machinery. At the gene level pS3 has been shown to upregulate
transcription of Bax and to repress Bcl-2 transcription in certain cell types, thus altering
the Bcl-2/Bax ratio and favouring mitochondrial mediated apoptosis (Miyashita and
Reed, 1995). Reactive Oxygen Species (ROS) may be produced by the p53-inducible
gene, PIG3, resulting in apoptosis (Johnson et al., 1996). Transcriptionally independent
mechanisms of p53-mediated apoptosis include increased surface expression of CD9S,
thus sensitising cells to CD95-induced apoptosis (Bennet er al., 1998) and direct
signalling at the mitochondria (Marchenko e al., 2000) resulting in cytochrome ¢ release
and apoptosis. Figure 1.7 demonstrates substrates of p53 involved in regulation of the cell
cycle and apoptosis.

p53 accumulation has been linked to the neuronal apoptosis characteristically seen
in Alzheimer’s disease in a number of studies (de la Monte et al., 1997; Laferla et al.,
1996; Culmsee et al., 2001). The exact intracellular mechanism by which p53-mediated

neurodegeneration may occur has yet to be fully investigated but increased expression of
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the pro-apoptotic gene bax has been suggested as one possible mechanism (Culmsee et
al., 2001). In this thesis the role of p53 in AB-mediated apoptosis of cortical neurons will

be examined and the mechanisms underlying p53 activation will be ascertained.
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Figure 1.7 Substrates of p53 (Herr and Debatin, 2000)
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1.11 Lysosomes and apoptosis

Lysosomes are membrane bound, acidified, cytoplasmic organelles centrally
involved in the normal functioning of the neuronal cell (Nixon and Cataldo, 1995).
Lysosomes are normally concerned with the digestion of cell nutrients, cell protein
turnover, tissue remodelling, lysis of invaders, and autolysis of dead cells (Yamashima et
al., 1998). Lysosomes contain over 40 hydrolytic enzymes, which are mostly active only
in acidic conditions (Ditaranto-Desmisome et al., 2002). These hydrolytic enzymes
function in break down of damaged macromolecules into smaller subunits that can be
utilized by the cell for its own biosynthesis (Cataldo ef al., 1996). The acidic pH of
lysosomes is preserved by the presence of H'/ATPase pumps contained in the lysosomal
membrane (Geisow, 1982). These pumps function via ATP-dependent active transport of
H" ions through the concentration gradient from the cytosol to the lysosomal interior. In
this way the physiological pH of the cytosol is also maintained. Lysosomes also function
as intracellular Ca*" regulators helping to maintain cellular calcium homeostasis (He er
al., 2002). The lysosomal membrane is composed of a phospholipid bilayer which allows
passage of uncharged molecules. However, upon entry to the lysosomes these molecules
become protonated and are prevented from passing through the hydrophobic layers and
so become trapped.

Two types of lysosomes are present in the cell — primary lysosomes and
secondary lysosomes. Primary lysosomes are homogenous in content containing acid
hydrolases, but no digestible substrates. Secondary lysosomes are heterogenous in
content and may contain pieces of enzymes, granules and parts of mitochondria inside.
The ingestion of material into primary lysosomes sees its transition from a primary to a
secondary lysosome. The lysosomal pH becomes more acidic leading to activation of the
hydrolytic enzymes followed by digestion of the ingested material. There are two main
methods by which lysosomes function, termed heterophagy and autophagy. Heterophagy
is the digestion within a cell of an exogenous substance, such as a bacterium,
phagocytosed from the cell's environment. Autophagy is used to recycle damaged or
worn out organelles, such as mitochondria, within the cell. The lysosomal system can

contribute to cell death in a number of ways, including excess autophagy, accumulation

29



of secondary lysosomes or residual bodies, rupture of the lysosomes or lysosome
dysfunction (Yamashima et al.,1998).

The lysosomal membrane is known to be a physical barrier that protects the
hydrolytic enzymes from digesting the cells own cytoplasmic components. Among the
enzymes contained in the lysosomes are amylases (hydrolyse polysaccharides to starch or
glucose), lipases (digest lipids to fatty acids and glycerol) and proteases (hydrolase
proteins to amino acids; Adler, 1989). Lysosomal membrane disruption, with resultant
leakage of lysosomal hydrolases to the cytosol, has a great potential for killing cells and
lysosomal leakage has been implicated in apoptosis (Brunk et al., 2001). Amongst the
proteases found in lysosomes, the cathepsin family are the most prevalent. Cathepsins
belong to a family of papain-like cysteine (cathepsin-B, -L, -S, -C, -K, -H, O, F, V, X)
and aspartyl cleaving (cathepsin-D, E) hydrolytic enzymes (Turk et al., 2000).

1.11.1 Cathepsin-L

Cathepsin-L is a broad-spectrum papain-like cysteine protease, potent in
degrading extracellular proteins such as laminins and fibronectin, serum proteins,
cytoplasmic proteins, such as caspase-3, and nuclear proteins (Barrett and Kirschke,
1981). Cathepsin-L is responsible for most of the intralysosomal breakdown of normal
cells and is synthesised as an inactive proenzyme (31 kDa) preventing its premature
activity. Conversion to the active enzyme (27 kDa) occurs intracellularly in the
lysosomes at pH 3-3.5 by autocatalytic removal of the prosegment and extracellularly at
pH 5.5-6.0 (Turk et al., 1999; Mason and Massey, 1992). Cathepsin-L activity is
normally localised to endosomes/lysosomes but can also be found in the nucleus
(Keppler et al., 1996).

There is increasing evidence to suggest the involvement of the lysosomal system
in AD. In the brain, membrane stability of neuronal lysosomes is reduced as a result of
aging (Nakamura er al., 1989) and in AD (Bowen et al., 1973). In addition, the
endosomal-lysosomal system in AD brain is markedly altered (Cataldo et al., 1996). One
mechanism by which lysosomal function is thought to be compromised in AD is by
increased uptake of AP peptide by endosomes / lysosomes, leading to oxidative stress

and lysosomal leakage (Yang er al., 1998). Another possible route to disruption of
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lysosomes is due to increased [Ca’’]; leading to release of lysosomal enzymes
(Yamashima et al., 1998). A recent report by Ji et al (2002) has demonstrated that AP, .4,
promotes lysosomal membrane instability and subsequent apoptosis in a neuronal cell
line. In addition, AP has been demonstrated to increase cytosolic expression and activity
of cathepsin-L in cultured neurons and the proclivity of AP to induce neurodegenerative
changes, such as caspase-3 activation, and PARP cleavage, were prevented by inhibition
of cathepsin-L (Boland and Campbell, 2003b). This study will investigate the impact of
AP on the lysosomal system and will identify signalling molecules that couple A to the

regulation of the lysosomal branch of the apoptotic pathway.
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1.12 Cytokines and Alzheimer’s disease

Cytokines are multifunctional, pleiotropic proteins that play crucial roles in cell-
communication and cellular activation. They comprise a large family of polypeptides
including interleukins, chemokines, tumour necrosis factors, interferons, growth and cell
stimulating factors and neurotrophins (Rothwell, 1999). Cytokines in the cental nervous
system (CNS) have two possible origins: cytokines that originate from the peripheral
immune system can access the CNS by crossing at leaky areas of the blood-brain barrier
through the circumventricular organs (Watkins et al., 1995), or cytokines can be
produced endogenously by neuronal and glial cells within the CNS (Szelényi, 2000).
Most cytokines are expressed at low or undetectable levels in the healthy adult brain,
however they are rapidly induced in response to injury of infection (Hopkins and
Rothwell, 1995). Cytokines have diverse actions in the brain, some of which may
facilitate either neuroprotection or neurodegeneration. Cytokine classification can be split
into pro-inflammatory and anti-inflammatory depending on the final balance of their
effects in inflammation. Pro-inflammatory cytokines include interleukin-1 (IL-1), tumour
necrosis factor-o. (TNF-o), interleukin-6 (IL-6), interleukin-12 (IL-12), interleukin-13
(IL-18) and interferon-y (IFN-y; Watkins et al., 1995). Anti-inflammatory cytokines
include interleukin-4 (IL-4), interleukin-10 (IL-10) and interleukin-13 (IL-13). Cytokines
exert their function in the CNS through engagement with their receptors (Farrar et al.,
1987; Sawada et al., 1993) and through modulation of neurotransmitter function (Coogan
and O’ Connor, 1997). The shift of cytokine balance towards the side of pro-
inflammatory cytokines like IL-1 and TNF-o is closely related to the process of
neurodegeneration (Szelényi, 2000).

AD brain is characterised by neuroinflammatory changes, which are observed in
both sporadic and familial AD (McGeer and McGeer, 2001). Although the role of
neuroinflammation in the pathological process of AD is not yet fully understood, there is
evidence for the involvement of inflammation at a number of stages in the disease. There
is evidence to suggest that inflammatory mechanisms occur early in the pathological
cascade, contributing to production and fibrillisation of AfB; IL-1 and TNF-a have been

demonstrated to regulate synthesis of APP and production of A-peptides in vitro
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(Rogers et al., 1999; Blasko et al., 1999). In addition, deposits of AB can induce a
microglia-mediated inflammatory response resulting in further production of
inflammatory cytokines, thus exacerbating the inflammatory response. Pro-inflammatory
cytokines that are upregulated in AD brain include TNF-a, IL-1f, IL-loe and IL-6
(McGeer and McGeer, 2003). There is much debate as to whether activated microglia are
beneficial or harmful in AD. While highly activated microglia produce neurotoxic
substances such as the pro-inflammatory cytokines, they can also be beneficial because of
their phagocytic potential to clear AP deposits (McGeer and McGeer, 2001). The harmful
versus beneficial effects of microglial activation are likely to depend on the degree of
activation. One of the most promising therapeutic avenues for AD treatment involves
either active or passive immunisation with subunits of the AP peptide, leading to
production of antibodies to A which promote microglial clearance of AP (Bard et al.,

2000) or redistribution of the AP peptide from the brain (DeMattos et al., 2001).

1.12.1 Interleukin-1p (IL-1B)

The interleukins are one of the most abundant cytokines in mammalian systems.
There are, to date, 23 characterised interleukins which variously possess both anti- and
pro-inflammatory cytokines (Rothwell, 1999). The interleukin (IL-1) family of
interleukins are pro-inflammatory cytokines that orchestrate inflammatory and host
defence responses (Mrak and Griffin, 2001). There are at least three known forms of IL-1
proteins that are the product of separate genes — IL-1a, IL-1p and IL-1y. IL-1o and IL-1p
are partially homologous isoforms that can induce signals by binding to their receptors
(IL-1RI and IL-1RII). IL-1pB represents the major secreted molecule and the predominant
form of IL-1 found in the CNS (Dinarello, 1996). Synthesised as an inactive precursor of
32 kDa, pro-IL-1p requires cleavage by a specific IL-1p converting enzyme (ICE or
caspase-1) to give the active form. Constitutive expression of IL-1p in the brain occurs in
neurons, astrocytes, oligodendrocytes and endothelial cells.

IL-1pB is usually expressed at low levels in healthy adult brain (Vitkovic et al.,
2000). In response to local brain injury or insult IL-1p is overexpressed by microglia.

Increased expression of IL-1f has been linked with neurodegenerative disorders like
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Down Syndrome and Alzheimer’s disease (Griffin et al., 1989) and IL-1p triggers cell
death in mixed neuronal/glial cultures (Hu et al., 1997). In addition, IL-1B has been
proposed to contribute to increased synthesis of APP and deposition of AP in neurons
(Forloni et al., 1992; Rogers et al., 1999). Increased production of AP in turn activates
microglia cells to release more IL-1P (Araujo and Cotman, 1992), thus exacerbating AD
progression. It is now known that 78% of plaques containing aggregated AP peptide
contain IL-1f immunoreactive microglia, demonstrating the importance of IL-1p in this
disease. The effects of IL-1P, along with AP, on apoptosis-related genes will be

examined in this thesis.

1.12.2. Tumour Necrosis Factor-o (TNF-o)

TNF- a is one of the main proinflammatory cytokines that plays a central role in
initiating and regulating the cytokine cascade during an inflammatory response (Wallach
et al., 1999). It participates in local and systemic events involving inflammation. Along
with interferon gamma (IFN-y), TNF-a is a potent paracrine stimulator of other
inflammatory cytokines, including IL-1, IL-6, and IL-8. Expression of TNF-oo mRNA is
present at low levels or absent in the normal brain (Vitkovic et al., 2000), but is rapidly
induced in response to injury. It had been detected in the hypothalamus, hippocampus,
cortex, cerebellum and brainstem of normal rat brain. The biological effects of TNF-a are
mediated by binding to its two main receptors, the pSS TNF receptor (TNFR1) and the
p75 TNF receptor (TNFR2). TNF-a is produced by neurons, microglia, and astrocytes
(Breder et al., 1993). In a diseased state, TNF-o along with a variety of pro-inflammatory
mediators and neurotoxic substances are produced by activated microglia. In astrocytes,
TNF-a, along with other substances, is a strong inducer of pro-inflammatory IL-6 (Van
Wagoner et al., 1999). TNF-a also activates the transcription factor, NF-xB, which in
turn stimulates the transcription of more TNF-a (Mattson and Camandola, 2001). TNF-a
induces apoptosis in a number of cell types via the TNFR1 receptor (Wallach et al.,
1999). The TNFR2 receptor, which has a higher affinity for TNF-a can enhance TNFR1
mediated apoptosis. It is important to note that TNF-o does not cause cell death in

normal rat brain, but can mediate cell death in damaged tissue (Szelenyi, 2000).
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Expression of TNF-a is upregulated in AD brain (McGeer and McGeer, 2003). TNF-o
had been reported to increase production of AP and inhibit production of neuroprotective

soluble amyloid precursor proteins (sAPPs; Blasko et al., 1999).
1.12.3 Nuclear Factor-kappaB (NF-xB)/ Inhibitor-kappaB (IxB)

The transcription factor, NF-kB, is implicated in the regulation of genes involved
in immune and inflammatory responses, as well as in the control of genes involved in
cell growth, differentiation and apoptosis (Denk et al., 2000). The NF-«xB transcription
factor family consists of 5 members to date, Rel A, Rel B. c-Rel, p105/-50 (NF-«xB,)
and pl100/pS52 (NF-kB,) characterised by the presence of a Rel homology domain
(RHD) which functions in DNA binding, dimerisation, and interactions with IkB forms.
Active DNA-binding NF-kB consists of a hetero- or homodimer of two NF-xB
subunits. The most intensively studied NF-xB dimer, referred to as classic NF-xB
consists of a dimer containing RelA and p50 (Baldwin, 1996). A primary level of
control for NF-kB is through interactions with the inhibitor protein, IxB. IkB is
responsible for sequestering the NF-xB/IkB complex in the cytoplasm due to masking
the nuclear translocation sequence of NF-kB. NF-kB is activated by cytokines including
TNF-a and IL-1 (McGeer and McGeer, 2001). Activation of NF-kB by distinct inducers
results in degradation of IkB, with subsequent translocation of NF-kB to the nucleus,
where it activates transcription of its target genes including pro-inflammatory TNF-o
and the transcription factor p53 (Baldwin, 1996). In the rat CNS a high level of
constitutive NF-kB activity is detected in neurons and glia of the hippocampus and
cerebral cortex (Denk ef al., 2000). In AD brain tissue, increased activity of NF-«B is
detected in affected areas of the hippocampus and cerebral cortex (Terai et al., 1996)
and NF-kB activity is detected in the centre of primitive plaques and in neurons and
astroglia surrounding these early plaque stages (Kaltscmidt et al., 1997). AB has been
demonstrated to activate NF-xB in neuroblastoma cells and primary cultures of
cerebellar granule cells (Behl, 1994; Kaltscmidt et al., 1997). While it remains to be
resolved whether the role of NF-kB in AD is one of neuroprotection or

neurodegeneration, the observation of a dramatic decrease in NF-kB activity from early
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to late plaque stages in the cells surrounding plaques in AD brain in comparison to
healthy controls suggests that loss of NF-kB activity may be important for the
neurodegeneration observed in late plaque stages (Kaltschmidt ef al., 1999). The effect

of AP on mRNA expression of NF-kB and IkB will be examined in this study.
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1.13 Antisense Technology

The fundamental concept of Antisense Technology is to utilise precise nucleic
acid sequences to down-regulate specific gene expression, in the cells of interest.
Antisense is an important tool for studying the effects of individual proteins in normal
and abnormal cellular states as well as having enormous therapeutic potential. It is useful
in investigating the function of a particular protein when no inhibitors of this protein are
available or when existing inhibitors do not distinguish between isoforms of a protein.
Since there are no available inhibitors that distinguish between isoforms of the stress
activated protein kinase, JNK, antisense oligonucleotides targeted to specific isoforms of
JNK were employed in this thesis. During the normal process of protein expression a
particular gene sequence is transcribed into mRNA in the nucleus. Newly synthesised
mRNA then passes through the rough endoplasmic reticulum and carries the information
to the protein building apparatus of the cell (the ribosome) where it is decoded and
translated into protein. Antisense oligonucleotide (ASO) technology uses single stranded
RNA or DNA to alter the intermediatory metabolism of specific mRNA, thereby
modulating the transfer of information from gene to protein in a sequence-specific
manner (Scanlon et al., 1995). Antisense oligonucleotides are designed to hybridise to
their specific target, causing a steric or conformational obstacle for protein translation. As
a result the production of a specific protein is temporarily inhibited with out effecting the
expression of other genes.

The specificity of antisense derives from the selectivity of Watson-Crick base
pairing (adenine nucleic acid residues form complementary base pairs with thiamine
(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 base
mismatch can result in a change in affinity of approximately 500 fold (Crook, 1996).

The most common type of interaction for designed antisense experiments involves
the introduction of short (15-30 base pairs) DNA sequences which interact with the cells
mRNA before translation. Administration techniques for efficient uptake of antisense

oligonucleotides are similar to gene delivery techniques, including microinjection,

31



electroporation, endocytosis and liposome encapsulation. Electroporation subjects cells to
a short electrical pulse which induces the formation of transient pores in the cell
membrane, allowing the antisense oligonucleotides to enter the cell. Microinjection
makes use of a fine pipette to inject antisense oligonucleotides directly into the cell.
While this is a very efficient method of antisense delivery, it is a relatively slow process,
with high precision being necessary to inject small cells such as neurons. The simplest
method of introducing antisense oligonucleotides to the cell is via the natural process of
receptor-mediated endocytosis. In a cell culture system the negatively charged antisense
oligonucleotides are added to the supernatant medium and are taken up into the cells by
active transport mechanisms. Uptake of antisense oligonucleotides can be enhanced by
pre-incubation of the oligonucleotides with a cationic lipid formulation such as lipofectin
transfection reagent. This cationic charge masks the anion charge of the ASO backbone,
allowing the lipid/ASO complex to pass the cell membrane efficiently and quickly.
Within the cells the oligonucleotides are first entrapped in the endosomes but are steadily

released into the cytoplasm where they can bind specifically to target mRNA sequences.

Antisense
oligonucleotides

Figure 1.8 Antisense oligonucleotides bind to specific sequences of mRNA to

prevent translation of that protein
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There are three known mechanisms of inhibiting gene expression utilized by
antisense technology — RNase H degradation, translational arrest and modulation of RNA
processing. The primary mechanism for most antisense oligonucleotides is the specific
enzymatic degradation of the target mRNA through activation of Rnase H after
hybridisation to an antisense oligonucleotide. Rnase H comprises a family of
ribonucleases that specifically cleave the RNA component of RNA-DNA duplexes
(Walder and Walder, 1998). RNase H is found in both the nucleus and the cytoplasm of
all cells, and its name is derived from the ability to cleave RNA that is found in an
RNA:DNA hybrid. The RNA-DNA duplex resulting from the interaction of the antisense
oligonucleotide with the mRNA provides an ideal substrate for RNase H (Minshull and
Hunt, 1986). Post-cleavage, the antisense oligonucleotide is free to hybridise to another
RNA transcript.

Translational arrest involves attachment of the oligonucleotide to the 5° capping
site of mRNA, thereby inhibiting the binding of translation initiation factors such as eif-
4a and disrupting the capping reaction which is necessary for stabilisation of pre-mRNA
(Baker et al., 1992). This leads to disruption of the initial interaction between the mRNA
and the ribosome 40S sub-unit. Splicing arrest occurs when antisense oligonucleotides
bind to regions of the required pre-mRNA sequence, just after transcription, and prevent

them from being spliced and processed into functional mRNA.

Translation arrest

J @502
quX-QUVAUDQWGXEQQ VAvwD

Rnase H

Figure 1.9 Mechansims of antisense-mediated inhibition of gene expression
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Natural oligonucleotides consist of phosphodiester links. These phosphodiesters
are extremely sensitive to nucleases present in serum and intracellularly with the half-life
of unmodified natural oligonucleotides being about 30 minutes (Crook et al., 1992). To
try and increase oligonucleotide stability various chemical modifications have been
introduced to the phosphate backbone of antisense oligonucleotides. Phosphorothioate
oligonucleotides contain sulphur in place of one of the oxygen atoms in the DNA
backbone. These phosphorothioates are highly resistant to exo- and endonucleases and
are effective at low micromolar concentrations. They have a half-life of 48 hours in 10 %
serum and are the only antisense drugs which have been approved by the FDA. In this
study we have chosen a phosphorothioate oligodeoxynucleotide as a means to deplete

JNK1 and JNK2 in rat cultured cortical neurons.
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1.14 Aims

The aim of this project is tc iivestigate the cellular and molecular mechanisms

involved in AP;.4-induced cell death 11 rat primary cultured cortical neurons.

e The effect of AR on phosphoylation of the mitogen activated protein kinase
members, JNK and ERK, wil be assessed by western immunoblotting using
phospho-specific antibodies. Tc differentiate between isoforms of JNK, cells will
be transfected with antisense oigonucleotides targeted to JNKI and JNK2, and
the role of JNKI1 and JNK2 in the AP-mediated activation of the apoptotic
cascade will be elucidated. Tagets for investigation as markers of cell death

include caspase-3 activation, PARP cleavage and DNA fragmentation.

e The effect of AP on the transcrition factor, p53, a substrate for JNK, will also be
ascertained. The effect of AP on the mRNA expression and phosphorylation
status of p53 will be determinecusing RT-PCR and western immunoblotting. p53
will be inhibited using the selecive inhibitor, pifithrin-a, to determine the role of
p53 in Ap-mediated apoptosis. "he effect of Ap on mRNA and protein expression

of pro-apoptotic Bax, a p53 subsrate, will be investigated.

e In order to examine the effect  AB on subcellular distribution of p53 and Bax,
intracellular localisation of thes: proteins will be carried out in conjunction with
mitochondrial and lysosomal spc«ific markers Also, the effect of A on lysosomal
membrane integrity will be assessed and the cytosolic activity of cathepsin-L will

be quantified as an index of lyso.omal destabilisation.

e The role of the L-type voltage lependent calcium channel (VDCC) in the Af-
mediated activation of JNK, p5. and cathepsin-L activity will be examined. The
role of the L-type VDCC in he later neurodegenerative changes (caspase-3

activity, DNA fragmentation) wil also be ascertained.
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e The mRNA expression of the pro-inflammatory cytokine, TNF-a, and the
transcription factors NF-kB, and IkB, will be assessed as an indication of the
inflammation-related changes which occur in AfB-treated neurons. The effect of
the pro-inflammatory cytokine, IL-1f3, on mRNA expression of apoptosis-related

genes caspase-3, bax and bcl-xI will be determined.

Overall this study will identify the signalling events which play a part in Ap-induced
neurodegeneration, with particular reference to the interaction between Ca*" influx,
activation of the JNK/p53 pathway, lysosomal destabilisation and late-stage apoptotic

features, such as caspase-3 activation and DNA fragmentation.
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Chapter 2

Materials and Methods




2.1 Cell Culture

2.1.1 Aseptic Technique

The use of sterile technique in cell cultivation is essential to prevent bacterial
and fungal infection. The principle of aseptic technique is to keep sterile the internal
areas of culture flasks, bottles and and any implements/plastics that cells may be
exposed to. The following aseptic technique procedures were adhered to for all cell

culture manipulations.

2.1.2 Sterilisation of glassware, plastics and dissection instruments.

All glassware, pipette tips, dissection instruments, deionised H,O and
microfuge tubes (Sarstedt, Leicester, England) were wrapped in aluminum foil and
autoclave tape (Sigma-Aldrich, Dorset, England) and then autoclaved at 121°C for 20
min (Priorclave Ltd., Model #EH150, London, England) before being wiped down with
70 % ethanol (EtOH) and placed in the laminar flow hood. All equipment used in the
dissection procedure was oven baked at 200 °C (Sanyo-Gallenkamp Hotbox Oven,

Model #OHGO050, Loughborough, England) for 1 hr prior to usage, ensuring sterility.

2.1.3 Sterility of Work Environment

All cell culture work was carried out in a laminar flow hood (Astec-Microflow
laminar flow workstation, Florida, U.S.A). Air passes through HEPA (high efficiency
particle air) filters at the top of the flowhood and flows downwards. The airflow creates
a downward barrier in front of the open portion of the hood, the strength of this down
draft of air prevents entry of external airborne contaminants into the laminar flow hood
thus providing a sterile work area. Before using the laminar flow hood, the interior was
sterilized by wiping down all accessible surfaces with 70% EtOH, followed by a 10
min exposure to ultraviolet (UV) light. Disposable latex gloves (sprayed with 70%

43



EtOH) were worn at all times when cell manipulations were being carried out in the

hood. Gloves were changed regularly to avoid contamination.

2.1.4 Reagents and Medium formulation

Solutions such as phosphate buffered saline (PBS; 100 mM NaCl, 80 mM
Na,HPO4, 20 mM NaH,PO;) were hand filtered through a 10 ml syringe (B.Braun
Medical Ltd., Melsungen, Germany) with an attached 0.2 pm cellulose acetate
membrane syringe filter (Pall Corporation, Michigan, USA) into autoclaved glass
bottles or sterile 50 ml plastic tubes (BD Biosciences Pharmingen, San Diego, USA).
Neurobasal medium (NBM; Invitrogen, Paisley, UK) supplemented with heat
inactivated horse serum (10 %), penicillin (100 U/ml), streptomycin (100 U/ml) and
glutamax (2 mM; Invitrogen, Paisley, UK) was filtered through a 0. 2pum cellulose
acetate membrane (Millipore Ireland B.V, Cork, Ireland) in a Millipore Sterifil unit
(Sigma-Aldrich, St. Louis, U.S.A.) connected to a vacuum pump. Care was taken to
never let the side or tip of a pipette gain contact with anything except the sterile
interiors of the containers one was working with. Pipettes were placed on sterile racks
(Bell-Art Products, New Jersey, U.S.A.) between usage and were regularly wiped
down with 70 % EtOH

2.1.5 Disposal

All used plastic ware was discarded in an autoclavable plastic bag (Bibby

Sterilin Ltd., Staffordshire, England) with a biohazard symbol, for autoclaving.
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2.2 Primary Culture of Cortical Neurons

The culturing of primary cortical neurons is an in vitro technique which
involves dissection of the brain, removal of the cortex and dissociation of the cortical
tissue so that a population of neurons is obtained. Primary neuronal cell cultures are

superior to cell line models as they represent non-transformed unaltered phenotypes.

2.2.1 Preparation of sterile coverslips

To ensure sterility 13mm diameter glass coverslips (Chance Propper, West
Midlands, England) were soaked in 70% EtOH, followed by an overnight exposure to
UV light. Sterile coverslips were then coated with poly-1-lysine (60 pg/ml in sterile
dH,0) in a final volume of 25 ml for 1 hr at 37 °C, so as to provide a suitable surface to
which dissociated neurons would adhere. Coated coverslips were then air dried, placed
in sterile 24-well plates (Greiner Bio One Gmbh, Kremsmuenster, Austria) and stored

at 4 °C until required for use (maximum 2 week storage).

2.2.2 Animals

Postnatal one-day old wistar rats were born at the BioResources Unit of Trinity
College Dublin. Animals were maintained under a 12 hr light/dark cycle and at an
ambient temperature of 22-23 °C. On the day of birth, pups were removed from the
litter 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 and killed by decapitation.
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2.2.3 Dissection

Primary cortical neurons were established from postnatal one-day old wistar
rats. Dissection of one rat brain yielded a preparation of 2 individual 24-well plates.
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 a sterile 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. Any meninges were carefully removed using a fine forceps and
cortices were chopped into 3 to 4 mm pieces with a sterile disposable scalpel

(Schwann-Mann, Sheffield, England).

2.2.4 Dissociation Procedure

Tissue pieces were incubated in 5 ml of PBS containing trypsin (0.25 %,
Sigma-Aldrich, Dorset, England) for 20 min at 37 °C. Trypsin digestion of connective
tissue was followed by trituration (x5) of the dissociated neurons in PBS containing
soyabean trypsin inhibitor (0. 1%, Sigma-Aldrich, Dorset, England), DNAse (0.2
mg/ml) and MgSOy (0.1 M). The suspension was then passed through a sterile 40 pm
nylon mesh filter (Becton Dickinson Labware Europe, France) to remove tissue
clumps. Following centrifugation (Sigma-Aldrich, Model #2K15C, St. Louis, USA),
2500 x g for 3min at 20°C, the pellet was resuspended in neurobasal medium (NBM),
supplemented with heat inactivated horse serum (10 %), penicillin (100 U/ml),
streptomycin (100 U/ml), glutamax (2 mM) and the B27 (diluted 1:50 from a 50X
solution). B27 was added to the NBM due to its neuroprotective antioxidant properties
(Huang et al., 2000). NBM and supplements were purchased from Invitrogen, Paisley,
UK.
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2.2.5 Plating of resuspended neurons

Resuspended neurons in NBM were placed on the centre of each coverslip at a
density of 0.25 x 10° cells and allowed to adhere to the glass coverslip for 2 hr in a
humidified incubator containing 5% CO,: 95% air at 37°C (Model # 394-048, Jencons
Scientific Ltd., Bedfordshire, England). Thereafter, 500 ul of pre-warmed neurobasal
medium supplemented with heat inactivated horse serum (10 %), penicillin (100 U/ml),
streptomycin (100 U/ml), glutamax (2 mM) 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 supplemented NBM containing 5 ng/ml
cytosine-arabino-furanoside (ARA-C; Sigma-Aldrich, Dorset, England). ARA-C was
included in the culture medium to prevent proliferation of non-neuronal cells. ARA-C
was removed from the media after 24hr and exchanged for 400 pl 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 AB 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

depicted in Figure 2.1.

Figure 2.1 Time-dependent changes in cultured neuronal morphology. (i) Cells display
rounded cell somas and an absence of neurites after initial plating. (ii) By day 4 in vitro, cells
have developed pear-shaped bodies and an extensive neurite network, representative of a mature

neuron. Scale bar is 100 pm.
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2.3 CELL TREATMENTS

2.3.1 AB14o

APB(1-40) (BioSource International Inc, California, USA) lyophilised peptide was
initially dissolved in sterile distilled H,O (dH,0) at 6 mg/ml then diluted to a 1 mg/ml
stock solution with calcium-free sterile PBS. The peptide was supplied in a form that is
not neurotoxic prior to an incubation step. The appearance of toxicity in response to
treatment with AP has been shown to correlate to the extent of beta sheet structure
(Wang et al., 2001), therefore the peptide was allowed to aggregate for 48hr at 37 °C
for this study. While the 1-42 fibrillar form of AP is the most abundant in the AD
senile plaque, the less studied 1-40 peptide also has the proclivity to form fibrils and is
present in mature senile plaque (Iwatsubo er al., 1994). Thus, in this study the
molecular and cellular signalling events induced by Af(.40) were investigated.  For
treatment of cortical neurons, AP was diluted to a final concentration of 2 uM (10

ng/ml) in pre-warmed NBM.

2.3.2 p53 inhibitor

The p53 inhibitor pifithrin -a (Calbiochem International, Darmstadt, Germany)
was made up as a stock solution of 1 mM in dimethyl sulfoxide (DMSO) and was used
at a final concentration of either 50 nM or 100 nM. Cells were exposed to the p53
inhibitor for 60 min prior to AP treatment. This inhibitor is a cell permeable highly
lipophilic molecule which efficiently inhibits p53-dependent transactivation of p53-

responsive genes and reversibly blocks p53-mediated apoptosis (Culmsee et al., 2001).

2.3.3. L-type voltage-dependent calcium channel blocker

The L-type voltage-dependent calcium channel blocker, nicardipine

hydrochloride (Sigma-Aldrich, Dorset UK), was made up as a stock solution of 1 mM
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in methanol and was used at a final concentration of either 1 pM or 5 pM. Cells were

exposed to nicardipine for 20 min prior to A treatment.

In all cases where a drug was dissolved in DMSO or methanol, control cells were

treated with the same concentration of diluent to control for any non-specific effects.

2.341L-1B
IL-1B (kindly donated by Prof. Luke O’Neill, Trinity College Dublin) was

made as a stock solution of 1 pug/ml in sterile distilled water and was used at a final

concentration of 5 ng/ml.

2.3.5 Treatment with Antisense Oligonucleotides (ASOs)

To evoke a transient downregulation in expression of c-jun N-terminal kinase
(JNK)I or JNK2 an antisense approach was used. Phosphorothioate oligonucleotides
complementary to the mRNA encoding JNK1 or JNK2, and corresponding scrambled
control sequences, were synthesized by Biognostik (Gottingen, Germany). These
oligonucleotides contain sulphur in the internucleotide phosphate linkages of the DNA
backbone, which increases resistance to exo and endonucleases present in serum and
intracellularly, respectively. The sequences used 5-CTCATGATGGCAAGCAATTA-
3" (JNKI1 antisense), 5'- ACTACTACACTAGACTAC-3" (JNK1 scrambled control),
5-GCTCAGTGGACATGGATGAG-3" (JNK2 antisense) and 5'-GGACTACTACAC
TAGACTAC-3" (JNK2 scrambled control) were in accordance with Hreniuk et al.,
2001. Antisense oligonucleotides were made up as a 100 pM stock solution in a
provided antisense dilution buffer (Biognostik, Gottingen, Germany). Neurons were
first incubated with 1.25 pM oligonucleotide in serum-free pre-warmed NBM
(Invitrogen,  Paisley, UK) containing N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium / dioleoylphosphatidylethanolamine (DOTMA/DOPE, 5 ug/ml,
Life Technologies) to enhance oligonucleotide uptake. After 4 hours the medium was
replaced with supplemented prewarmed NBM containing 2 M oligonucleotide and the

cells were incubated for a further 48 hours prior to further treatment with Af;_40)
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2.4 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
ug/ml Bovine Serum Albumin (BSA; Sigma-Aldrich, Dorset, U.K.) to a volume of 160
ul and ranged from 5 pg/ml to 200 pg/ml. Samples (10 pl) were diluted in 150 ul of
distilled water. BioRad dye reagent (40 pl; Biorad Laboratories, Munich, Germany)
was added to all preparations, which were then vortexed and incubated at room
temperature for 5 min before being transferred to the wells of a 96-well plate (Sarstedt,
Leicester, England). Absorbance readings were made at a wavelength of 630 nm using
a 96 well plate reader (Labsystems Multiskan RC). A regression line was plotted
(GraphPad Instat) and the concentration of protein was calculated and converted to mg

protein/ml.

2.5 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

2.5.1 Preparation of samples

(i) Preparation of total protein

Cells were harvested for SDS-PAGE analysis by two different protocols. The
first protocol was designed to analyse total expression of protein and in this case cells
were washed in Tris Buffered Saline (TBS; 20 mM Tris-HCI; 150 mM NaCl; pH 7.6)
before harvesting by scraping coverslips using the rubber end of a 1 ml syringe piston
(B.Braun Medical Ltd., Melsungen, Germany) into lysis buffer (composition: 25 mM
HEPES, 5 mM MgCl,, 5 mM EDTA, 5 mM DTT, 0.1 mM PMSF, 2 pg/ml leupeptin, 2
ng/ml aprotinin; pH 7.4). The sample was then homogenised (X 20 strokes) using a 1

ml glass homogeniser (Jencons, Bedfordshire, UK).
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(ii) Preparation of cytosolic and mitochondrial fraction

The second protocol was designed to obtain cytosolic and mitochondrial
protein fractions. In this case cells were washed in PBS before 100 pl of
permeabilisation buffer (250 mM sucrose, 70 mM KCL, 137 mM NaCl, 4.5 mM
Na,HPOy, 1.4 mM kH,P04, 0.1 mM PMSF, 10 pg/ml leupeptin, 2 pg/ml aprotinin, 200
ng/ml digitonin; pH 7.2) was added to each well and left on ice for 5 min. The
permeabilisation buffer was then removed and collected as the cytosolic fraction. 100
ul mitochondrial buffer (S0 mM Tris Base, 150 mM NaCl, 2 mM EGTA, 0.2 % Triton-
X-100, 0.3 % Igepal p-40, 0.1 mM PMSF, 10 pg/ml leupeptin, 2 pg/ml aprotinin; pH
7.2) was then added to each well before harvesting by scraping coverslips using the
rubber end of a 1 ml syringe piston (B.Braun Medical Ltd., Melsungen, Germany).
Cells were centrifuged (15000 x g for 20 min at 4 °C) and the supernatant containing

the mitochondrial fraction was collected.

Total expression of protein (Protocol (i)) was assessed in all cases unless
otherwise stated. All samples were prepared for SDS-polyacrylamide gel
electrophoresis. Protein concentrations were assessed (see Section 2.4) and equalized
with lysis buffer. An equal volume of sample buffer (0.5 M Tris-HCI1 pH 6.8; 10 %
glycerol (v/v); 10 % SDS (w/v); 5 % B-mercaptoethanol (v/v); 0.05 % bromophenol
blue (w/v)) to sample was added and samples boiled for 5 min. Samples were stored at

-20 °C until required.

2.5.2 Gel electrophoresis

Polyacrylamide separation gels with a monomer concentration of either 7.5 %,
10 % or 12 % overlaid with 4 % stacking gel (See Appendix 1) were cast between 10
cm wide glass plates and mounted on an electrophoresis unit (Sigma Techware, Dorset,
UK) using spring clamps. The upper and lower reservoirs of the unit were filled with
clectrode running buffer (25 mM Tris Base; 200 mM glycine; 17 mM SDS). Samples

(10 ul) were loaded into the wells using a Hamilton Microliter syringe. Prestained
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molecular weight standard (5 pl; Sigma-Aldrich, Dorset, UK) were also loaded to
verify the molecular weight of protein bands. Proteins were separated by application of
a 32 mA current 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 30 min).

2.6 Semi-dry electrophoresis blotting

The gel was removed from the gel apparatus and washed gently in ice cold (4
°C) transfer buffer (25 mM Tris-Base; 192 mM glycine; 20 % methanol (v/v); 0.05 %
SDS (w/v)). The gel was placed on top of a sheet of nitrocellulose blotting paper (0.45
um pore size; Sigma-Aldrich, Dorset, UK) wetted in transfer buffer, cut to the size of
the gel. One piece of filter paper (Standard Grade No.3, Whatman, Kent, UK) 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
platinum coated titanium electrode (anode) of a semi-dry blotter (Sigma-Aldrich,
Dorset, UK). Air bubbles were removed from the sandwich by gently rolling a pasteur
pipette over it. The lid of the blotter (stainless steel cathode) was placed down firmly
on top of the sandwich. The uncovered portion of the cathode was shielded with a
mylar cut-out (Sigma-Aldrich, Dorset, UK), ensuring all applied current passed directly

through the sandwich. A constant current of 225 mA was applied for 90 min.

2.7 Western Immunoblotting

The nitrocellulose membrane was blocked for non-specific binding and probed
with an antibody raised against the protein sought (for specific incubation protocols see
sections 2.7.1-2.7.8). The membrane was washed and incubated with a horse-radish
peroxidase (HRP)-linked secondary antibody. A chemiluminescence detection
chemical (either SuperSignal Ultra (Pierce Biotechnology, Illinois, USA) or Enhanced
Chemiluminescence (ECL) detection reagent (Amersham, Buckinghamshire, UK) was

added and the membrane was exposed to 5 X 7 inch photographic film (Hyperfilm
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ECL, Amersham, Buckinghamshire, UK) and developed using a Fuji Processor (Fuji
X-Ray film processor, Model # RGII, FUJIFILM Medical systems, Stamford, USA).

2.7.1 JNK phosphorylation

In the case of JNK phosphorylation, non-specific binding was blocked by
incubating nitrocellulose membranes for 2 hours at room temperature (RT) in TBS
containing 2 % Bovine Serum Albumin (Sigma-Aldrich, Dorset, UK). The monoclonal
primary antibody for p-JNK was added (10 ml; 1:200 dilution in TBS-Tween (TBS-T)
containing 0.1 % BSA; Santa Cruz, California, USA, Catalogue no. SC-6254) and
incubated overnight at 4 °C. The antibody was a mouse monoclonal IgG, raised against
a peptide corresponding to a short amino-acid sequence of JNKI1/JNK2 of human
origin spanning the phosphorylated amino acids Thr-183 and Tyr-185. The
nitrocellulose was washed for 15 min (3 times) in TBS-T. The secondary antibody was
added (10 ml; 1:400 dilution; goat anti-mouse IgG-HRP in TBS-T containing 0.1%
BSA; Sigma-Aldrich, Dorset, UK) and incubated for 60 min at room temperature. The
membrane was washed for 15 min 5 times in TBS-T. ECL (Amersham,
Buckinghamshire, UK) was added for 5 min and membranes were exposed to

photographic film for 30 min in the dark after which time the film was developed.

2.7.2 Selective expression of JNKI1 and JNK2

In order to assess JNK1 and JNK2 expression, non-specific binding was
blocked by incubating the membrane in TBS containing 2 % BSA for 2 hr at RT. The
antibodies used were mouse monoclonal antibodies recognising the epitope
corresponding to amino acids 1-384 of JNK1, and the epitope corresponding to amino
acids 1-424 of JNK2, of human origin, respectively (10 ml; 1:200 dilution in TBS-T
containing 0.2 % BSA; Santa Cruz, California, USA, Catalogue no SC-4061; JNK1
and SC-4062; JNK2. Membranes were incubated overnight at 4 °C in the presence of
the antibody and washed for 15 min, 3 times in TBS-T. The secondary antibody (10
ml; 1:400 dilution; goat-anti-mouse IgG-HRP in TBS-T containing 0.2 % BSA; Sigma-
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Aldrich, Dorset, UK) was added and membranes were incubated for 60 min at RT.
Membranes were washed for 15 min 5 times in TBS-T. ECL detection reagent
(Amersham, Buckinghamshire, UK) was added to the membrane for 5 min and

exposed to photographic film for 30 min in the dark before being developed.

2.7.3 Total JNK Expression

Following Western immunoblotting for JNK phosphorylation, blots were
stripped with an antibody stripping solution (10ml; 1 in 10 dilution in dH,0; Reblot
Plus Strong antibody stripping solution; Chemicon, California, USA) and reprobed for
total JNK expression in order to confirm equal loading of protein. As before, non-
specific binding was blocked by incubating the membrane in TBS containing 2 % BSA
for 2 hours at RT. The primary antibody used was a rabbit IgG JNK polyclonal
antibody recognising JNK1, JNK2 and JNK3 (10 ml; 1:1000 dilution in TBS-T
containing 0.2 % BSA; Santa Cruz, California, USA, Catalogue no. SC-571)
Membranes were incubated overnight at 4° C in the presence of the antibody and
washed for 15 min, 3 times in TBS-T. The secondary antibody (10 ml; 1:1000 dilution;
goat-anti-rabbit  IgG-HRP in TBS-T containing 0.2% BSA; Amersham,
Buckinghamshire, UK) was added and membranes were incubated for lhr at RT.
Membranes were washed for 15 min 5 times in TBS-T. ECL detection reagent
(Amersham, Buckinghamshire, UK) was added to the membrane for 5 min and

exposed to photographic film for 30min in the dark before being developed.

2.7.4 pS3 expression

In order to assess p53 expression, non-specific binding was blocked by
incubating the membrane in TBS containing 2 % BSA for 2 hr at RT. The primary
antibody used was a polyclonal IgG antibody purified from goat serum which
recognises an epitope mapping at the carboxy terminus of p53 of human origin (10 ml;
1:400 dilution in TBS-T containing 0.2 % BSA; Santa Cruz, California, USA,

Catalogue no. SC-1311). Membranes were incubated overnight at 4° C in the presence
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of the antibody and washed for 15 min 3 times in TBS-T. The secondary antibody (10
ml; 1:1500 dilution; donkey-anti-goat IgG-HRP in TBS-T containing 0.2 % BSA;
Santa Cruz, California, USA) was added and membranes were incubated for 60 min at
RT. Membranes were washed for 15 min 5 times in TBS-T. ECL detection reagent was
added to membranes, incubated for S min and exposed to photographic film for 30 min

at 4 °C in the dark before being developed.

2.7.5 Phosphorylated p53

In the case of phospho-p53 (serine (ser) 15), non-specific binding was blocked
by incubating membranes in TBS containing 2 % BSA for 2 hr at RT. The primary
antibody used was a rabbit phospho-p53 antibody recognising endogenous levels of
pS3 only when phosphorylated at residue ser 15 and does not recognize pS53
phosphorylated at other sites (10 ml; 1:400 dilution in TBS-T containing 0.2 % BSA;
Cell signalling technologies, Massachusetts, USA, Catalogue no. 9284S). Membranes
were incubated overnight at 4 °C in the presence of antibody and washed for 15 min 3
times in TBS-T. Secondary antibody (10 ml; 1:1500 dilution; goat-anti-rabbit IgG-HRP
in TBS-T containing 0.2 % BSA; Amersham, Buckinghamshire, UK) was added and
incubation continued for 60 min at RT. Membranes were washed for 15 min 3 times in
TBS-T. Supersignal (Pierce Biotechnology, Illinois, USA) was added for 5 min and
membranes were exposed to photographic film for 10 sec in the dark before being
developed.

In the case of phospho-p53 (ser 392) non-specific binding was blocked by
incubating membranes in TBS containing 2 % BSA for 2 hours at RT. The primary
antibody used was a rabbit polyclonal phospho-p53 antibody recognising p53 when
phosphorylated at residue ser 392 (10 ml; 1:400 dilution in TBS-T containing 0.2 %
BSA; Biosource International Inc, California, USA, Catalogue no. 44-640).
Membranes were incubated overnight at 4 °C in the presence of antibody and washed
for 15 min 3 times in TBS-T. Secondary antibody (10 ml; 1:1500 dilution; goat-anti-
rabbit IgG-HRP in TBS-T containing 0.2% BSA; Amersham, Buckinghamshire, UK)

was added and incubation continued for 60 min at RT. Membranes were washed for 15
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min, 3 times in TBS-T. Supersignal (Pierce Biotechnology, Illinois, USA) was added
for 5 min and membranes were exposed to photographic film for 10 sec in the dark

before being developed.

2.7.6 Bax expression

In order to assess expression of Bax, two different cell-harvesting protocols
were used (see section 2.5.1) in order to measure both total cellular expression of Bax
and cytosolic/mitochondrial Bax expression. The primary antibody used was a mouse
monoclonal IgG,y antibody raised against amino acids 1-171 of Baxa of mouse origin
(10 ml; 1:100 dilution in TBS-T containing 0.2 % BSA; Santa Cruz, California, USA,
Catalogue no. SC-7480). Non-specific binding was blocked by incubating membranes
in TBS containing 2 % BSA for 2 hours at RT and membranes were incubated
overnight at 4° C in the presence of the antibody and washed for 15 min 3 times in
TBS-T. The secondary antibody (10 ml; 1:400 dilution; goat-anti-mouse IgG-HRP in
TBS-T containing 0.2 % BSA; Sigma-Aldrich, Dorset, UK) was added and membranes
were incubated for 60 min at RT. Membranes were washed for 15 min 5 times in TBS-
T. Supersignal (Pierce Biotechnology, Illinois, USA) was added for 5 min and
membranes were exposed to photographic film for 10 sec in the dark before being

developed.

2.7.7 Cytochrome c expression

Expression of cytochrome ¢ was assessed in cytosolic fractions prepared as
described in section 2.5.1. The primary antibody used was a rabbit polyclonal
cytochrome ¢ antibody raised against a recombinant protein corresponding to amino
acids 1-104 representing full length cytochrome ¢ of horse origin (10 ml; 1:250 dilution
in TBS-T containing 2 % Marvel). Non-specific binding was blocked by incubating
membranes in TBS containing 2 % BSA for 2 hours at RT and membranes were
incubated overnight at 4° C in the presence of the antibody and washed for 15 min 3

times in TBS-T. The secondary antibody (10 ml; 1:1000 dilution; anti-rabbit IgG-HRP
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in TBS-T containing 2 % Marvel; Sigma-Aldrich, Dorset, UK) was added and
membranes were incubated for 60 min at RT. Membranes were washed for 15 min 5
times in TBS-T. Supersignal (Pierce Biotechnology, Illinois, USA) was added for 5
min and membranes were exposed to photographic film for 10 sec in the dark before

being developed.

2.7.8 pERK

In order to assess levels of phosphorylated ERK non-specific binding was
blocked by incubating membranes in TBS containing 1 % BSA for 2 hr at room
temperature. The primary antibody used was a mouse monoclonal antibody raised
against an epitope corresponding to a short amino acid sequence containing
phosphorylated Tyr-204 of ERK 1 of human origin (identical to corresponding ERK2
sequence) (10 ml; 1:100 dilution in TBS-T containing 0.1 % BSA; Santa Cruz,
California, USA, Catalogue no. SC-7383). Membranes were incubated overnight at 4
°C in the presence of antibody and washed for 15 min 3 times in TBS-T. Secondary
antibody (10 ml; 1:1000 dilution; goat-anti-rabbit IgG-HRP in TBS-T containing 0.1%
BSA; Amersham, Buckinghamshire, UK) was added and incubation continued for 60
min at RT. Membranes were washed for 15 min 3 times in TBS-T. ECL detection
reagent (Amersham, Buckinghamshire, UK) was added to the membrane for 5 min and

exposed to photographic film for 30 min in the dark before being developed.

2.7.9 Total actin Expression

Following Western immunoblotting for p53, phospho-p53, and Bax blots were
stripped with an antibody stripping solution (2.7.3) and reprobed for analysis of total
actin expression in order to confirm equal loading of protein. As before non-specific
binding was blocked by incubating the membrane in TBS containing 2 % BSA for 2
hours at RT. The primary antibody used was a mouse monoclonal IgG; antibody
corresponding to amino acid sequence mapping at the carboxy terminus of actin of

human origin (10 ml; 1:200 dilution in TBS-T containing 0.2 % BSA; Santa Cruz,
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California, USA, Catalogue no. SC-8432). Membranes were incubated overnight at

4°C in the presence of the antibody and washed for 15 min 3 times in TBS-T. The

secondary antibody (10 ml; 1:500 dilution; goat anti-mouse IgG HRP in TBS-T

containing 0.2 % BSA; Santa Cruz, California, USA) was added and membranes were

incubated for 60 min at RT. Membranes were washed for 15 min 5 times in TBS-T.

Supersignal (Pierce Biotechnology, Illinois, USA) was added for 5 min and membranes

were exposed to photographic film for 10 sec in the dark before being developed.

Table 2.1 summarises the antibodies used for protein detection.

Protein Target | Antibody | 2° Antibody Antibody Dilution Protein Band
Source % BSA in TBST Size
Phosphorylated goat anti- 1° 1/200 0.1% BSA JNK1 46 kDa
JNK1,2 and 3 Mouse mouse 1gG 2° 1/400 0.1% BSA JNK2 54 kDa
JNK3 57 kDa
Expression of Mouse goat anti- 1° 1/200 0.2% BSA | 46kDa
JNK1 mouse IgG 2° 1/400 0.2% BSA
Expression of Mouse goat anti- 1° 1/200 0.2% BSA 54 kDa
JNK2 mouse IgG 2° 1/400 0.2% BSA
Expression of Rabbit goat-anti-rabbit | 1° 1/1000 0.2% BSA JNK1 46 kDa
total INK IgG 2° 1/1000 0.2% BSA JNK2 54 kDa
Expression of Goat donkey-anti- 1° 1/400 0.1% BSA 53 kDa
pS3 goat IgG- 2° 1/1500 0.1% BSA
p53° Rabbit goat-anti-rabbit | 1° 1/400 0.2% BSA | 53 kDa
phosphorylation IgG 2° 1/1500 0.2% BSA
p53°7 Rabbit goat-anti-rabbit | 1° 1/400 0.2% BSA | 53 kDa
phosphorylation 1gG 2° 1/1500 0.2% BSA
Bax Mouse goat anti- 1° 1/100 0.2% BSA 21 kDa
mouse IgG 2° 1/400 0.2% BSA
Cytochrone ¢ Rabbit goat-anti-rabbit | 1° 1/250 0.2% BSA 11.4 kDa
IgG 2° 1/1000 0.2% BSA
Phosphorylated | Mouse goat anti- 1° 1/100 0.2% BSA ERK1 44 kDa
ERK mouse IgG 2° 1/1000 0.2% BSA ERK2 42 kDa
Actin Mouse goat anti- 1° 1/200 0.2% BSA 46 kDa
mouse IgG 2° 1/500 0.2% BSA

Table 2.1 Antibodies used for Western Blotting
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2.7.10 Densitometry

In all cases quantification of protein bands was achieved by densitometric
analysis using the Zero-Dscan Image Analysis System (Scanalytics Inc., Fairfax,

USA). Values are expressed as arbitrary units.

2.8 Immunocytochemistry

2.8.1 Activated Caspase-3 Immunocytochemistry

Cells were fixed in 4 % paraformaldehyde, permeabilised with 0.2 % (v/v)
Triton X-100 and washed three times in PBS. Non-reactive sites were blocked in
blocking buffer (5 % goat serum in PBS containing 0.2% Triton X-100) for 2 hours at
RT. The cells were then incubated overnight with a polyclonal anti-active caspase-3
antibody (Promega Corporation, Madison, USA) diluted 1:250 in 10 % blocking
buffer, overnight at 4 °C. This antibody was purified from rabbit serum and recognizes
the 17 kDa cleaved and active fragment of caspase-3. Cells were washed three times in
PBS and incubated with a biotinylated goat anti rabbit-IgG secondary antibody (100
ml; 1:50 dilution, 1 hour incubation, Vector Laboratories Inc., California, USA). Cells
were washed 3 times in PBS before a 1:100 dilution of streptavidin conjugated to
horseradish peroxidase (Amersham, Bedfordshire, UK) in PBS was added for 40 min
at RT. Cells were washed 3 times in PBS before detection using the peroxidase
substrate H,O, and the stable chromogen diaminobenzidine (DAB, Dako Corporation,
Carpinteria, U.S.A.) solution (2 ml; 1.81 ml DAB (1 mg/ml PBS), 80 uL of saturated
Nikel Aluminum Sulphate (NH);SO4NiSO,.6H,0) and 11 pl of H,O,, Sigma-Aldrich,
UK). Incubation proceeded until cells had taken on a stained appearance
(approximately 10 min) The coverslips were washed in deionised water, dehydrated
through graded alcohols and mounted on slides with DPX mounting medium (a
mixture of distyrene (a polystyrene), tricresyl phosphate (plasticiser) and xylene with a

refractive index of 1.5; BDH Laboratory Supplies, Dorset, England). Cells were then
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viewed under light microscopy (Nikon Labophot, Nikon Instech Co., Ltd, Kanagawa,
Japan) at x100 magnification where the active-caspase-3-positive cells stained dark
purple. Cells displaying active caspase-3 immunoreactivity were counted and
expressed as a percentage of the total number of cells examined (400-500

cells/coverslip).

2.8.2 Poly-(ADP-ribose)-polymerase (PARP) immunocytochemistry

Cells were fixed in 4 % paraformaldehyde for 30 min at room temperature,
permeabilised with 0.2 % (v/v) Triton X-100, washed 3 times in PBS then blocked
with 5 % bovine serum albumin in PBS for 1hr at room temperature. Cells were then
incubated for 1 hour at RT with an anti-cleavage site specific PARP polyclonal
antibody purified from goat serum (100 pl, 1:50 dilution in a 5 % solution of goat
serum in PBS; Vector Laboratories Inc., California, USA) which specifically
recognises the 85 kDa cleaved form of PARP. Immunoreactivity was detected with a
biotinylated goat anti rabbit-IgG secondary antibody (100 pl; 1:50 dilution in PBS
containing 5 % goat serum, BioSource International Inc, California, USA) applied for
lhr at RT, then washed 3 times in PBS. Streptavidin conjugated to horseradish
peroxidase (100 pl; 1:100 dilution in PBS; Amersham, Buckinghamshire, UK) was
then applied to the cells for 40 min at RT. Immunoreactive cells were visualised after
incubation using a DAB solution (2 ml; Dako Corporation, Carpinteria, U.S.A.; 1.81
ml DAB 1 mg/ml PBS, 80 pul of saturated Nikel Aluminum Sulphate
(NH)sSO4NiS04.6H,0) and 11 ul of H,0,) for 10 min, washed several times in
deionised water and mounted onto microscope slides with DPX medium (BDH
Laboratory Supplies, Dorset, England). Cells were then viewed under light microscopy
at x 100 magnification (Nikon Labophot, Nikon Instech Co., Ltd, Kanagawa, Japan),
where the nuclei of PARP cleavage positive cells stained dark purple. The number of
cells displaying cleaved PARP immunoreactivity were counted and expressed as a

percentage of the total number of cells examined (400-500 cells/coverslip).
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2.9 Fluorescence Immunocytochemistry

2.9.1 JNK Fluorescence Immunocytochemistry

To evaluate the efficacy of the antisense oligonucleotides in downregulating
JNK' expression, immunolocalisation of non-phosphorylated JNK1 and JNK2 was
assessed using anti-JNK1 or anti-JNK2 monoclonal antibodies purified from mouse
serum antibody (Santa Cruz Biotechnology Inc, California). The antibodies used
recognise the epitope corresponding to amino acids 1-384 representing full length
JNKI, and the epitope corresponding to amino acids 1-424 representing full length
JNK2 of human origin, respectively. Cells were fixed with 4 % paraformaldehyde,
permeabilised with 0.1 % Triton X-100 and non-reactive sites were blocked with 5 %
goat serum in phosphate buffered saline. Primary antibodies were applied (100 ul; 1:
400 dilution in 10 % blocking buffer) overnight at 4 °C. Coverslips were washed 3
times in PBS and secondary antibody was added (100 pl; 1:100 dilution; anti-mouse
IgG conjugated to fluorescein isothiocyanate (FITC); Sigma-Aldrich, Dorset, England)
for 1 hour at RT. Coverslips were washed several times in dH,0, before being mounted
onto microscope slides using a mounting medium for fluorescence (Vector
Laboratories Inc., California, USA) and the perimeter of each coverslip was sealed
using nail varnish. Care was taken to minimise exposure of coverslips to light in order
to prevent the fluorescent tag from bleaching. Mounted coverslips were viewed under
x40 magnification by fluorescence microscopy (Leitz Orthoplan Microscope, Leica
Microsystems AG, Wetzlar, Germany) using Improvision software (Improvision,
Coventry, England). Cells were observed under excitation, 490 nm; emission, 520 nm

for FITC labelled antibodies.
2.9.2 Phospho-JNK fluorescence Immunocytochemistry
Cells were fixed with 4 % paraformaldehyde, permeabilised with 0.1 % Triton

X-100 and non-reactive sites were blocked with 5 % goat serum in phosphate buffered

saline. To determine the intracellular distribution of active-JNK (phosphorylated JNK)
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the cells were incubated overnight with an anti-active JNK antibody (100 pl; 1:400
dilution in 10 % blocking buffer; Santa Cruz Biotechnology Inc, California, USA)
purified from mouse serum. This antibody was raised against a peptide corresponding
to a short amino-acid sequence of JNKI1/JNK2 of human origin containing
phosphorylated Thr-183 and Tyr-185. Coverslips were washed 3 times in PBS and
secondary antibody was added (100 pl; 1:100 dilution; anti-mouse IgG conjugated to
FITC; Sigma-Aldrich, Dorset, UK) for 1 hour at RT. Coverslips were washed several
times in dH,0, before being mounted onto microscope slides using a mounting medium
for fluorescence (Vector Laboratories Inc., California, USA) and the perimeter of each
coverslip was sealed using nail varnish. Care was taken to minimise exposure of
coverslips to light in order to prevent the fluorescent tag from bleaching. Mounted
coverslips were viewed under x40 magnification by fluorescence microscopy (Leitz
Orthoplan Microscope, Leica Microsystems AG, Wetzlar, Germany) using Improvision
software (Improvision, Coventry, England). Cells were observed under excitation, 490

nm; emission, 520 nm for FITC labelled antibodies.

2.10 Localisation of Intracellular Organelles using Fluorescence
microscopy

2.10.1 Localisation of Mitochondria and Lysosomes

Fluorescent probes (MitoTracker Red, LysoTracker Red, Molecular Probes,
Leiden, The Netherlands) were used to visualise neuronal mitochondria and lysosomes.
After neurons had undergone the desired treatment protocol, the culture media was
removed from the wells and pre-warmed neurobasal medium containing either
MitoTracker (400 nM) or LysoTracker (700 nM) was added for 30 min, to incorporate
the probe. Cells were then washed in PBS and fixed in 4 % paraformaldehyde/PBS for
30 min at 37 °C. Coverslips were mounted onto microscope slides as outlined in
section 2.10.1. Mounted coverslips were viewed under x40 magnification by
fluorescence microscopy (Leitz Orthoplan Microscope, Leica Microsystems AG,
Wetzlar, Germany) using Improvision software (Improvision, Coventry, England).

Cells were observed under excitation, 579 nm; emission, 599 nm.
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2.10.2 Co-localisation Analysis

In order to assess the sub-cellular distribution of p53 and Bax,
immunolocalisation of these proteins was carried out in cells which had been loaded
with either Mitotracker (400 nM) or Lysotracker (700 nM) probes. Cells were
permeabilised with 0.2 % Triton X-100 for 10 min and refixed in 4 %
paraformaldehyde for 10 min. Cells were incubated in blocking buffer 5 % goat serum
in PBS (p53 immunocytochemistry) and 5 % horse serum in PBS (Bax
immunocytochemistry) for 2 hours at RT. Coverslips were washed three times in PBS
and incubated with primary antibody (100 pl; 1:50 dilution in 10 % blocking buffer)
overnight at 4 °C. The p53 primary antibody used was a rabbit phospho-p53 antibody
recognising endogenous levels of pS3 only when phosphorylated at residue ser 15
while the Bax primary antibody used was a mouse monoclonal 1gG,, antibody raised
against amino acids 1-171 of Baxa of mouse origin. Immunoreactivity was detected
with goat anti-rabbit IgG biotinylated secondary antibody (Vector Laboratories Inc.,
California, USA) for p53 immunocytochemistry and with horse anti-mouse IgG
(Vector Laboratories Inc., California, USA) for Bax immunocytochemistry (100 pl;
1:50 dilution in PBS containing 10 % blocking buffer). Incubation proceeded for 1 hr
at RT, coverslips were then washed 3 times in PBS. Cells were then incubated with
extra-avidin-conjugated FITC (100 pl; 1:50 dilution; Sigma-Aldrich, Dorset, UK) for
40 min at RT, washed 8 times with dH,0 to remove any unbound FITC and mounted as
outlined in section 2.10.1. Mounted coverslips were viewed under x40 magnification
by fluorescence microscopy (Leitz Orthoplan Microscope, Leica Microsystems AG,
Wetzlar, Germany) using Improvision software (Improvision, Coventry, England).
Cells were observed under excitation, 579 nm; emmision, 599 nm for MitoTracker Red
and Lysotracker Red, and excitation, 490 nm; emission, 520 nm for FITC labelled

antibodies.
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2.11 TdT-mediated-UTP-end nick labelling (TUNEL)

Following treatment of cultured cortical neurons, coverslips were washed in
Tris Buffered Saline (TBS; Tris-HC1 20 mM, NaCl 150 mM, pH 7.4) and fixed in 4 %
(w/v) paraformaldehyde for 30 minutes at RT. The paraformaldehyde was then
removed and replaced with TBS and the cells were stored at 4 °C until required for
analyses. Apoptotic cell death was assessed by monitoring DNA fragmentation, using
the DeadEnd colorimetric apoptosis detection system (Promega Corporation, Madison,
USA). Cells were prepared as described in section 2.4.1. Cells were then permeabilised
with Triton X-100 (0.1 %, v/v), proteinase-K (1 pg /ml) in TBS and refixed in 4 %
paraformaldehyde for 10 minutes. Cells were incubated in equilibration buffer (50
ul/coverslip; 200 mM potassium cacodylate (pH 6.6 at 25 °C), 25 mM Tris-HCI (pH
6.6 at 25 °C), 0.2 mM DTT, 0.25 mg/ml BSA, 2.5 mM cobalt chloride) for 10 minutes.
A Reaction buffer (100 pL/coverslip; 1 upl biotinylated nucleotide mix (25 uM
biotinylated nucleotide mix, 10 mM Tris-HCI, pH7.6, 1 mM EDTA), 1 pl Terminal
deoxynucleotidyl Transferase (TdT) enzyme and 98 pL equilibration buffer, Promega
Corporation, Madison, USA) was applied for 60 min at 37 °C in order to incorporate
the biotinylated nucleotide to the 3’-OH DNA ends of fragmented DNA strands.
Horseradish-peroxidase-labelled streptavidin was then bound to the biotinylated
nucleotide (100 pl; 1:100 dilution in PBS for 1 hour at RT) and this was detected using
a DAB solution. Incubation proceeded until cells had taken on a stained appearance
(approximately 10 min) The coverslips were washed in deionised water, dehydrated
through graded alcohols and mounted on slides with DPX mounting medium. Cells
were then viewed under light microscopy (Nikon Labophot, Nikon Instech Co., Ltd,
Kanagawa, Japan) at x100 magnification, where the nuclei of TUNEL positive cells
stained dark purple. Apoptotic cells (TUNEL positive) were counted and expressed as

a percentage of the total number of cells examined (400-500 cells/coverslip).
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2.12 Measurement of cathepsin-L activity using Enzyme Activity

Assay

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 specific for cathepsin-L activity
(Kamboj et al., 1993). Cortical neurons were washed in PBS and harvested in a urea
buffer (20 mM NaOAc, 4 mM EDTA, 8 mM DTT, 4 M Urea; pH 5) by scraping
coverslips using the rubber end of a 1 ml syringe piston (B.Braun Medical Ltd.,
Melsungen, Germany). Cell were homogenised, subjected to 3 freeze-thaw cycles, and
centrifuged at 10,000 x g for 10 min at 4 °C (Sigma-Aldrich, Model #2K15C, St.
Louis, USA). Samples of supernatant containing the cytosolic fraction (90 pul) were
incubated with the Z-Phe-Arg-AFC peptide (150 pM; 10 ul) for 1 hr at 37 °C in a 96
well microtest plate (Sarstedt, Leicester, UK). Fluorescence was assessed by
spectrofluorometry (excitation, 400 nm; emission, SOS nm) using a Fluoroskan Ascent
Florometer, (Labsystems, Vantaa, Finland). A standard curve was prepared from a 1
mM stock solution of 7-amino-4-(trifluoromethyl) coumarin (AFC; Sigma-Aldrich,
Dorset, UK) and diluted in urea buffer into 1000 uM, 500 uM, 250 uM, 125 uM, 62.5
uM, 31.25 uM, 15.625 uM, 7.813 uM and O uM (urea buffer) standards. The enzyme
activity in cell samples was calculated from the regression line plotted from the
absorbance of the AFC standards and converted to pmoles AFC produced/mg/ml of
protein/min (GraphPad Instat)

2.13 Lysosomal Integrity Assay — Acridine Orange uptake

Acridine Orange (AO) uptake was used as a method to investigate integrity of
lysosomes. The degree of AO release from lysosomes to cytosol was monitored by

fluorescence microscopy. Cells were exposed to an AO (Molecular probes, Leiden, The
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Netherlands) solution (5 pg/ml in pre-warmed NBM) for 15 min to incorporate the AO
probe. Cells were then rinsed in fresh pre-warmed NBM and incubated in the presence
or absence of 2 uM AP for 6 hr. Following treatment for 6 hr, cells were washed in
PBS and fixed in 4 % paraformaldehyde/PBS for 30 min at 37 °C. Coverslips were
mounted onto microscope slides as outline in section 2.10.1. Mounted coverslips were
viewed under x40 magnification by fluorescence microscopy (Leitz Orthoplan
Microscope, Leica Microsystems AG, Wetzlar, Germany) using Improvision software
(Improvision, Coventry, England). Cells were observed under excitation, 490 nm;

emission, 520 nm.

2.14 ISOLATION OF RNA

2.14.1 Precautions

For RNA analysis certain precautions were taken since ubiquitous RNAse
enzymes easily degrade RNA. RNase enzymes are resistant to autoclaving but can be
inactivated by diethylpyrocarbonate (DEPC; 0.1 % (v/v) Sigma-Aldrich, Dorset, UK),
thus all solutions used for RNA work were treated with DEPC. Solutions containing
amines such as Tris cannot be DEPC-treated directly as DEPC is inactivated by these
chemicals. These solutions were prepared in DEPC-treated water. Gloves and
disposable sterile plastics were used at all times and any glassware used was baked
overnight at 200 °C. Following the extraction procedure manipulations with RNA were

carried out quickly and on ice to prevent degradation of RNA by endogenous RNAses.

2.14.2 RNA extraction from cultured cortical neurons

Total RNA was isolated from cells using TRI reagent (Sigma-Aldrich, Dorset,
UK). This is a modified version of the single step method of acid guanidine
thiocyanate-phenol-chloroform extraction (Chomczynski and Sacchi, 1987). Cultured
neurons were rinsed with DEPC-treated PBS and lysed directly on 24 well culture

plates by adding 50 ul reagent per well and scraping coverslips using the rubber end of
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a 1 ml syringe piston (B.Braun Medical Ltd., Melsungen, Germany). Cells were
incubated for 5 min at room temperature to permit the complete dissociation of
nucleoprotein complexes. Phase separation was achieved by adding 0.2 ml of
chloroform reagent (Sigma-Aldrich, Dorset, UK) per 1 ml of TRI reagent, samples
were mixed by inversion and incubated at RT for 2-15 minutes. The resulting mixture
was centrifuged at 12,000 x g for 15 min. Following centrifugation the mixture
separates into a lower red, phenol-chloroform phase, an interphase, and the colour-less
upper aqueous phase. RNA remains exclusively in the upper phase while DNA and
proteins partition to the interphase and lower organic phase. The aqueous phase was
transferred to a fresh tube. RNA was precipitated by adding 0.5 ml of isopropanol

(Sigma-Aldrich, Dorset, UK) per 1 ml of reagent used. Samples were incubated at RT
for 10 min then centrifuged at 12,000 x g for 20 min. RNA pellets were then washed
once with 75 % ethanol (Sigma-Aldrich, Dorset, UK), allowed to air dry and dissolved
in sterile DEPC treated water. RNA samples were stored at -80 °C until required for

use.

2.14.3 Analysis of Isolated RNA by Gel Electrophoresis

To check that isolated RNA was intact and had not been degraded, samples
were run on a 1 % (w/v) agarose gel (Figure 2.2). The gel was prepared by boiling the
appropriate quantity of agarose (Promega Corporation, Madison, USA) in 100 ml of
1X tris borate EDTA (TBE) buffer (0.08 M Tris; 0.04 M boric acid; 1 mM EDTA; pH
8.3). Ethidium Bromide (EtBr; Sigma-Aldrich, Dorset, UK) was added to give a final
concentration of 0.5 pg/ml and the gel cast into the horizontal gel system and allowed
to set. RNA samples (1.5 pl) were prepared for electrophoresis by mixing with 3.5 pl
of H,O and 1 pl of 6X gel loading buffer (60 % (v/v) glycerol, 0.4 % (w/v)
bromophenol blue). Samples (6 pl) were loaded into the wells and RNA was separated
by application of a 90 V voltage to the gel apparatus. Migration of the bromophenol
blue was monitored and the voltage was switched off when the blue dye band reached
the bottom of the gel. The gel was visualized under UV light and photographed using a
UV transluminator (Chromato-vue, model TL-33, UVP INC, California, USA).
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2.14.4 DNAse 1 treatment of RNA

Contaminating DNA was removed from RNA preparations using
Deoxyribonuclease 1 (DNAse 1; Invitrogen, Paisley, UK). DNAse 1 digests single and
double-stranded DNA to oligonucleotides. 1.5 pg of RNA sample was incubated for 15
min at RT with 1.5 pl (1 U/ml) DNAse 1 and 1 pl 10x DNAse 1 reaction buffer. 1 pl of
25 mM EDTA solution was added to the reaction mixture in order to inactivate the

DNAse and the tube contents incubated at 65 °C for 10 min.

28S
18S

6S

Lane

Figure 2.2 Sample Photo of 1 pg Total Rat RNA (in duplicate). An intact
preparation of Total RNA exhibits distinct ribosomal RNA bands of 28S, 18S and 6S.

2.14.5 Quantitation of RNA

The quantity of RNA was determined spectrophotometrically by measuring the
RNA at a wavelength of 260 nm. An absorbance value of 1 at this wavelength

corresponds to 40 pg/ml of RNA.
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2.15 Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Reverse-transcription polymerase chain reaction is a powerful technique which
allows analysis of small quantities of specific messenger ribonucleic acid (mRNA).
Total RNA is converted to complementary DNA (cDNA) using a reverse transcriptase
enzyme. Specific cDNA’s are then amplified by PCR using appropriate primer
sequences. This PCR is semi-quantitative as a constitutively expressed gene
(housekeeping gene), B-actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was amplified in parallel with each PCR reaction. This acted as an internal control and
by calculating ratios of the target gene to P-actin/GAPDH relative amounts of the

target gene could be determined.

2.15.1 Reverse Transcription

First strand cDNA synthesis of the mRNA was carried out using Superscript 11
RNASE H- Reverse-Transcriptase enzyme (Invitrogen, Paisley, UK). 1 pg of sample
RNA was mixed with 1 pl of oligo dT Primer (Invitrogen, Paisley, UK) and 1 pl of
dNTP mix (containing 10 mM each of dATP, dTTP, dCTP and dGTP; Promega
Corporation, Madison, USA). This mixture was incubated at 65 °C for 5 min (to uncoil
the RNA) then moved to ice. To this reaction mixture, 4 pl of 5X reaction buffer, 2 pl
of 0.1 M dithiothreitol (DTT) and 1 ul of Ribonuclease (RNAse) Inhibitor (Promega
Corporation, Madison, USA) were added and the reaction was preheated to 42 °C for 2
min before adding 1 ul (200 units) of Superscript Reverse-Transcription enzyme. The
reaction was incubated at 42 °C for 50 min for cDNA synthesis and then at 75 °C for

10 min to inactivate the reverse transcriptase.
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2.15.2 Polymerase Chain Reaction

A mastermix PCR reaction (final volume 25 pl) was made up containing 2.5 pl
of 10x reaction buffer, 2.5-3 ul (2.5-3mM) magnesium chloride (MgCl,), 1 ul dNTP
mix (Promega Corporation, Madison, USA), 1 pul of each of the upstream and
downstream primers (40 pmoles; MWG Biotech, Ebersberg, Germany), 12.5-13 pnl
sterile H,O and 0.5 pl (5 units) Taq polymerase enzyme (Promega Corporation,
Madison, USA). 2.5 pul of sample cDNA was added to this mastermix. The reaction
contents were then overlayed with mineral oil (to prevent evaporation of the reaction
contents) and placed in the thermocycler (Biometra GmbH, Gottingen, Germany). The
PCR was run with an initial denaturing step of 95 °C followed by 25-35 cycles
consisting of a denaturing step of 95 °C for 1 min, an annealing step of 50-55 °C (see
table 2.1 for optimal annealing temp) for 1 min and an extension step of 72 °C for 1
min 30 seconds. A final extension step of 72 °C for 10 min was carried out to ensure
complete extension of the PCR products. The PCR products (5 pl) were loaded into the
wells and separated on a 1.5 % (w/v) agarose gel containing ETBR (0.5 pg/ml) and
visualized under UV) light using a UV transilluminator. In all cases a DNA 100bp

ladder was also loaded to determine the size of DNA bands.
2.15.3 Densitometry
In all cases quantification of PCR bands was achieved by densitometric analysis

using the Zero-Dscan Image Analysis System (Scanalytics Inc., Fairfax, USA). Values

are expressed as arbitrary units.
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Target Primer Sequence Annealing Fragment Size
Gene Temperature | (base-Pairs)
(0

p53 Fw: 5" GGCCATCTACAAGAAGTCAC 3’ 53 37 bp
Rv: 5" CCAGAAGATTCCCACTGGAG 3’

B-actin* Fw: 5" GAAATCGTGCGTGACATTAAAGAGAAGCT 3° 50 360 bp
Rv: 5" TCAGGAGGAGCAATGATCTTGA 3’

Caspase-3 Biosource international rat apoptosis signalling quantitative PCR detection kit 58 318 bp
Catalogue number #QRM0050

bel-x1 Biosource international rat apoptosis signalling quantitative PCR detection kit 58 398 bp
Catalogue number #QRMO0050

GAPDH Biosource international rat apoptosis signalling quantitative PCR detection kit 58 539 bp
Catalogue number #QRMO0050

Bax ** Fw: 5" GCAGAGAGGATGGCTGGGGAGA 3’ 52 352 bp
Rv: 5" TCCAGACAAGCAGCCGCTCACG 3’

NF-kB Biosource international rat TNF signalling quantitative PCR detection kit 58 396 bp
Catalogue number #QRMO0051

IxB Biosource international rat TNF signalling quantitative PCR detection kit 58 167 bp
Catalogue number #QRMO0051

TNF-a Biosource international rat TNF signalling quantitative PCR detection kit 58 270 bp

Catalogue number #QRMO0051

Table 2.1 Primer pairs used for PCR

** Primers from Ray et al., 2000
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2.16 Analysis of Intracellular calcium levels [Ca“]i

Free cytosolic calcium concentration was quantified in freshly dissociated
neuronal suspensions by fluorescence imaging using the Ca*" indicator dye Fura-2AM
(Molecular Probes, Leiden, The Netherlands). Fura-2AM is a cell permeable dye which
binds reversibly to calcium. Upon calcium binding, the maximum fluorescent
excitation of the indicator dye undergoes a blue shift from 363 nm (Ca®*'-free) to 335
nm (Ca*"-saturated), while the fluorescence emission maximum is relatively unchanged
at 510 nm. The indicator is typically excited at 340 nm and 380 nm respectively and
the ratio of the fluorescent intensities corresponding to the two excitations is used in
calculating the intracellular concentrations of calcium. Measurement of [Ca’']; using
this ratiometric method allows efficient measurement of calcium levels while
cancelling out variability due to instrument efficiency and uneven dye distribution

(Grynkiewicz et al., 1985).
2.16.1 Preparation of Samples

Suspensions of neurons were prepared as described in section 2.2.3-2.2.4.
However, in this experiment neurons were not resuspended in NBM but in filter-
sterilised Hank’s Balanced Salt Solution (HBSS; Sigma-Aldrich, Dorset, UK)
containing HEPES 30 mM, MgSO, 1 mM, CaCl, 2 mM, 1 ml Pen/Strep pH 7.4. Cells
were not allowed to adhere to coverslips, but instead were maintained in suspension in
1.5 ml sterile tubes (Sarstedt, Leicester, UK) at a concentration of 2.7 x 10* cells/ml.
Suspensions were pre-treated with nicardipine (500 nM; 20 min; Sigma-Aldrich,
Dorset, UK) at 37 °C in a C0, incubator. Cell suspensions were then treated with A (2
uM) for a 1 hr or 6 hr incubation period. Following Af incubation, suspensions were
loaded with Fura2-AM (5 uM) for 30 min (37 °C, 5 % CO,). Cell suspensions were
transferred to 15 ml tubes (Sarstedt, Leicester, UK), centrifuged at 3500 x g for 3 min
and suspension pellets were resuspended in 1 ml HBSS (NaCl 145 mM, KCI 5 mM,
MgCl, 1 mM, CaCl, 2 mM, Mg,SO4 1 mM, KH,PO,, 1 mM, Glucose 10 mM HEPES
30 mM; pH 7.4). To remove any unloaded Fura-2AM, the cells were again centrifuged
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at 3500 x g for 3 min and resuspended in 1.5 ml HBSS. Suspensions were incubated
for a further 10 min (37 °C, 5 % CO,) to ensure sufficient intracellular hydrolysis of
Fura-2AM to Fura-2.

2.16.2 Recording of [Caz+]i measurements

1.5 ml aliquots of Fura-2 loaded cell suspension cultures were placed in the
cuvette holder of a Cairn spectrophotometer (Cairn, Faversham, UK). This apparatus
consisted of a sealed chamber with channels in the side walls to allow light to pass
through the cuvette. Excitation light from a xenon arc lamp passed through a filter
wheel (32 revs/sec) containing alternating 340 nm and 380 nm filters into the cuvette
chamber. The ratio of the 340/380 fluorescence signal emitted from the Fura-2
containing cells (R) was transmitted through a 510 nm filter, amplified through a
photomultiplier tube, digitised and stored on hard disk for later analyis (Maclab Chart;
see Figure 2.2) The maximum fluorescence ratio (Rma) was achieved by addition of
Triton (2 %) until the saturated ratio value was attained. The minimum fluorescence
ratio (Rmin) was achieved by addition of the Ca®* chelating agent EGTA (200 mM),

until the minimum ratio plateau was reached.

Rmax

2.0

Ratio (V)

1.2

08

Riin

Figure 2.3 Sample trace of ratio (340/380 nm) for a given cortical suspension
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2.16.3 Calculation of [Ca2+]i

The ratio of the fluorescence emission at the two different excitation

wavelengths was used to determine [Ca®"]; according to the formula

R'Rmin

2+ i
[Ca”™]); (nM) =Kd.p R.R

Grynkiewicz et al., 1985

where R = the ratio for each treatment, Kd = the dissociation constant for Fura-2 (197
nM under the experimental conditions described) and 3 = [F3go at Ruin/ Figo at Ryux]
1.e. the ratio of fluorescence intensity evoked by excitation at 380nm at minimum and

saturated calcium concentration.

2.17 Statistical Analysis

Data are expressed as means + standard error of the means (SEM). Statistical
Analysis was carried out by use of a one-way analysis of variance, followed by a post
hoc Student Newman-Keuls test when significance was indicated. When comparisons
were being made between two treatments, a paired Student’s t-test was performed to
determine whether significant differences existed between the conditions. In all cases
the alpha level was set at 0.05. All statistical analysis was carried out using Graphpad

Prism software.
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Chapter 3

The role of c-jun-N-terminal kinase in Af-mediated neuronal apoptosis




3.1 Introduction

The MAPK cascade represents a prototypic signal transduction system, linking
extracellular stimuli to intracellular responses. MAPK cascades are evolutionarily
conserved in all eukaryotes demonstrating their importance in intracellular signalling.
The three principal members ERK, JNK and p38 comprise 3 distinct, but similarly
organised, signalling pathways. JNK kinases share sequence homology with ERK kinases
and both JNK and ERK can be activated simultaneously by phosphorylation via their
respective parallel cascades in response to the same stimuli, for example, the endotoxin
lipopolysacharide (LPS) activates both ERK and JNK in macrophages (Pyo et al., 1998).

Generally activation of ERK 1is associated with regulation of growth and
differentiation, while JNK signalling functions in stress responses, such as DNA damage
and apoptosis. However, this is not always the case, since cells are simultaneously
exposed to multiple extracellular stimuli, each cell must integrate these signals and
choose an appropriate response. Consequently, the biological context of a signal plays an
important role in how the cell will respond to MAPK activation. For example, JNK
signalling can lead to opposing cellular responses such as proliferation or apoptosis
depending on the cell type and the context of other signals received by the cell (Herr and
Debatin, 2001). Moreover, ERK activation can lead to contrasting physiological
responses in the same cellular type, with transient stimulation of the ERK cascade leading
to proliferation in PC12 cells, whereas sustained stimulation leads to differentiation
(Marshall, 1995). Thus, the cellular response to ERK and JNK signalling may be specific
to cell type as well as depending on the nature of the stimulus received by the cell and the
physiological environment surrounding the cell.

There is increasing evidence that JNK proteins are potent effectors of
neurodegeneration, since JNK has been implicated as a mediator of cell death in response
to a variety of stimuli including growth factor deprivation, oxidative stress and exposure
to ionizing radiation (Eilers et al., 2001; Yoshizumi et al., 2002; Mielke and Herdegen,
2000). Activation of JNK induces apoptosis in cultured neuronal cells (Virdee et al.,
1997), as well as in peripheral neurons in vivo (Chen et al., 1996). Several features of the
JNK signalling cascade suggest that it may be a target for Af modulation. JNK activation

can occur in response to oxidative stress (Maroney et al., 1999) and since AP can induce
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oxidative stress (Behl ef al., 1994), this raises the possibility that Ap may induce
activation of JNK. A number of recent studies have suggested that JNK may play a role
in AB-mediated effects. In sympathetic neurons, PC12 cells and cultured cortical neurons,
the 1-42 fragment of AP activates JNK and the synthethic JNK inhibitor, CEP-1347,
blocks AB-mediated neurotoxicity (Troy et al., 2001; Bozyczko-Coyne et al., 2001). In
addition, JNK activation was demonstrated to associate with intracellular A
accumulation in cerebral neurons of PS1-linked AD patients (Shoji et al., 2001). JNKs
are encoded by three separate genes jnkl, jnk2 and jnk3. jnkl and jnk2 are ubiquitously
expressed. In contrast, jnk3 is predominantly expressed in the brain (Herr and Debatin,
2000). Studies of mice deficient in JNK1, JNK2 or JNK3 provide evidence for the
functional diversity of isoforms, with mice lacking JNK1 and JNK2 being embryonic
lethal, showing increased apoptotic death in the fore brain and reduced apoptotic death in
the hind brain (Kuan et al., 1999). Mice lacking JNK3 display decreased susceptibility to
kainic acid-induced hippocampal cell death (Yang et al., 1997). This provides evidence
that different JNK isoforms have diverse effects in the central nervous system and that
these effects may depend on cellular context. Substrates of JNK include transcription
factors c-jun and activating transcription factor 2 (ATF-2) as well as cytoplasmic
substrates p53 and bcl-2 (Mielke and Herdegen, 2000). The discovery that various JNK
isoforms differ in their specificity for downstream transcription factors (Gupta et al.,
1996) as well as in stress-induced activation (Yin et al., 1997) suggest that JNK isoforms
have differing physiological roles. AB has the potential to couple with JNK1, JNK2 or
JNK3. However, the JNK inhibitor applied in previous studies (Troy et al., 2001) is
unable to distinguish between JNK isoforms. In this study I applied antisense technology
to determine the roles of the specific JNK isoforms in Af-mediated degeneration of
cultured cortical neurons.

In addition to inducing activation of JNK, AP has been reported to increase ERK
activity in a number of studies (Pyo et al., 1998; Rapoport and Ferreira, 2000) and there
is evidence of ERK activation in the Alzheimer’s disease brain (Perry et al., 1999).
Studies from this laboratory (MacManus et al., 2000) and others (Ueda et al., 1997) have
demonstrated that AP induces calcium influx in cultured cortical neurons via activation of
the L- and N- type voltage calcium channels. A recent study provides evidence that A3

activates calcium channels via ERK-dependent phosphorylation, resulting in sustained
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accumulation of calcium, reactive oxygen species (ROS) and apoptosis (Ekinci et al.,
1999a). In contrast, other reports dispute this, finding no link between Ap-mediated
neurotoxicity and the ERK cascade (Abe and Saito, 2000). ERK is generally proposed to
have an anti-apoptotic role in neurons, with reports that ERK activation can protect
certain populations of neurons against specific insults (Hetman and Xia, 2000; Anderson
and Tolkovsky, 1999). Thus, the role of ERK signalling in AB-mediated events has yet to
be elucidated.

The experimental work carried out in this chapter uses extracellular application of
AP 1n order to investigate the roles of the MAPKs, JNK and ERK, in Af-induced
neurotoxicity. The initial aim of this study was to establish whether MAPK family
members, ERK and JNK, are activated following exposure to AP.I then sought to
determine the cellular consequences, and ultimate fate, of cultured cortical neurons
subsequent to activation of these signalling kinases. Expression of JNK1 and JNK2 were
transiently downregulated using selective antisense oligonucleotide sequences, so that the
role of each JNK isoform could be determined. Proteolytic cleavage of the inactive
precursor of caspase-3 to its active form is a key event in determining whether cells will
undergo apoptosis (Thornberry and Lazebnik, 1998). DNA fragmentation occurs
downstream of caspase-3 activation and is a signature of apoptosis (Johnson et al., 1996).
It marks the end-point of the apoptotic signalling cascade, culminating in cell death. The
role of the specific JNK isoforms in the proclivity of AP to activate these apoptotic
parameters, namely caspase-3 activity and DNA fragmentation, was assessed in cortical

neurons which had been depleted of JNK1 or JNK2 proteins using santisense technology.
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3.2 Results

3.2.1 AP mediates increased phospho-JNK expression throughout neuronal cells

Activation of JNK occurs when JNK becomes phosphorylated at threonine and
tyrosine residues. Expression and localisation of phospho-JNK was investigated using
immunofluorescence microscopy. Phospho-JNK immunofluorescence was visualised
by probing neurons with an anti-active JNK antibody, which recognises both JNK1 and
JNK2 phosphorylated on amino acid residues Thr-183 and Tyr-185, and a fluorescein-
conjugated secondary antibody. Cells were then examined under a fluorescence
microscope at an excitation wavelength of 490 nm. Figure 3.1 depicts the changes in
phospho-JNK expression, evoked by AP at 1 hr and 24 hr. In control cells, phospho-
JNK immunoreactivity was detected in some cells (Figure 3.1 (i) and (ii1)), reflecting a
basal level of JNK activation. However, in cells treated with Ap (2 uM) for 1 hr or 24
hr (Figure 3.1 (i1) and (iv)), a higher intensity of phospho-JNK immunoreactivity was
observed in the nucleus and within discrete areas of cytoplasm. This result
demonstrated that AP1-40 activates JNK in cultured cortical neurons and the
distribution of phospho-JNK immunostaining indicates that activated JNK has both

cytosolic and nuclear targets.

3.2.2 Time course of APB-mediated activation of JNKI1 and JNK2

In order to characterise the time course for ApB-mediated JNK activation, and to
determine the nature of the JNK isoforms activated by AP, cortical neurons were
exposed to AB (2 uM) over a range of time-points from 5 min to 48 hr. Expression of
phospho-JNK was analysed by western immunoblot using an anti-active JNK antibody,
which recognises JNK1 and JNK2, phosphorylated on amino acid residues Thr-183
and Tyr-185. Expression of total INK was analysed by western immunoblot with a
polyclonal antibody which recognises JNKI1 and JNK2. Analysis of mean
densitometric data (Figure 3.2A) demonstrates that Ap evoked a rapid increase in

JNK1 activation, as assessed by phosph-JNK1 expression, at 5 min from a control
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value of 0.89 + 0.07 (mean band width £ SEM; arbitrary units) to 1.08 £ 0.07 in AB-
treated cells (p<0.05, students paired t-test, n=6). Similarly, a significant increase in
JNKT activity was observed following AB-treatment for 1 hour and 6 hours. For the 1
hour time-point, JNKI1 activity in control cells was 098 + 0.23 and this was
significantly increased to 1.18 £ 0.068 by AP (p < 0.01, students paired t-test, n=6). At
the 6 hr time-point, JNK1 activity in control cells was 0.9 + 0.029 and this was
significantly increased to 1.045 + 0.04 (p < 0.05, student’s paired t-test, n=6). In
contrast, cells treated with AP for 18 hr, 24 hr and 48 hr showed no observable increase
in JNK1 activation. Thus, JNK1 activity was 0.81 + 0.11 in control and 0.76 + 0.13 in
Ap-treated cells at 18 hr, 0.84 £+ 0.05 in control and 0.8 £ 0.05 in AB-treated cells at 24
hr and 0.81 + 0.022 in control and 0.78 + 0.044 in AP-treated cells at 48 hr. Figure
3.2C demonstrates that levels of total JNK1 expression were unaffected by AP at all

time-points examined.

A different pattern of activation was observed for JNK2. Figure 3.2B
demonstrates that AP had no effect on JNK2 activity at the earlier time-points of 5 min
-18 hr. Thus, JNK2 activity, as assessed by phospho-JNK2 expression, was 0.892 +
0.01 in control and 0.98 + 0.06 in AP-treated cells at 5 min, 1.008 £ 0.01 in control and
1.058 + 0.009 in APB-treated cells at 1 hr, 0.93 £ 0.021 in control and 1.0 £ 0.063 in AB-
treated cells at 6 hr and 0.94 £ 0.01 in control and 1.025 + 0.14 in AP-treated cells at
18 hr. However, INK2 activity was significantly increased by AP at the later time-
points of 24 hr and 48 hr. Thus, at 24 hr JNK2 activity in control cells was 0.919 +
0.005 (mean band width £ SEM; arbitrary units) and this was significantly increased to
1.119 £ 0.06 by AP (p < 0.05 students paired t-test, n=4). At the 48 hour time-point
JNK2 activity was significantly increased from a control value of 0.95 + 0.017 to 1.111
+ 0.05 in Ap-treated cells (p < 0.05 students paired t-test, n=4). Figure 3C
demonstrates that levels of total JNK2 protein expression were unaffected by Ap at all

time-points examined.
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Figure 3.1 Ap-treated cortical neurons display increased JNK activation

Cortical neurons were exposed to AP (2 uM) and JNK immunoreactivity was
examined using fluorescence immunocytochemistry with the phospho-specific JNK
antibody in (1) control (1 hr) (i1) AB-treated (1 hr) (iii) control (24hr) and (iv) AB-
treated (24 hr). Arrows indicate cells displaying phospho-JNK immunoreactivity. Scale

bar is 20 um
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Figure 3.2 AB-mediated JNK activation is time dependent

A. Cortical neurons were treated with A3 (2 uM) over a range of time-points (5 min
- 48 hr). Expression of phospho-JNK1 was examined by western immunoblot. A3
significantly increased phospho-JNKI1 expression at 5 min, 1hr and 6 hr. Results are
expressed as mean = SEM for 6 observations, *p<0.05, ** p<0.01.

B. Expression of phoshpo JNK2 was measured by western immunoblot. Af3
significantly increased phospho-JNK2 expression at 24 hr and 48 hr. Results are
expressed as mean + SEM for 6 observations, *p<0.05.

C. Sample western blot showing JNK1 and JNK2 (phospho and total) expression.
Cells were treated with A3 over a range of time points - 5 min, 1 hr (panel a), 6 hr,
18 hr, (panel b), 24 hr and 48 hr (panel c).



A sample immunoblot illustrating the time-dependent activation of JNK1 and
JNK2 by AP is shown in Figure 3.2C. Also shown is an immunoblot demonstrating

that total JNK1 and JNK2 protein expression is unaffected by Ap.

3.2.3 AP does not mediate activation of JNK3 in cultured cortical neurons

While JNK1 and JNK2 are ubiquitously expressed, expression of JNK3 is
predominantly restricted to the brain, where it is expressed in neurons (Mielke and
Herdegen, 2000). This indicates that JNK3 may play an important role in modulating
the neuronal response to stress. Consequently, activation of JNK3 in response to Af-
treatment was investigated. Expression of phospho-JNK3 was analysed by western
immunoblot using an anti-active JNK antibody, which recognises JNK3
phosphorylated on amino acid residues Thr-183 and Tyr-185. Low levels of expression
of phospho-JNK3 were found in cortical neurons when compared with expression of
the phospho-JNK1 and phospho-JNK2 isoforms (Figure 3.3(A-D) n=6) therefore it was
not possible to measure phosphorylation of JNK3 using densitometry. AP did not alter
the phosphorylation status of JNK3 at any of the examined time-points. It was

therefore concluded that A does not regulate JNK3 phosphorylation in this system.

3.2.4 AP does not mediate activation of ERK in cultured cortical neurons

ERK is activated via phosphorylation at threonine and tyrosine residues. In
order to analyse the proclivity of AP to mediate activation of ERK, cortical neurons
were exposed to AP (2 uM) for incubation periods of 5 min — 48 hr and analysed for
ERK phosphorylation by western immunoblot using an antibody which recognises the
dually phosphorylated active forms of ERKI1 and ERK2. Phospho-ERK1 was not
>xpressed at sufficiently high levels for densitometric analysis and so the densitometric
data presented is for expression of phospho-ERK2 (Figure 3.4). No observable change
n ERK2 phosphorylation was detected at any of the examined time-points (n=6). Thus,
ERK2 activity was 2.359 £ 0.12 in control, and 2.492 + 0.44 in AP treated cells at 5
nin; 2.449 £ 0.14 in control, and 2.339 £ 0.21 in AP treated cells at 1 hr; 2.481 + 0.38
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in control, and 2.498 + 0.18 in AP treated cells at 6 hr; 2.05 £ 0.236 in control, and
2.077 £ 0.236 in AP treated cells at 18 hr; 2.335 £ 0.15 in control, and 2.203 + 0.07 in
AP treated cells at 24 hr; and 2.536 + 0.471 in control and 2.59 + 0.74 in AP treated
cells at 48 hr. This result indicates that ERK is not modulated by AP in this system. A
sample immunoblot demonstrating that ERK phosphorylation is unaffected by AP is
shown in Figure 3.4B. Also shown is a sample ERK immunoblot stripped and reprobed
for actin expression to confirm equal loading of protein. Similar actin expression was

observed in control and Ap-treated neurons.
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Figure 3.3 JNK3 activity in not modulated by AP

Cortical neurons were treated with AP (2 uM) over a range of time points (5-48 hr).

Expression of phospho-JNK3 expression was measured by western immunoblot.

A. Sample western blot demonstrating JNK3 activity at 5 min and 1 hr post AB-treatment
B. Sample western blot demonstrating JNK3 activity at 6 hr and 18 hr post AB-treatment
C. Sample western blot demonstrating JNK3 activity at 24 hr and 48 hr post Ap-

treatment. AP had no effect on JNK3 activity at any of the examined time-points.
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Figure 3.4 AP does not induce activation of ERK

A. Cortical neurons were treated with A} (2 uM) over a range of time-points (5-48 hr).
Expression of phospho-ERK was examined by western immunoblot. Af3 had no effect

on ERK activity at any of the time points examined.

B. Sample western blot showing ERK2 phospho-expression. Also present is a sample

immunoblot showing actin expression to confirm equal loading of protein.



3.2.5 Antisense oligonucleotides are efficiently incorporated into cultured

cortical neurons

There 1s currently no available JNK inhibitor, which can distinguish between
JNK isoforms. Therefore, in this study antisense technology was employed to
selectively deplete cell of JNKI and JNK2. Phosphorothioate antisense
oligonucleotides, complementary to the mRNA encoding JNK1 or JNK2 were
incorporated into the culture medium to evoke a transient downregulation in expression
of JNK1 or JNK2. To ensure that this treatment protocol enabled the oligonucleotides
to enter neuronal cells, the efficient uptake of antisense oligonucleotides by neurons
was first assessed by analysing the fluorescence of cells incubated with a FITC labelled
control oligonucleotide for a range of time-points (1 — 24 hr). Figure 3.5 demonstrates
the rapid and efficient incorporation of antisense oligonucleotides into neurons within 1
hr of their inclusion into neurobasal medium. Immunofluorescence was localised
throughout cells indicating both cytosolic and nuclear presence of oligonucleotides.
Oligonucleotides which gain cytoplasmic or nuclear locations are able to interact with
target mRNA and thus induce antisense-mediated depletion. Since sufficient uptake of
the control oligonucleotide was seen as early as 1 hr, it was therefore accepted that
following treatment of cortical neurons with target antisense oligonucleotide, an

adequate uptake of oligonucleotide occurred.

3.2.6 Time course of JNK depletion in JNK antisense treated cells

In order to identify the time-point at which JNK expression was maximally
depleted in JNK antisense-treated cells, neuronal cultures were incubated with JNK
antisense oligonucleotides over a range of time-points from 1 hr — 48 hr and JNK
expression was evaluated by western immunblot using antibodies which recognise the
epitopes corresponding to full length JNK1 or JNK2. Figure 3.6(A,B) demonstrates
that maximal JNK1 and JNK2 depletion occurred following exposure to the respective
antisense oligonucleotide for 48 hr. No observable decrease in JNKI1 and JNK2

expression was observed at the earlier time-points of 1 hr, 6 hr, 12 hr and 24 hr,
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Figure 3.5 Uptake of FITC-labelled oligonucleotide in cultured cortical neurons
at1 hr

Cortical neurons were treated with 2 uM FITC-labelled antisense oligionucleotides
over a range of time points (1-24 hr) and viewed by fluorescence microscopy

(excitation, 490 nm; emission, 520 nm). Scale bar is 25 um
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Figure 3.6 Time course of JNK depletion in antisense treated cells.

A. Cultured neurons were treated with JNK1 and JNK2 antisense oligonucleotides
(2 uM) over a range of time points (1 hr-72 hr). JNK1 or JNK2 expression was
assessed by western immunoblot. Sample immunoblot demonstrating JNK1 activity

in control and JNK1-antisense treated neurons at 1 hr, 6 hr 12 hr (panel a) and 24

hr, 48 hr and 72 hr (panel b).

B. Sample immunoblot demonstrating JNK2 activity in control and JNK2-antisense

treated neurons at 1 hr, 6 hr 12 hr (panel ¢) and 24 hr, 48 hr and 72 hr (panel d).

Expression of JNKI

and JNK2 were efficiently downregulated following

incubation for 48 hr with the relevant antisense sequence.



indicating that cells needed to be incubated with the oligonucleotides for 48 hr in order

to obtain efficient JNK depletion.

3.2.7 Effect of JNKI antisense oligonucleotides on JNKI1 expression

To visualise the intracellular reduction of JNK1 protein, following treatment
with JNK1 antisense oligonucleotides for 48 hr, fluorescence immunostaining was
carried out using a specific JNK1 monoclonal antibody, recognising the epitope
corresponding to full length JNK1 protein. The intracellular JNK1 immunoreactivity
observed in control cells (Figure 3.71) was markedly downregulated in cells transfected

with the JNK1 antisense sequence (Figure 3.7i1).

3.2.8 JNKI1 antisense oligonucleotides selectively deplete expression of JNKI

protein

The extent of INK1 protein depletion following incubation with JNK antisense
oligonucleotides for 48 hr was quantified by western immunoblot using the JNKI
monoclonal antibody and densitometric analysis. Figure 3.8 A demonstrates that there
was no difference in JNK1 expression in untreated cells (1.6 £ 0.01; mean band width
+ SEM) compared to cells treated with the scrambled JNK1 control oligonucleotide
(1.8 £ 0.6, n=4). However, in cells treated with the antisense JNK1 oligonucleotide for
48 hr, JNK1 expression was significantly reduced by 80% to 0.38 + 0.15 (p<0.05, one-
way ANOVA, n=4). The sample immunoblot shown in Figure 3.8B demonstrates the
efficacy of INK1 antisense oligonucleotides in downregulating JNK1 protein.

In order to confirm the selective downregulation of JNK1 protein by JNK1 antisense,
cell cultures which had been incubated with JNK2 antisense oligonucleotides (2 pM)
and JNK2 scrambled oligonucleotides (2 nM) were assessed for JNK1 expression by
western immunoblot. Figure 3.8C demonstrates that JNK2 antisense had no effect on
expression of JNK1. Thus, JNKI1 protein expression was 0.9 + 0.087 (n=4) in control,
0.83 + 0.02 (n=4) in cells treated with JNK2 scrambled oligonucleotide and 0.83 £ 0.01

(n=4) in cells treated with JNK2 antisense oligonucleotide.

83



Figure 3.7 Effect of JNKI1 antisense oligonucleotides on JNKI1 expression at 48 hr.

Cortical neurons were exposed to antisense oligonucleotides {2 uM) targeted to JNK1 for
48 hr and JNK1 expression was monitored by immunofluorescence (excitation, 490 nm;
emission, 520 nm).

(i) In non treated cells, JNK1 expression was localised throughout the cytoplasm with a
high level of immunoreactivity at the inner plasma membrane

(ii) JNK1 immunostaining was markedly reduced in JNK1 antisense-treated cells. Scale

bar is 10 uM
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Figure 3.8 JNKI1 antisense selectively downregulates JNK1 expression at 48 hr

A. Cortical neurons were treated with JNK1 antisense (A/S) or JNKI scrambled
oligonucleotide (2 nM) for 48 hr and JNKI total expression was examined by
western immunoblot. INK1 A/S significantly depleted total JNK1 expression at 48
hr. Results are expressed as mean band width £ SEM, for 4 independent
observations, ** p<0.05.

B. Sample western blot demonstrating levels of JNK1 protein expression in control
(lane 1) and JNK1-antisense treated cells (lane 2)

C. Cortical neurons were exposed to INK2 A/S or INK2 scrambled control (2 pM)
for 48 hr and JNKI1 total expression was examined by western immunoblot. JNK2
A/S had no effect on expression of JNK1 protein. Results are expressed as mean
band width + SEM, for 4 independent observations, ** p<0.05



3.2.9 Depletion of total JNK1 abolishes the AB-mediated increase in phospho-
JNKI1 expression

Maximal phosphorylation of JNK1 occurred following a 1 hr treatment with
AP (see Figure 3.2A), therefore, the effect of JNKI1 depletion on JNKI
phosphorylation was examined at this time-point. Figure 3.9A demonstrates that in
cells treated with the JNK1 scrambled oligonucleotide, activated phospho-JNK1 was
significantly increased from 0.609 + 0.046 (mean band width + SEM, arbitrary units) to
0.729 £ 0.09 (p < 0.05, one-way ANOVA, n=0) following treatment with 2 uM Ap.
However, in JNKI1 antisense oligonucleotide-treated cells the basal expression of
activated phospho-JNK1 was 0.613 + 0.039 (n=6) in control cells, and 0.503 =+
).057(n=6) following incubation with AP. This result demonstrates that the JNKI1
antisense  was effective in reducing the Apf-mediated stimulation of JNKI
ohosphorylation. A sample immunoblot demonstrating that Af-mediated JNKI

bhosphorylation is significantly reduced in JNK1 antisense-treated cells is shown in

‘Figure 3.9A).

3.2.10 Effect of JNK2 antisense oligonucleotides on JNK2 expression

To visualise the intracellular reduction of JNK2, following treatment with
JINK2 antisense oligonucleotides for 48 hr, fluorescence immunostaining was carried
but using a specific JNK2 monoclonal antibody, recognising the epitope corresponding
o full length JNK2 protein. The intracellular JNK2 immunoreactivity observed in
control cells (Figure 3.101) was markedly downregulated in cells transfected with the

INK2 antisense sequence (Figure 3.10ii).
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Figure 3.9 Effect of JNKI1 depletion on phospho-JNK1 expression

A. Cortical neurons were pre-treated with JNK1 antisense and scrambled
oligonucleotides (2 uM) for 48 hours before treatment with A3 (2 pM) Phospho-
JNK1 expression was examined by western immunoblot. A3 significantly increased
phospho-JNK1 expression after 1 hr. The Ap-mediated increase in JNK1 phospho-
expression was significantly reduced in JNK1 antisense treated cells. Results are
expressed as mean band width + SEM, for 6 independent observations, ** p<0.05.

B. Sample western blot showing phospho-JNKI1 expression in (1) control (2) AB-
treated cells (3) INK1 antisense treated cells (4) Ap + JNK1 antisense treated cells.



Figure 3.10 Effect of JNK2 antisense oligonucleotides on JNK2 expression at 48 hr.

Cortical neurons were exposed to antisense oligonucleotides (2 uM) targeted to JNK2 for
48 hr and JNK2 expression was monitored by immunofluorescence (excitation, 490 nm;
emission, 520 nm).

(i) In non treated cells, INK2 expression was localised throughout the cytoplasm with

a high level of immunoreactivity at the inner plasma membrane

(ii) JNK2 immunostaining was markedly reduced in JNK2 antisense-treated cells. Scale

bar 10pum



3.2.11 JNK2 antisense oligonucleotides selectively deplete expression of JNK2

protein

The extent of JNK2 protein depletion following incubation with JNK2
antisense oligonucleotides for 48 hr was quantified by western immunoblot using a
JNK2 monoclonal antibody and densitometric analysis. Figure 3.9A demonstrates that
there was no difference in JNK2 expression in untreated cells (2.8 £ 0.04; mean band
width £ SEM) compared to cells treated with the scrambled JNK2 control
oligonucleotide (3.6 + 0.37, n=4). However, in cells treated with the antisense JNK2
oligonucleotide for 48 hr, JNK2 expression was significantly reduced by 65% to 0.98 +
0.36 (p<0.05, one-way ANOVA, n=4). A sample immunoblot demonstrating the
efficacy of JNK2 antisense oligonucleotides in downregulating JNK2 protein is shown
in Figure 3.11B

In order to confirm the selective downregulation of JNK2 protein by JNK2
antisense, cell cultures which had been incubated with JNK1 antisense oligonucleotides
(2 uM) and JNKI1 scrambled oligonucleotides (2 puM), were assessed for JNK2
expression by western immunoblot. Figure 3.11C confirms that JNK1 antisense had no
effect on expression of JNK2. Thus, JNK2 protein expression was 0.55 = 0.01 (n=4) in
control cells, 0.59 £+ 0.03 (n=4) in cells treated with JNK1 scrambled oligonucleotide

and 0.57 £ 0.008 (n=4) in cells treated with JNK1 antisense oligonucleotide

3.2.12 Depletion of JNK2 abolishes the APB-mediated increase in phospho-JNK2

expression

Maximal activation of JNK2 occurred following a 24 hr treatment with AP (see
Figure 3.2B), therefore the effect of JNK2 depletion on JNK2 activation was examined
at this time-point. Figure 3.12A demonstrates that in cells treated with the JNK2
scrambled oligonucleotide expression of phospho-JNK2 was significantly increased
from 1.92 + 0.08 (mean band width = SEM, arbitrary units) to 2.3 + 0.1 by AP (2 uM)
(p<0.05, one-way ANOVA, n=6). In JNK2 antisense oligonucleotide-treated cells the
expression of activated phospho-JNK2 was unaffected by treatment with 2 pM AP (1.9
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Figure 3.11 JNK2 antisense selectively downregulates JNK2 expression at
48 hr

A. Cortical neurons were treated with JNK2 antisense (A/S) or JNK2 scrambled
control (2 uM) for 48 hr and total JNK2 expression was examined by western
immunoblot. JNK2 A/S significantly depleted total JNK2 expression at 48 hr.
Results are expressed as mean band width + SEM, for 4 independent observations,
** p<0.05.

B. Sample western blot demonstrating levels of JNK2 protein expression in control
(lane 1) and JNK2-antisense treated cells (lane 2).

C. Cortical neurons were exposed to JNK1 A/S or JNKI1 scrambled control
oligonucleotides (2 uM) for 48 hr and JNK2 total expression was examined by
western immunoblot. JNK1 A/S had no effect on expression of JNK2 protein.
Results are expressed as mean band width + SEM, for 4 independent observations,
*% p<0.05.
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Figure 3.12 Effect of JNK2 depletion on expression of phospho-JNK2

A. Cortical neurons were pre-treated with JNK2 antisense and scrambled
oligonucleotides (2 uM) for 48 hours before treatment with A3 (2 uM). Expression
of phospho-JNK2 was measured by western immunoblot. Af significantly
increased phospho-JNK2 expression after 24 hr Af3 treatment. The AP-mediated
increase in JNK2 phospho-expression was significantly reduced in JNK2 antisense
treated cells. Results are expressed as mean band width £ SEM, for 6 independent
observations, ** p<0.05.

B. Sample western blot showing phospho-JNK2 expression in (1) control (2) AB-
treated cells (3) JNK2 antisense treated cells (4) AP + JNK2 antisense treated cells.



+ 0.16, n=6) In contrast, the JNK2 antisense oligonucleotide significantly reduced that
AB-mediated phosphorylation of INK2 to 1.94 + 0.15 (p < 0.05, one-way ANOVA, n =
6). This result demonstrates that the JNK2 antisense efficiently reduces the AP-
mediated increase in expression of phospho-JNK2. A sample immunoblot
demonstrating that Af-mediated JNK2 phosphorylation is significantly reduced in

JNK2 antisense-treated cells is shown in Figure 3.12B.

3.2.13 Effect of JNK depletion on AP-mediated activation of caspase-3 at 24 hr

A downstream consequence of JNK activation is a commitment to the cell
death pathway (Mielke and Herdegen, 2000). Since A activates both JNK1 and JNK2
in cortical neurons, the respective roles of JNKI1 and JNK2 in coupling AP to
activation of the apoptotic cascade was assessed following downregulation of JNK1 or
JNK2 using the antisense approach. Caspase-3 is a key executioner of apoptosis and is
cleaved following treatment with 2 uM AP for 24 hours (Boland and Campbell,
2003a). The effect of JNK depletion on activation of caspase-3 was assessed by
immunocytochemistry using an anti-active caspase-3 antibody. Cells were pre-treated
with JNK1 or JNK2 antisense, or scrambled oligonucleotides, for 48 hr and then
exposed to AP (2 uM) for a further 24 hr. Figure 3.13 demonstrates that in untreated
cells the percentage of cells displaying active-caspase-3 immunoreactivity was 18 =+
2% (mean + SEM) and this was significantly increased to 44 + 4% by AP (p<0.05,
ANOVA, n=6 observations). In cells incubated with JNKI1 scrambled control
oligonucleotide the AP-mediated stimulation of caspase-3 was retained. Thus, the
percentage of cells staining positive for active caspase-3 was 21 = 3 % in JNK 1
scrambled control-treated cells and 41 £ 1 % in AP + JNKI1 scrambled control-treated
cells (p<0.05, ANOVA, n=6 observations). In contrast, the JNKI antisense
oligonucleotide significantly reduced the AB-mediated stimulation of caspase-3 activity
to 22 + 4% (n=6 observations). This result demonstrates that JNK1 is pertinent in the
AP-mediated activation of caspase-3 in cultured cortical neurons.

In contrast, depletion of JNK2 had no effect on AP-mediated activation of

caspase-3. Cells pre-treated with JNK2 scrambled oligonucleotides prior to AP
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Figure 3.13 Effect of JNK1 and JNK2 depletion on AB-induced activation of
caspase-3 activity at 24 hr

Cortical neurons were treated with JNK antisense oligonucleotides or JNK scrambled
oligionucleotides (2 uM) in the presence or absence of AP (2 uM) for 24 hr. Caspase-3
activity was examined by immunocytochemistry using an anti-active caspase-3 antibody.
AP significantly increased the percentage cells with active caspase-3 immunoreactivity at
24 hr. For JNKI1 scrambled oligonucleotide, A} also evoked a significant increase in
active caspase-3 immunoreactivity, however this effect was abrogated in JNK1 antisense-
treated cells. In contrast, neither the JNK2 scrambled nor the JNK2 antisense
oligonucleotide had any effect on the proclivity of AP to evoke the increase in active

caspase-3 immunoreactivity. Results are expressed as the mean + SEM for 6 independent
observations,** P<0.05; "P<0.05.



exposure displayed similar levels of caspase-3 activation to cells that had not been
exposed to oligonucleotides. Thus, the percentage of cells staining positive for active
caspase-3 immunoreactivity was 20 + 3 % in JNK 2 scrambled control-treated cells and
38 £ 2 % in AR + JNK 2 scrambled control-treated cells (p<0.05, ANOVA, n=6
observations). In cells treated with JNK2 antisense alone 25 + 3% of cells displayed
active-caspase-3 immunoreactivity and this was significantly increased to 38 + 4 % in
JNK2-depleted cells treated with AP (p<0.05, ANOVA, n=6 observations). Since the
AB-mediated stimulation of caspase-3 was retained following depletion of JNK2 we
conclude that JNK2 is not involved in the AP-mediated activation of caspase-3 that

occurs at the 24 hr time-point.

3.2.14 Effect of JNK depletion on AB-mediated activation of caspase-3 at 48 hr

Since JNK2 activation was not detected until 24 hr post AB-treatment (see
Figure 3.2), our finding that JNK2 was not involved in the ApB-mediated activation of
caspase-3 at 24 hr is not surprising. To determine whether JNK2 was involved in
caspase-3 activation at later time-points the experiment was repeated by monitoring the
effect of JNK1 and JNK2 antisense on AP-mediated activation of caspase-3 at 48
hours, a time-point that would be expected to be downstream of JNK2 activation.
Figure 3.14 demonstrates that in untreated cells the percentage of cells displaying
active-caspase-3 immunoreactivity was 13 £+ 3% (mean + SEM) and this was
significantly increased to 45 = 8% following treatment with AP for 48 hours (p<0.05,
ANOVA, n=6 observations). Following transfection with the JNKI1 scrambled
oligonucleotide the AP-mediated stimulation of caspase-3 was retained. Thus, the
percentage of cells staining positive for active caspase-3 was 24 = 5 % in JNKI
scrambled control-treated cells and 55 = 6 % in AP + JNKI1 scrambled control-treated
cells (p<0.05, ANOVA, n=6 observations). In contrast, the JNKI antisense
oligonucleotide significantly reduced the ApB-mediated stimulation of caspase-3 activity
(p<0.05, ANOVA; compared to cells treated with AB + JNKI scrambled
oligonuclotide, n=6 observations). Thus, in cells transfected with JNK1 antisense alone

the percentage of cells with active-caspase-3 immunostaining was 19 + 4% and in cells
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Figure 3.14 Effect of JNK1 and JNK2 depletion on AB-induced activation of
caspase-3 activity at 48 hr

A. Cortical neurons were treated with JNK antisense oligonucleotides or JNK
scrambled oligonucleotides (2 utM) in the presence or absence of AP (2 uM) for 48
hr and caspase-3 activity was examined by immunocytochemistry. AP significantly
increased the percentage of cells with active caspase-3 immunoreactivity at 48 hr.
For JNK1 scrambled oligonucleotide, AP also evoked a significant increase in the
percentage cells with active caspase-3 immunoreactivity, however this effect was
abrogated in JNK1 antisense-treated cells. In contrast, neither the JNK2 scrambled
nor the JNK2 antisense oligonucleotide had any effect on the proclivity of AB to
evoke the increase in active caspase-3 immunoreactivity. Results are expresses as
the mean + SEM for 6 independent observations,** P<0.05; "P<0.05.

B. Representative image of cortical neurons stained for activated caspase-3
immunoreactivity. Arrows indicate cells with active-caspase-3 immunoreactivity in
(1) control (i1) AP (ii1) JNK1 antisense (iv) A + JNKI1 antisense (v) JNK2 antisense
(iv) AB + JNK2 antisense treated cells. Scale bar is 25 um



treated with AP in the presence of JNK1 antisense oligonucleotide 25 + 4% of cells
displayed active-caspase-3 immunoreactivity (n=6 observations). This result
demonstrates that JNK1 is pertinent in the AP-mediated activation of caspase-3 in
cultured cortical neurones at 48 hours.

In contrast, depletion of JNK2 had no effect on AB-mediated activation of
caspase-3 at 48 hours. Following transfection with the JNK2 scrambled oligonucleotide
the AP-mediated stimulation of caspase-3 was retained. Thus, the percentage of cells
staining positive for active caspase-3 immunoreactivity was 15 + 6 % in JNK2
scrambled control-treated cells and 54 £ 7 % in AP + JNK2 scrambled control-treated
cells (p<0.05, ANOVA, n=6 observations). Similarly, following transfection with the
JNK2 antisense oligonucleotide the AP-mediated stimulation of caspase-3 was
retained. Thus, in cells treated with JNK2 antisense alone, 13 + 6 % of cells displayed
active-caspase-3 immunoreactivity and this was significantly increased to 46 £ 6 % in
JNK2-depleted cells treated with AR for 48h (p<0.05, ANOVA, n=6 observations).
These results demonstrate that JNK1, and not JNK2, is involved in the coupling of A3

to caspase-3 activation at the 48 hr time-point

3.2.15 Role of JNK depletion on AB-mediated DNA fragmentation at 72 hr

One of the biochemical events occurring in the later stages of apoptosis is the
fragmentation of nuclear DNA. AP causes maximal increase in DNA fragmentation 72
hr post-treatment (Boland and Campbell, 2003a), therefore this time-point was used to
examine the roles of JNKI1 and JNK2 in AB-mediated DNA fragmentation. TUNEL
analysis was used to assess levels of DNA fragmentation following antisense-mediated
depletion of the JNK1 and JNK2 isoforms (Figure 3.15). In untreated cortical neurons
the percentage of cells with fragmented DNA (TUNEL positive cells) was 21 £ 2 %
(mean + SEM) and this was significantly increased to 52 + 8 % by AP (2 uM; p < 0.05,
one-way ANOVA, n=06 observations). Following transfection with the JNK1 scrambled
control oligonucleotide the AP-induced DNA fragmentation was retained (53.2 + 4.9
%, n=0). In contrast, the JNK1 antisense oligonucleotide significantly reduced the AB-

mediated stimulation in DNA fragmentation by 80 % to 33 + 3 % (p<0.05, ANOVA,
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compared to cells treated with AP in the presence of JNK1 scrambled oligonucleotide,
n=0 observations). This result demonstrates that JNK1 is pertinent in the induction of
DNA fragmentation by Af.

To determine the role of JNK2 in AB-mediated DNA fragmentation the cells
were transfected with the JNK2 antisense oligonucleotide. Depletion of JNK2 had no
effect on AB-mediated DNA fragmentation at 72 hr. Following transfection with the
JNK2 scrambled oligonucleotide the AB-induced increase in DNA fragmentation was
retained. Thus, the percentage of TUNEL positive cells was 22 + 3 % in JNK2
scrambled control-treated cells and 52 £ 5 % in AP + JNK2 scrambled control-treated
cells (p<0.05, ANOVA, n=6 observations). Similarly, following transfection with the
JNK2 antisense oligonucleotide the AB-mediated increase in DNA fragmentation was
retained. Thus, in cells treated with JNK2 antisense alone, 20 + 2 % of cells displayed
active-caspase-3 immunoreactivity and this was significantly increased to 39 + 4 % in
JNK2-depleted cells (p < 0.05, one-way ANOVA, n = 6). This result demonstrates that
JNK2 does not play a role in coupling AP to induction of DNA fragmentation. The data
from this series of experiments indicate JNK1 as the principal JNK isoform involved in

the AP-mediated increase in DNA fragmentation in cortical neurons.
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Figure 3.15 Effect of JNK1 and JNK2 depletion on AB-induced DNA
fragmentation

A. Cortical neurons were treated with JNK antisense oligonucleotides or JNK
scrambled oliginucleotides (2 uM) in the presence or absence of AB (2 uM) for 72
hr, and DNA fragmentation was examined by TUNEL analysis. A significantly
increased DNA fragmentation at 72 hr. For JNKI1 scrambled oligonucleotide, AP
also evoked a significant increase in DNA fragmentation, however this effect was
abrogated in JNK1 antisense-treated cells. In contrast, neither the JNK2 scrambled
nor the JNK2 antisense oligonucleotide had any effect on the proclivity of A to
evoke the increase in active DNA fragmentation. Results are expressed as the mean
+ SEM for 6 coverslips,** P<0.05; "P<0.05.

B. Representative image of cortical neurons stained for DNA fragmentation..
Arrows indicate TUNEL positive cells in (i) JNKI scrambled oligonucleotide (ii)
AB + JNKI scrambled oligonucleotide (iii)) AB + JNKI antisense (iv) JNK2
scrambled oligonucleotide (v) AP + JNK2 scrambled oligonucleotide (vi) AP +
JNK2 antisense. Scale bar is 20 pum.



3.3 Discussion

The aim of this study was to investigate whether MAPK family members, JNK
and ERK, are activated following AP -40) treatment of cultured cortical neurons and to
elucidate the role of activation of these kinases in AP-mediated effects. The results
demonstrate that ERK is not activated by AP at any of the examined time-points.
Conversely, AB mediates a differential time frame of activation of JNK1 and JNK2 in
cultured cortical neurons. JNK1 is activated within minutes of AB-treatment, whereas
JNK2 activation was delayed until 24 hr post AB-treatment. In the absence of a suitable
pharmacological inhibitor to distinguish between JNK1 and JNK2-mediated effects,
antisense technology was employed to selectively downregulate JNK1 and JNK2
expression in order to examine their respective roles in the apoptotic pathway. Analysis
of caspase-3 cleavage and nuclear DNA fragmentation revealed that Af-mediated
caspase-3 activation and induction of DNA fragmentation was JNK1 dependent in
cortical neurons. In contrast, depletion of JNK2 was found to have no effect on AP-

mediated activation of the apoptotic cascade.

The concentration of AP that was selected for the experimental work carried out
in this thesis was 2 uM. This is a relatively low concentration of AP in comparison
with other studies on cultured neurons with concentrations of up to 50 uM being used
to induce neurotoxicity in some studies (McDonald er al., 1998). However, A} has
been demonstrated to induce neurotoxicity at concentrations as low as 0.5 uM (Pillot
et al., 1999). For this study a concentration of 2 uM was chosen as the concentration
of AP that activated intracellular changes that could be monitored over a longer time-
frame than that seen at higher micromolar concentrations. This also allowed
identification of rapid signalling events which occur following Ap-treatment which
might have been overlooked if higher concentrations of peptide had been used.
Previous results have established that AP used at this concentration is sufficient to

induce significant levels of neuronal apoptosis within 72 hours of treatment (Boland

and Campbell, 2003a).
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Treatment with AP increased phospho-JNK expression in cortical neurons,
with activated JNK immunoreactivity being localised to discrete regions within the
nucleus and cytosol. This pattern of distribution is consistent with the distribution of
phospho-JNK in response to other stress stimuli, where nuclear staining may reflect
the ability of INK to regulate transcription of stress-induced genes (Pena et al., 2000).
The punctate distribution of phospho-JNK detected in the cytosol following exposure
to AP may represent mitochondrial targeting of JNK (Ito et al., 2001) or association of
JNK with cytosolic substrates such as p53 and bcl-2 (Fuchs et al., 1998; Park et al.,
1997). Two time-points were initially chosen to assess JNK immunoreactivity,
following exposure of neurons to AB. Increased phospho-JNK immunofluorescene,
indicative of active JNK, was observed at both examined time-points, 1 hour and 24
hours.

To further clarify the time frame for Af-mediated JNK activation, western
immunoblotting was employed over a range of time-points from 5 minutes to 48
hours. The results revealed a differential temporal activation of JNK1 and JNK2.
JNK1 was activated rapidly at 5 minutes post AP treatment. This activation was
sustained for several hours, peaking within 1 hour and returning to basal levels by 18
hours. This rapid activation of JNK1 is not atypical, with previous studies showing
rapid JNK activation within 1-15 minutes of treatment (Pyo et al., 1998, Yin et al.,
1997). Such a transient activation of JNK1 represents the temporal effectiveness of the
signalling cascade. In contrast, AP failed to induce an early activation of JNK2 but
activity of JNK2 was increased at the later timepoints of 24 and 48 hours. A high
basal level of active JNK2 was observed in untreated cells, this is in accordance with
the literature, with substantial expression and activity of JNK being detected in
untreated rat brain (Herdegen et al., 1997) and JNK activity being constitutively high
in neurons compared with other cell types (Morishima ez al., 2001), thus providing
evidence for a physiological role for active JNK in neurons.

Our finding that A4 increased phospho-JNK expression in cortical neurons

agrees closely with the effects of other AP fragments in neuronal systems. Af3,.4; and
APs.3s have been reported to increase JNK activity in cortical neurons (Bozcyzko-

Coyne et al., 2001) and AP,.4, increases JNK phosphorylation in sympathetic neurons
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and PC12 cells (Troy et al., 2001). While there are similarities between the ability of
different AB peptides to impact on the JNK pathway, it is of note that the time frame
for JNK activation varies considerably between different Ap peptide species. In this
study we have demonstrated that JNK1 is activated within 5 minutes of exposure to
AP0 while the AB-mediated activation of JNK2 is not apparent until 24 hours. In
contrast, AP,s.3s increases JNK1 activity at 4 hours, but not at earlier time-points
(Bozcyzko-Coyne et al., 2001) and A4, causes peak activation of both JNKI1 and
JNK2 within 2-6 hours in PC12 cells (Troy et al., 2001). It is therefore likely that
temporal variations in JNK activation may depend on the nature of the AP fragment

and cell type.

JNK3 expression is predominantly restricted to the brain, implying a significant
role for the JNK3 isoform in the brain. In addition, JNK3 has been shown to be
required for neuronal death in the hippocampus, following excitotoxic injury (Yang et
al., 1997). 1 investigated whether JNK3 was phosphorylated following exposure of
cultured cortical neurons to 2 pM A and found no alteration in phosphorylation of
JNK3. This result is in direct contrast with the study carried out by Morishima et al.
(2001), which reports modulation of JNK3 activity in cortical neurons by AP.
However, a number of important differences exist between the two studies. Firstly, in
the study by Morishima et a/ (2001) cortical neurons were prepared from embryonic
rats, while the cultures employed in my study were prepared from 1-day postnatal rat
pups. There is evidence that JNK activity varies depending on the developmental stage
of the brain. Carboni et al (1998) reported that mRNA levels of JINK isoforms differ in
postnatal development of the rat brain, so the contradicting results for the involvement
of JNK3 in Af-mediated neuronal apoptosis may be explained by the different
development stages of the culture preparations, with the embryonic cultures
representing developmental neurons and the rat pup cultures demonstrating a more
mature neuron. Another difference between the two studies is the concentration of AP
used. In the study carried out by Morishima et a/ (2001) 25 pM AP was used for all
experiments. It is possible that the lower dose of 2 uM used in my study does not

induce JNK3 phosphorylation while at higher concentrations, with the cell being
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exposed to higher levels of stress, INK3 phosphorylation may occur. At this stage of
the study it was concluded that JNK3 phoshorylation was not regulated by

AP i-40 (2 uM) in this preparation.

Previous reports have demonstrated concurrent activation of parallel MAPK
cascades in response to the same stimuli (Westwick. et al., 1994; Pyo et al., 1998). To
establish whether the JNK and ERK signalling cascades were simultaneously activated
by AP treatment, levels of ERK phosphorylation were examined over the same time
frame at which JNK phosphorylation had been assessed, ranging from 5 minutes to 48
hours. No alteration in ERK activity was established at the examined time-points
indicating that AP,.4 does not induce parallel activation of JNK and ERK in this
system. A number of previous studies have implicated ERK in AB-induced neuronal
cell death. However, the results remain conflicted on the exact mechanism by which
ERK may act to induce neurotoxicity. Rapoport and Ferreira (2000) report an AB_40-
induced sustained phosphorylation of ERK in cultured neurons, showing maximal
induction at 24 hr. In contrast, Ekinci e a/ (1999a) report no change in ERK
phosphorylation following AP;_40 treatment of cultured neurons. However, in a parallel
study, Abe and Saito (2000) found a significant increase in ERK phosphorylation in
preparations of mixed neuron-glia cultures. Interestingly, in the study carried out by
Rapoport and Ferreira, neurons were grown in glia conditioned medium for
biochemical experiments, creating the possibility that the AB-mediated ERK
phosphorylation observed may have been as a result of non-neuronal cells present in
the cultures. In support of this idea, several studies have demonstrated Af-mediated
phosphorylation of ERK in microglial and astrocyte cultures (Pyo et al., 1998,
Mcdonald et al., 1998, Abe and Saito, 2000). It is possible that AP induces ERK
phosphorylation in neurons that are in contact with astrocytes, however our finding in
pure (>95%) neuronal cultures provides evidence that AP,4o does not mediate
activation of ERK in neuronal cells alone. A further study, which reports no alteration
in ERK phosphorylation following Ap-treatment (Ekinci et al., 1999), demonstrates

instead a relocation of ERK activity from cytosol to membrane.
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Since JNK, but not ERK, was found to be activated by AB.4 in our cellular
system, we sought to determine the role of individual JNK isoforms in coupling Af to
the stress-response pathway. A number of recent studies have reported that the various
JNK isoforms i.e JNK1, JNK2 and JNK3 differ in their specificity for downstream
substrates. Gupta ef al. (1996) demonstrated differing affinities of JNK isoforms for
transcription factors ATF2, Elk1 and c-jun in vitro. Preferential activation of specific
JNK isoforms in specfic tissue types and in response to particular stress stimuli have
also been established. Yin et al (1997) observed no activation of JNK in heart and
kidney following ischemia, however in response to ischemia/reperfusion the 55 kDa
isoform of JNK only, was activated in the heart with both the 46 and 55 kDa isofoms
of JNK being activated in the kidney. Further evidence of differing roles for JNK
isofoms in apoptosis is offered by a recent study by Hochedlinger et al (2002)
reporting that JNK1 deficient primary embryonic fibroblasts were more resistant to
UV-induced cell death, while fibroblasts lacking JNK2 were more sensitive to UV-
induced cell death. The aim of this study was to determine the specific roles of JNK1
and JNK2 in AP-treated cortical neurons. The currently available JNK inhibitors CEP-
1347 (Cephalon, USA), D-JNKI1 and SP600125 (Alexis Biochemicals, UK) inhibit
JNK1, JNK2 and JNK3 isoforms. Since there are no available JNK inhibitors that can
differentiate between specific JNK isoforms, an antisense approach was designed in
order to deplete cells of JNK1 or JNK2 protein. The respective roles of these proteins

in the AP cascade could then be resolved.

The antisense oligonucleotides applied to cells consisted of phosphorothioate-
DNA oligonucleotides. This type of antisense oligonucleotide contains sulphur in place
of one of the oxygen atoms of the DNA backbone. This modification increases the
half-life of the antisense oligonucleotides to greater than 48 hours as compared to a
half-life of 30 minutes in natural unmodified oligonucleotides (Crooke, 1992).
Oligonucleotides are taken up into the cell by the natural process of receptor-mediated
endocytosis, however this delivery method can prove inefficient, requiring long
amounts of time for sufficient accumulation. To enhance cellular uptake
oligonucleotides were pre-incubated with DOTMA/DOPE lipofectin reagent (Roche
products Ltd, UK). Lipofectin is a synthetic cationic lipid polymer that can fuse with
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the cell membrane and allows antisense to enter the cell efficiently and rapidly.
Another efficient method of antisense administration is the use of microinjection. This
method makes use of a fine pipette to inject antisense oligonucleotides directly into the
cell. While this is a very efficient method of antisense delivery, it is a relatively slow
process, with high precision being necessary to inject small cells such as neurons.
Given the high quantity of protein required for efficient analysis of antisense-mediated
protein depletion, for example western immunoblot analysis, lipofectin-mediated
administration of antisense oligonucleotides was chosen as the most efficient method

for rapidly depleting JNK protein in large quantities of cells.

In order to confirm the efficient uptake of antisense oligonucleotides by
neuronal cells, FITC-labelled antisense oligonucleotides were incorporated into cells.
Flouresence microscopy confirmed the presence of the FITC oligonucleotides in the
cell 1 hour after incubation. However, immunoblot analysis of JNK expression in cells
treated with antisense over a time-course of 1 hour — 72 hours revealed antisense-
mediated depletion of JNK did not occur until 48 hour. Therefore, for all experiments a
48 hour incubation of cells with antisense was carried out to ensure sufficient depletion
of INK protein. Florescence immunocytochemistry revealed a marked downregulation
of JNK1 and JNK2 expression in cells treated with antisense for 48 hours. The ability
of AP to induce phosphorylation of JNK1 and JNK2 was also selectively abolished in
antisense-treated cells. A basal amount of JNK phosphorylation was still detectable in
JNK depleted cells. This may reflect endogenous activity of the residual JNK that
remained following antisense treatment or may be due to an enhanced stability of the
phosphorylated form of JNK.

It is well characterised that JNK is activated in response to cellular stress (Herr
and Debatin, 2001). JNK activation has been linked to apoptosis, in response to cellular
stress including DNA damage, gamma irradiation and pro-inflammatory cytokines
(Mielke and Herdegen, 2000). However, JNK has also been proposed to have an anti-
apoptotic role, inducing caspase-3 activity in double-knock out of JNK1 and JNK2 in
embryonic brain (Kuan ez al., 1999) and protecting against UV-mediated toxicity in
cultured fibroblasts. The final outcome of whether JNK will lead to death or survival is

determined by a number of factors, including the nature of the stimulus and the effects
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of other signalling pathways acting simultaneously. To clarify whether JNK plays a
role in cell survival or cell death in AB-treated cortical neurons and to delineate the
specific role of JNK isoforms in this pathway, the effect of antisense-mediated JNK1
and JNK2 depletion on caspase-3 activation and DNA fragmentation, two markers of
apoptosis, was assessed. AP mediated a significant increase in caspase-3 activation at
24 hours and 48 hours, and a significant increase in levels of DNA fragmentation at 72
hours. This time-scale of AP-mediated increase in caspase-3 cleavage and DNA
fragmentation has previously been reported (Boland and Campbell, 2003a). Following
depletion of JNKI1 the proclivity of AP to activate caspase-3 and induce DNA
fragmentation was significantly attenuated. Conversely, JNK2 depletion had no effect
on the AP-mediated activation of caspase-3 or increase in DNA fragmentation, and this
suggests that JNK1 is the principal JNK isoform involved in Af-mediated activation of
the apoptotic cascade. JNK1 has previously been reported to play a preferential role in
ischemia / reoxygenation induced apoptosis (Hreniuk et al., 2001). It is of note that
while both JNK1 and JNK2 are activated by AP, JNK2 does not seem to play a role in
AB-induced neuronal apoptosis. This poses the question as to what the role of ApB-
induced activation of JNK2 may be. JNKI1 activation is an early event in this system,
becoming activated as early as five minutes. It is possible that early activation of JNK1
leads to subsequent induction of JNK substrates and the apoptotic cascade, and that by
24 hours when JNK2 has become activated the cell is already commited to undergoing
cell death. Evidence for this is provided by the observation of significant activation of
caspase-3, a major effector of apoptosis, at 24 hours following Ap-treatment.
Activation of JNK2 at this stage may be a reaction to the stressful environment in
which the cell is placed, but may not actually play a specific role in induction of the
apoptotic cascade. A recent study by Hochedlinger et a/ (2002) reports a negative
regulation of JNKI1 activity by JNK2. This may explain the finding that JNKI
phosphorylation has returned to basal levels following 24 hours AP treatment, at which
time JNK2 has become significantly phosphorylated.

While AP induced caspase-3 cleavage in this system, it is important to note that
the role of caspase-3 in A3-mediated neurodegeneration remains a matter of debate. In

cortical neurons a caspase-3 inhibitor has been found to protect neurons against some
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aspects of AP-mediated cell death (Harada er al., 1999), while caspase-3 has been
found to have no role in Ap-mediated hippocampal cell death (Troy et al., 2000). The
role of caspase-3 in AP-neurodegeneration has therefore been proposed to be brain-
region specific (Selznick et al., 1999). We have demonstrated that AP-mediated
activation of caspase-3 in cultured cortical neurons is JNK dependent and that in JNK1
depleted cells caspase-3 activation is attenuated with subsequent rescue from cell
death. This is in strong agreement with the study by Bozyczko-Coyne et al. (2001),
which suggests that in cortical neurons caspase-3 activation is integral to
neurodegeneration. The finding that JNK1 and JNK2 have distinct activation profiles
and different roles in the Ap-mediated induction of the apoptotic cascade highlights the
complexity of JNK signalling. Furthermore, although the use of jnk3 knockout mice
has identified a role for INK3 in AB-mediated neurotoxicity (Morishma et al., 2001) in
the present study no evidence of JNK3 activation by AP ;.49 was found and the results
suggest a prominent role for JNK1 in Af-mediated DNA fragmentation in this system.
This lends further support for the idea that the patterns of JNK signalling utilised by
AP are diverse and may be subject to developmental factors, cell type and animal
species. This study provides evidence for the 1-40 fragment of AP coupling to JNKI
upstream of cell death in the cortex and this is relevant since AP;.40 is detected in the

mature senile plaque (Iwatsubo et al., 1994).

The results from this study demonstrate that A induces phosphorylation of
JNK1 and JNK2 in cortical neurons with a distinct temporal pattern. While JNK1 is
pertinent in the Af-mediated activation of caspase-3 and induction of DNA
fragmentation, JNK2 is not involved in coupling AP to these apoptotic events. An
increase in phospho-JNK expression in the AD brain has been reported (Zhu et al.,
2001) and our study indicates that JNK1 may contribute to the pathology of the disease
by activating the apoptotic cascade. Early activation of JNK, before initiation of
apoptotic events, places the JNK pathway at a proximal point in the death pathway,
suggesting it as a plausible target for intervention. An ability to inhibit a specific

pathological JNK isoform using antisense technology, while retaining JNK activity for
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physiological roles, might inhibit apoptosis and the associated brain damage which

occurs in AD brain.
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Chapter 4

The role p53 in AB-mediated neuronal apoptosis




4.1 Introduction

The tumour suppressor protein, p53, is a nuclear phospho-protein, which plays a
key role in apoptosis, cell cycle and DNA damage repair, through binding DNA and
activating transcription (Levine, 1997). However, in the case of neuronal cells, the role of
p53 is somewhat altered, with the cell cycle regulatory function of pS3 being effectively
redundant. This is due to the fact that most neuronal cells exist in a post-mitotic state
(Miller et al., 2000). A functional neuron must therefore survive and maintain its genome
for long periods, throughout the lifetime of the organism to which it belongs. In post-
mitotic neurons with damaged DNA, p53 induction is associated with mechanisms
underlying cell death rather than recovery (Enokido et al., 1996; Jordan et al., 1997). A
potential role for p53 in the apoptosis of post-mitotic neurons was originally suggested
based on the observation of increased pS53 expression following neuronal injury
(Morrison et al., 1996, Napieralski et al., 1999), and the finding that p53 was sufficient to
induce apoptosis in post-mitotic cortical and hippocampal neurons (Jordan et al., 1997,
Xiang et al., 1996). Accumulating evidence now suggests that p53 may be necessary for
neuronal apoptosis. For example, cerebellar granule cells cultured from p53 null mice are
resistant to treatments with DNA damaging agents such as ara-c (Enokido et al., 1996).
In addition, other in vivo studies have shown that knocking out the pS3 gene protects
hippocampal neurons from seizure-induced cell death (Morrison et al., 1996)
Furthermore, adenovirus-mediated transfection of the p53 gene results in apoptotic cell
death of hippocampal and cortical neurons (Xiang et al., 1996; Jordan et al., 1997). p53
expression is increased in the temporal and frontal lobes of brains from AD patients and
is expressed in neurons associated with plaques in AD brains (De la Monte et al., 1997).
In addition, AP accumulation is associated with activation of p53 and DNA
fragmentation in transgenic mice that overexpress AP (LaFerla et al., 1996). Two recent
studies have demonstrated that the AP ;.42 peptide mediates neuronal apoptotic cell death
through p53-dependent pathways (Culmsee et al., 2001; Zhang et al., 2002a). However,
the exact mechanism by which A arbitrates p53-dependent apoptosis remains to be
clarified.

p53 can be post-translationally modified by phosphorylation and acetylation on at

least 18 sites, located on both the amino-terminal and carboxy terminal domain of the
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protein (Apella and Anderson, 2000). In unstressed cells, pS3 is kept at low levels due to
targeted degradation of the protein (Zornig et al., 2001). However, in response to cellular
stress, pS3 can become stabilised, via phosphorylation at critical residues (Ashcroft et al,
2000). Several kinases that can detect genotoxic stresses and initiate signalling pathways
through p53 phosphorylation have been identified, including the stress activated protein
kinases, JNK and p38 (Adler et al., 1997; Zhu et al., 2002), as well as double stranded
DNA-activated kinase (DNA-PK) and casein kinase (Lees-Miller et al., 1990; Milne et
al., 1992). While phosphorylation of p53 occurs at differing residues, depending on the
phosphorylating kinase and the stress stimuli received, phosphorylation of p53 at serine-
15 1s thought to be one of the critical signals through which the p53 response to stress is
regulated (Appella and Anderson 2001). Phosphorylation at another critical residue,
serine 392, has been shown to enhance p53-dependent transcription in response to DNA
damage (Lu et al., 1998).

Once activated, p53 promotes apoptosis by modulating the expression of select
target genes. Pro-apoptotic genes regulated by p53 include the Bel, family member, Bax,
and the p53 inducibile genes (PIGs; Herr and Debatin, 2000). p53 has been demonstrated
to increase transcription of Bax in several studies (Karpinich et al., 2002; Culmsee et al.,
2002) and it is generally assumed that Bax is essential for p53-dependent cell death in
neurons. Bax is a cytosolic protein, however cell damage can promote translocation of
Bax from cytosol to mitochondria (Morrison and Kinoshita, 2000). Relocation of Bax to
the mitochondria has been associated with a reduction in mitochondrial membrane
potential, mitochondrial release of cytochrome ¢ and activation of caspases (Xiang et al.,
1996; Karpinich et al., 2002). Evidence for the essential role of Bax in p53-mediated cell
death is provided by the findings that Bax-deficient neurons are protected from cell death
induced by DNA damaging agents, as well as adenovirus-mediated p53 over-expression
(Xiang et al., 1998). In addition, increased Bax immunoreactivity has been observed in
neuritic plaques of AD brain (Tortosa et al., 1998) indicating that Bax may play an
important role in neuronal apoptosis associated with AD.

The experimental work carried out in this chapter aimed to establish a role for p53
and Bax in A induced apoptosis in cortical neurons. The rationale behind this approach
was based on the hypothesis that oxidative stress plays an essential role in Af-mediated

neurotoxicity (Behl et al., 1994) and that p53 is activated in response to diverse cellular
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stress, including oxidative stress (Zornig et al., 2000). Expression of p53 and Bax were
assessed at both the mRNA and protein level, in order to determine the mechanism by
which AB-mediated alterations in p53 expression and Bax expression may occur. Given
that p53 is a target substrate for regulation by JNK (Adler et al., 1997), and that the
results from the previous chapter demonstrate a role for JNK1 in AP-mediated neuronal
apoptosis, I considered whether the A-mediated alterations in p53 stability occurred in a
JNK1-dependent manner. To investigate this, p53 expression was examined in the
presence or absence of AP, in cells which had first been depleted of JNKI, using
selective JNKI1 antisense oligonucleotides. To investigate the events which occur
downstream of p53 in AP-treated neurons, the synthetic p53 inhibitor, pifithrin-o, was
applied to cells. This inhibitor acts by inhibiting p53 DNA binding activity, and so
inhibits transcription of p53-responsive genes such as bax (Culmsee et al., 2001). The
role of p53 in AB-mediated induction of the apoptotic cascade, namely Bax expression,
caspase-3 activity, DNA repair enzyme PARP cleavage and DNA fragmentation, was

assessed 1n pifithrin-o-treated cells
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4.2 Results

4.2.1 AP induces increased expression of p53 protein.

To determine whether AP impacts on the cell cycle regulatory protein, p53,
expression of total cellular pS3 protein was monitored, following exposure of cultured
neurons to AP over a range of time points. Cells were incubated with AP (2 uM) for 5
min, 1 hr, 6 hr and 18 hr, and p53 protein expression was assessed by western
immunoblot using an antibody which recognises an epitope mapping the carboxy
terminus of p53. Figure 4.1 demonstrates that A did not significantly modulate p53
expression at 5 min post AB-treatment. Thus, p53 expression was 0.99 = 0.06 (mean
band width + SEM; arbitrary units) in control and 0.95 + 0.05 in AB-treated cells at 5
min (n=4). Conversely, following AP treatment for 1 hr, a significant 30 % increase in
protein expression was observed in AB-treated cells, with p53 expression increasing
from 0.9 £ 0.078 to 1.14 + 0.088 (p<0.05, students paired t-test, n=8). Following
exposure of neurons to AP for 6 hours, expression of p53 was increased from 0.977 +
0.03 to 1.1 + 0.027 but was considered not quite significant (p<0.073, student’s paired
t-test, n = 5). In contrast cells treated with AP for 18 hr showed no increase in p53
expression. Thus p53 expression was 0.93 £ 0.038 in control and 0.91  0.059 in Ap-
treated cells (n =4). A sample immunoblot illustrating the temporal increase in p353

protein expression, mediated by AP is shown in Figure 4.1B.

4.2.2 Effect of AP on pS3 mRNA expression.

To establish whether the Ap-mediated increase in expression of p53 protein
was due to increased transcription of the p53 gene, cortical neurons were incubated
with APB over a range of time points from 5 - 18 hr. Levels of p5S3 mRNA expression
were examined by RT-PCR, with gene-specific primers for p53 and B-actin (Figure
4.2). Analysis of densitometric data demonstrates that AR had no significant

modulatory effect on pS3 mRNA at any of the examined time points (control: 1.067 +
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Figure 4.1 AP increases expression of pS3 protein

A. Cortical neurons were treated with A3 (2 uM) over a range of time points (5 min
—18 hr). Expression of p53 was examined by western immunoblot. AP significantly
increased pS3 expression at lhr. Results are expressed as mean £ SEM for 6

observations, * p<0.05

B. Sample western blot showing p53 expression. Cells were treated with Ap (2 uM)
over a range of time points, 5 min (panel a), 1 hr (panel b), 6 hr (panel c), 18 hr
(panel d).
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Figure 4.2 AP does not modulate transcription of pS3 mRNA

A. Cells were exposed to AP (2 uM) over a range of time points (5 min —18 hr) and
p53 mRNA was assessed using RT-PCR. AP had no effect on expression of p53

mRNA. Results are expressed as mean = SEM for 6 observations.

B. Representative image of agarose gel demonstrating levels of p53 and [-actin
mRNA expression in control cells (lanel) and in cells treated with AB(2 uM) for 5
min (lane 2), 30 min (lane 3), 1 hour (lane 4) and 18 hr (lane 5).



0.02; AP-treated neurons: 0.895 + 0.212 (5 min); 1.021 + 0.243 (1 hr); 1.173 + 0.28(6
hr); 1.053 £ 0.055(18 hr); mean band width £+ SEM, n=6). The mRNA expression of
p53 was normalised to that of the housekeeping gene B-actin. A sample agarose gel

demonstrating that p53 mRNA expression is unaffected by AP is shown in Figure
4.2B.

4.2.3 AP leads to phosphorylation of p53 at residue serine-15

Since the AP-mediated increase in p53 protein expression was not due to
increased transcription of pS3, we investigated whether the increase in pS3 expression
was due to a posttranslational modification event. Phosphorylation of p53 at specific
residues has been demonstrated to stabilise pS3 by preventing ubiquitin-mediated
degradation (Pena et al., 2000). Therefore, I examined whether the increase in p53
expression was due to increased phosphorylation of the protein. Phosphorylation of
pS3 at residue serine-15, a key target site for pS3 stabilisation (Appella and Anderson,
2001), was assessed following treatment of cells with AP (Figure 4.3). Cells were
treated with AB for 5 min and 1 hr, and p53 phosphorylation at residue serine-15 was
assessed by western immunoblot using an antibody which specifically recognises p53
phosphorylated at residue serine-15. AP significantly increased phospho-p53*™°
expression from 0.58 + 0.055 (mean band width £ SEM; arbitrary units) to 1.03 *
0.116 (p<0.01, student’s paired t-test, n=8) at 5 min and from 0.837 £+ 0.02 to 1.265 +
0.118 (p<0.05, student’s paired t-test, n=8) at 1 hr. This result suggests that A
increases pS3 protein expression by stabilisation of the protein via phosphorylation at
serine-15. Figure 4.3B demonstrates the AB-mediated increase in p53 phosphorylation

at residue serine-15.
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Figure 4.3 A3 mediates phosphorylation of p53 at residue serine-15.

A. Cortical neurons were treated with AB (2 pM) for S min and 1 hr. p53
phosphorylation at residue serine-15 was examined by western immunoblot. A3

significantly increased p53 phosphorylation at 5 min and 1 hr. Results are expressed as

mean + SEM for 8 observations, *p<0.05 ** p<0.01.

B. Sample western immunoblot demonstrating levels of phosphorylated p53 in control
(lane 1) and AB-treated cells (lane2; 5 min) and control (lane 3) and AB-treated cells
(lane 4; 1hour).



4.2.4 Effect of AP on phosphorylation of p53 at residue serine-392.

In order to investigate whether AP phosphorylated p53 at another critical
residue for stabilisation, serine-392, cells were exposed to A for a range of time points
(5 min-18 hr) and phosphorylation at residue serine-392 was assessed by western
immunoblot using an antibody which specifically recognises p53 phosphorylated at
residue serine-392. Figure 4.4 demonstrates that A failed to induce phosphorylation of
p53 at residue serine-392 at 5 min, 1 hour and 6 hr post AP treatment. Thus, phospho-

3579 expression was 0.092 + 0.054 (mean band width + SEM, arbitrary units) in

pS
control, and 0.91 £ 0.12 in AB-treated cells at 5 min (n =4); 0.97 + 0.13 in control, and
0.94 £ 0.12 in AP-treated cells at 1 hr (n=6); 1.0 + 0.056 in control, and 1.129 + 0.052
in AP-treated cells at 6 hr (n=4). In contrast, at 18 hr AP induced a significant increase

in phospho-p53°™"?

expression from a control value of 1.17 £ 0.026 to 1.35 £ 0.041 in
A -treated cells (p < 0.05, student’s t-test, n =3) indicating that phosphorylation of
pS53 at serine 392 occurs later than phosphorylation at residue serine-15. This result
suggests that phosphorylation at serine-392 does not contribute to the observed
stabilisation of the pS3 protein at 1 hour post Ap—treatment. The sample immunoblot in

Figure 4.4B demonstrates the effect of A on p53 phosphorylation at residue serine-
392.

4.2.5 Phosphorylation of pS3 at residue serine-15 is JNK1 dependent

p53 is a target substrate for JINK (Alder et al., 1997). Since the observed Ap-
mediated activation of JNK1 was an early event that could potentially be upstream of
p53 phosphorylation, the AB-mediated phosphorylation of p53 at residue serine-15 was
assessed in JNK1 depleted cells. Cells were treated with JNK scrambled and antisense
oligonucleotides (2 pM) for 48hr, prior to treatment with AP for lhr, and
phosphorylation of p53 at residue serine-15 was analysed by western immunoblot.
Figure 4.5A demonstrates that in cells treated with the JNKI1 scrambled
oligonucleotide, phospho-p53*""> was significantly increased from a control value of

0.84 + 0.01 (mean band width + SEM, arbitrary units) to 1.09 £ 0.08 following
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treatment with AP (p<0.05, one way ANOVA, n=7). JNKI1 antisense alone had no
effect on p53 phosphorylation. However, it abolished the stimulatory effect of AP on
p53 phosphorylation (JNK1 antisense: 0.83 + 0.071; AP + JNKI1 antisense: 0.83 +
0.064, p<0.05, one way ANOVA, n=7). A sample immunoblot illustrating the effect of
JNK1 depletion on phospo-p53*""” expression is shown in Figure 4.5B. This result

demonstrates that JNK1 plays a role in phosphorylation of p53 at serine-15 in this

system.
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Figure 4.4 AP mediates phosphorylation of p53 at residue serine-392.

A. Cortical neurons were treated with AP (2 uM) over a range of time points (5 min
—18 hr). p53 phosphorylation at residue serine-392 was examined by western
immunoblot. AP significantly increased p53 phosphorylation at serine-392 at 18 hr.

Results are expressed as mean = SEM for 3-4 observations, * p<0.05.

B. Sample western blot showing phosho-p53*™”

expression. Cells were treated
with AB (2 uM) over a range of time points - 5 min, 1 hr (panel a), 6 hr and 18 hr

(panel b)




4.2.6 Effect of AP on Bax protein expression

Since pro-apoptotic Bax is a target for modulation by p53, the effects of AP on
total cellular Bax protein expression was investigated. Neurons were incubated with
AP over a range of time points from 1 hr —12 hr and Bax expression was assessed by
western immunoblot using an antibody which recognises the full form of Bax. Figure
4.6 demonstrates that AP increased expression of Bax from 0.99 + 0.017 (mean band
width + SEM; arbitrary units) to 1.18 £ 0.066 (n=06) at 1 hr, but this value did not reach
statistical significance. However, by 6 hr expression of Bax had significantly increased
to 1.34 = 0.09 (p<0.01, one-way ANOVA, n=6). This Bax expression was further
increased to a value of 1.6 + 0.22 following 12hr incubation with AB (p<0.001 one-
way ANOVA, n=5). This demonstrates that AB-mediated regulation of Bax expression
is regulated in a temporal manner. Figure 4.6B demonstrates the Ap-mediated temporal

increase in total Bax expression.

4.2.7 AP increases expression of Bax mRNA

To determine whether the increase in Bax protein expression was a result of increased
transcription of the bax gene, mRNA expression of Bax was assessed by RT-PCR,
using gene specific-primers for Bax and B-actin (Figure 4.7). Since A significantly
increased protein expression of Bax at 6 hr, this time point was selected to assess Bax
mRNA expression. AP (2 uM) significantly increased expression of Bax mRNA from
0.99 + 0.03 (mean band width = SEM; arbitrary units) to 1.3 £ 0.09 (p<0.05, student’s t
test, n= 9) in Ap-treated cells. This indicates that the AfB-mediated increase in
expression of Bax protein is as a direct result of increased transcription of the bax gene.
The mRNA expression of Bax was normalised to that of the housekeeping gene [3-
actin. A sample agarose gel demonstrating the effect of A on Bax mRNA expression

is depicted in Figure 4.7B.
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Figure 4.6 AB-mediates a temporal increase in Bax protein expression

A. Cortical neurons were treated with A3 (2 uM) over a range of time points (5
min —12 hr). Bax protein expression was examined by western immunoblot. A3
significantly increased Bax expression at 6 hr and 12 hr. Results are expressed as

mean = SEM for 6 observations, *p<0.01 ** p<0.001.

B. Sample western immunoblot demonstrating levels of Bax and actin expression in

control (lane 1) and AB-treated cells at 1 hr (lane 2), 6 hr (lane 3) and 12 hr (lane 4).
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Figure 4.8 AB-mediated increase in Bax mRNA expression is pS3 dependent

A. Cortical neurons were treated with pifithrin-a (100 nM) in the presence or
absence of AP (2 uM) for 6 hr and Bax mRNA expression was assessed using RT-
PCR. AR significantly increased Bax mRNA expression at 6 hr. In the presence of
pifithrin-o the AB-mediated increase in Bax mRNA expression was significantly

reduced. Results are expressed as mean = SEM for 6 observations, * p<0.05.

B. Representative image of agarose gel demonstrating levels of Bax and B-actin
mRNA expression in control (lanel); AB-treated cells (lane 2); pifithrin-c-treated

cells (lane 3) and AP + pifithrin-a-treated cells (lane 4)
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Figure 4.9 AB-mediated increase in Bax protein expression is p53 dependent

A. Cortical neurons were treated with pifithrin-o inhibitor (100 nM) in the presence
or absence of AB (2 uM) for 6 hr and Bax protein expression was assessed using
western immunoblot. AP significantly increased Bax protein expression at 6 hr. In

the presence of pifithrin-o the AP-mediated increase in Bax expression was

reduced. Results are expressed as mean = SEM for 6 observations, p<0.01.

B. Sample western immunoblot demonstrating levels of Bax and actin protein

expression in control (lanel); AP-treated cells (lane 2); pifithrin-a-treated cells

(lane 3) and AP + pifithrin-o-treated cells (lane 4).
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Figure 4.10 AP-mediated caspase-3 cleavage is pS3 dependent.

A. Cortical neurons were treated with pifithrin-a inhibitor (100 nM) in the presence
or absence of AR (2 uM) for 24 hr and caspase-3 activity was examined by
immunocytochemistry. AP significantly increased the percentage of cells displaying
active caspase-3 immunoreactivity at 24 hr. In the presence of pifithrin- o, the
AB-induced increase in caspase-3 activity was abolished. Results are expressed as
the mean + SEM for 6 independent observations,** P<0.01.

B. Representative image of cortical neurons stained for activated caspase-3
immunoreactivity. Arrows indicate active caspase-3 in cells treated with (i) vehicle
control (i1) AP (ii1) pifithrin-a (iv) AB + pifithrin-a. Arrows indicate cells
displaying representative caspase-3 immunostaining. Scale bar is 25 um.
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Figure 4.11 AB-mediated PARP cleavage is pS3 dependent.

A. Cortical neurons were treated with pifithrin-ot inhibitor (100 nM) in the presence
or absence of AP (2 uM) for 72 hr and PARP cleavage was examined by
immunocytochemistry. Af significantly increased cleavage of PARP at 72 hr. In
the presence of pifithrin- o the AP mediated increase in PARP cleavage was
abolished. Results are expressed as the mean + SEM for 6 independent
observations,** P<0.01

B. Representative image of cortical neurons displaying cleaved PARP
immunoreactivity in cells treated with (i) vehicle control (ii) AP (iii) pifithrin-a (iv)
AR + pifithrin- a. Arrows indicate cells displaying representative cleaved PARP
immunostaining. Scale bar is 25 um.



immunoreactivity for the cleaved form of PARP from 38 + 3 % (mean + SEM) to 67 +
3 % (p < 0.01, one-way ANOVA, n=6 coverslips). The percentage of cells displaying
immunoreactivity for the cleaved form of PARP was 37 + 2 % in the presence of the
pifithrin-oc alone (n=6 coverslips). The AB-mediated increase in cells displaying
immunoreactivity for the cleaved form of PARP was significantly reduced to 30 + 2.6
% 1n cells co-treated with AP + pifithrin-a (p<0.05, one way ANOVA, n=6), indicating
that the AP-induced increase in PARP cleavage is p53 dependent. A sample photo of
cells stained for the cleaved fragment of PARP is shown in Figure 4.11B.

4.2.12 Effect of pifithrin-a on AB-induced DNA fragmentation

To further demonstrate the role of p53 in AP-mediated neuronal apoptosis,
levels of DNA fragmentation were assessed in cells which were treated with the p53
inhibitor pifithrin-a (100 nM) for 1 hr, prior to treatment with AP for 72 hr (Figure
4.12). TUNEL analysis was carried out to measure the percentage of cells displaying
fragmented DNA. Exposure to AB (2uM; 72hr) significantly increased the percentage
of TUNEL positive cells from 24 + 2.3 % (mean + SEM) to 47 £ 2.4 (p < 0.01, one-
way ANOVA, n=6 coverslips). The percentage of TUNEL positive cells was 27 + 2 %
in the presence of the pifithrin-o alone (n=6 coverslips). The Ap-mediated increase in
the percentage of TUNEL positive cells was significantly reduced to 21 + 1.4% in cells
co-treated with AP + pifithrin-o p<0.05, one way ANOVA, n=0). This result
demonstrates the involvement of p53 in the Ap-mediated induction of DNA

fragmentation in cortical neurons. A sample photo of TUNEL stained cells is shown in

Figure 4.12B.
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Figure 4.12 AB-mediated DNA fragmentation is p53 dependent.

A. Cortical neurons were treated with pifithrin-o inhibitor (100 nM) in the presence
or absence of AB (2 uM) for 72 hr and DNA fragmentation was assessed using
TUNEL analysis. AP significantly increased DNA fragmentation at 72 hr. In the
presence of pifithrin- o, the AB-induced increase in DNA fragmentation was
abolished. Results are expressed as the mean + SEM for 6 independent
observations,** P<0.01

B. Representative image of cortical neurons stained for DNA fragmentation.
Arrows indicate TUNEL positive cells following exposure to (i) vehicle control (ii)
AB (iii) pifithrin-a (iv) AP + pifithrin- o Scale bar is 25 um.



4.3 Discussion

The aim of this study was to establish the role of the transcription factor, p53, in
AP-mediated neurotoxicity of cultured cortical neurons. The results demonstrate that A3
increases pS3 expression in a temporal manner. The increase in pS3 expression was found
to be independent of transcription. Increased p53 expression occurred as a result of
increased stabilisation of p53 protein via phosphorylation at residue serine-15 of the
protein. A candidate kinase which can phosphorylate and thus stabilize p53 is JNK (Adler
et al., 1997). Using an antisense approach to selectively deplete cells of specific JNK
isoforms, I established that phosphorylation of p53 in response to AB-treatment occurs in
a JNK1-dependent manner. Expression of pro-apoptotic Bax, a pS3-responsive gene, was
significantly increased following AB-treatment. To determine the signalling events which
occur downstream of p53 in AB-mediated neuronal cell death, the p53 inhibitor, pifithrin-
a, was applied to cells. The AB-mediated increase in Bax expression was reversed in
pifithrin-a treated cells. Furthermore analysis of caspase-3 activity, PARP cleavage and
nuclear DNA fragmentation demonstrated that pS3 signalling plays an integral role in the

AB-mediated induction of the apoptotic cascade.

The previous chapter demonstrated that 2 uM AP was sufficient to induce JNK
activation, and induction of the apoptotic cascade in cultured cortical neurons. Therefore,
this concentration was again employed, to further examine signalling events associated
with AP neurotoxicity. AP increased expression of pS3 in a time dependent manner. At 5
min exposure, AP had no effect on p53 protein expression. However, by 1 hr, AB had
significantly increased p53 protein expression by 30 %. This increased p53 expression
was short-lived and by 6 hr p53 expression remained elevated by 12 %, but not
significantly so. At 18 hours, A no longer had any effect on p53 expression. It was
concluded from this experiment that the AB-induced increase in p53 expression was an
early signalling event, potentially leading to an alteration in associated downstream
signalling events.

Evidence of alterations in neuronal p53 expression, in response to cellular stress is

provided by many studies. For example, increased expression of p5S3 occurs in damaged
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neurons in acute models of injury such as ischemia (Miller et al., 2000), and in brain
tissue samples, derived from animal models, and patients with chronic neurodegenerative
diseases (LaFerla et al., 1996; De la Monte ef al., 1997). Increased p53 expression can
occur as a result of increased transcription of the p53 gene, or due to stabilisation of the
protein by post-translational modification (Zoérnig et al., 2001). In non-stressed neurons,
pS3 has a short half-life, being exported from the nucleus by the associated regulatory
protein, Mdm2, and targeted for ubiquitin-mediated degradation in the cytosol. However,
modification of p53 by phosphorylation or acetylation at its amino-terminal domain can
change the confirmation of p53, thus abolishing the interaction between p53 and the
negative regulator Mdm?2 (Ashcroft et al., 2000). As a result, p53 is not shuttled to the
cytoplasm for degradation, but instead accumulates in the nucleus and is trans-activated
in its capacity as a transcription factor to activate transcription of its target genes. To
clarify the mechanism leading to the ApB-mediated increase in expression of pS3 protein,
by AP, RT-PCR was carried out to determine whether increased expression of p53 was
due to increased transcription of the p53 gene. A previous study has observed increase
transcription of p53 following treatment with AP35 in cultured cortical neurons (Yan et
al., 2000). However, my results demonstrated that AP_49 did not modulate transcription
of p53 at the time points examined. This indicated that the increased expression of p53,
following AP treatment, might be due to a stabilisation event. In response to cellular
stress, p53 can be stabilised via phosphorylation at critical residues (Ashcroft et al.,
2000). Phosphorylation at one such residue, serine-15, has been shown to be critical in
mediating the p53 response to stress (Siliciano ef al., 1997) and serine-15 has been shown
to be phosphorylated in response to the DNA damaging agents, cisplatin, camptothecin
and etoposide (Appella et al., 2001). Phosphorylation at this residue is associated with the
apoptotic effect of p53 (Unger et al., 1999). We investigated whether AP might mediate
stabilisation of p53 by phosphorylation at serine-15. Since the increased p53 protein
expression observed, occurred at 1 hr, it seemed likely that any stabilisation event would
occur at, or before, this time. Accordingly, phosphorylation of p53 at serine-15 was
monitored at the 1 hr time point and at the earlier time point of 5 min. Following
treatment with AP, p5S3 phosphorylation at serine-15 was increased by 44 % at 5 min and
34 % at 1 hr. The AB-mediated phosphorylation of p53 strongly correlates with the

temporal pattern of increased pS3 protein expression, indicating that increased
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phosphorylation of p53 at serine-15 is responsible for the increased pS53 protein
expression observed. In support for this idea, phosphorylation of p53 at serine-15 has
previously been shown to correlate with increased p53 protein expression in lymphoblast
cell lines, following UV irradiation (Siliciano et al., 1997). Post-translational
modifications also occur at the carboxy-terminus of p53, and phosphorylation at residue
serine-392 within the carboxy- terminus domain, occurs in response to DNA damage (Lu
et al., 1998). Following treatment with AP over a range of times from 5 min — 18 hr,
increased phosphorylation of p53 at residue serine-392 was found to occur at 18 hr, but
not at earlier time points. This result suggests that phosphorylation of pS3 at serine-392
does not play a role in the increased protein expression of p53, observed at 1 hr. At 18 hr
post AP treatment, it is likely that some DNA damage has occurred, although maximal
DNA fragmentation is not observed until 72 hr (Boland and Campbell, 2003a).
Therefore, the AB-mediated phosphorylation at serine-392 found to occur at 18 hr may be
a consequence of possibly a cellular response to DNA damage within the cell.

The evidence from this study and others (Laferla er al, 1996, Culmsee et al.,
2001) supports an interaction between p53 and AP. However, the mechanism of Ap-
induced stabilisation of p53 remains to be elucidated. Several candidate kinases have
been proposed as stabilisers of p53, including DNA-PK and JNK (Lees-Miller et al.,
1990; Adler et al., 1997). In the previous chapter, I demonstrated that JNK1 and JNK2
were activated by AP, so in order to determine the relationship between Af-mediated
JNK activation and p53 stabilisation, cells were depleted of JNK using antisense
oligonucleotides. Since Af-mediated activation of JNK2 did not occur until 24 hrs, it
seemed unlikely that JNK2 was involved in p53 phosphorylation at residue serine-15,
which occurred 1 hr post Af-treatment. Activation of JNK1 was an earlier event, which
could potentially be upstream of p53 phosphorylation. Consequently, cells were depleted
of INK1, with selective JNK1 antisense oligonucleotides, to establish the role of JNK1 in
the AP-mediated phosphorylation of pS3. p53 phosphorylation at serine-15 was abolished
in JNK1 depleted cells, placing JNK1 upstream of p53. In non-neuronal cells, JNK
signalling has previously been reported to stabilise and activate pS3, by phosphorylation
at Threonine-81 (Fuchs er al., 1998; Buschmann et al., 2001). Furthermore, JNK1 has
been demonstrated to bind p53 and mediate phosphorylation at serine-34 and serine-15

following UV irradiation and oxidative stress respectively (Milne et al., 1995, Cheng et
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al., 2003). An interaction between JNK1 activation and p53 phosphorylation at serine-15,
has not previously been reported in neurons. Conversely, non-active JNK has been
demonstrated to negatively regulate pS3 expression and target pS3 for ubiquitin-mediated
degradation in an Mdm2-independent manner (Fuchs et al., 1997). A further degree of
complexity is added to the interrelationship between JNK and p53 signalling, by the fact
that following DNA damage activation of p53 can occur upstream of JNK activation.
Aditionally, p53 can regulate activity of JNK1 and JNK2 in tumour cell lines (Zhang et
al., 2002b). Interactions between JNK and p53 are therefore likely to be dependent on
cell type and stimulus type received by the cell. INK2 and JNK3 can also serve as pS3 N-
terminal serine 34 kinases in response to cellular stress (Hu et al., 1997). However, since
depletion of JNK1 completely abrogated the AB-mediated phosphorylation of p53 and
Ap-mediated activation of JNK2 was only detected at the later time points of 24hr and 48
hr, which was much later than the time required to stabilise p53, it was concluded that

JNK2 was not pertinent in the A-mediated activation of p53.

The pro-apoptotic protein Bax is a pS3-responsive gene, which plays an important
role in apoptosis. Increased Bax immunoreactivity has been observed in AD brain
(Tortosa et al., 1998). Since my study demonstrates an increase in p53 phosphorylation in
AB-treated neurons, I investigated whether expression of the p53 substrate, Bax, was
altered following treatment with Af3. Neurons were exposed to AP over a range of time
points and expression of Bax mRNA and Bax protein were monitored. Bax protein
expression was significantly increased by 25 % following exposure to Ap for 6 hr and by
38 % following a 12 hr exposure to AB. This was mirrored by a 24 % AP-induced
increase in Bax mRNA at 6 hr post AB-treatment. Upregulation of Bax mRNA has
previously been reported to occur within 1 hr of exposure to APs;3s (Yan et al., 2000).
That study used a higher concentration of AP (25 uM), which may account for the earlier
increase in Bax mRNA observed. In addition, two recent studies have reported increased
Bax protein expression in the CAl region of the hippocampus, and in the differentiated
SK-N-BE neuroblastoma cell line, following administration of Af;.40, thus providing
further evidence for the involvement of Bax in AB-mediated neurotoxicity (Minogue et

al., 2003; Tamagno et al., 2003).
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Downstream consequences of p53-mediated induction of Bax include release of
mitochondrial cytochrome ¢ and activation of caspase-3 (Karpinich et al., 2001). This
process is regulated by members of the Bcl family of proteins. While translocation of
pro-apoptotic Bax to the mitochondrial membrane facilitates release of cytochrome ¢
through formation of a pore in the outer mitochondrial membrane, Bcl-2 is anti-apoptotic
by virtue of its ability to inhibit cytochrome ¢ release (Zornig et al., 2001). The ratio of
bel-2:bax expression represents a mechanism which dictates whether cells will survive or
undergo apoptosis in response to particular stimuli (Rosse et al., 1998). Alternatively,
pS3 can target directly to the mitochondria to induce a transcription-independent
apoptotic signal (Marchenko et al., 2000). To further delineate the relationship between
AP, p53, and induction of the apoptotic cascade, the p53 inhibitor pifithrin-a was applied
to cells. This inhibitor acts to interfere with the DNA-binding ability of p53 and thus,
inhibits the transcriptional activity of p53 (Culmsee et al., 2001). The AP-mediated
increase in Bax mRNA, and subsequent Bax protein expression, was abolished in
pifithrin-a treated cells, thus indicating that the AB-mediated increase in Bax expression
occurred as a direct result of p53 signalling. In accordance with this result, pifithrin-a has
previously been reported to selectively inhibit A4, mediated induction of Bax in
hippocampal neurons (Culmsee er al., 2001). In contrast, a study by Giovanni et al.
(2001) described AB-induced apoptosis in cultured embryonic neurons obtained from p53
knock out mice as being p53-independent. This highlights the complexity of ascertaining
the involvement of a given signalling pathway in neuronal cells. It is probable that
multiple signalling pathways interact to determine the fate of a given neuronal cell,
following a stressful stimulus, and it is likely that compensatory signalling occurs in the
absence of expression of certain regulatory genes. Thus, in a model whereby expression
of an important transcription factor such as p53 is knocked out, it is possible that multiple
signalling pathways converge to achieve the desired outcome.

To further clarify the role of p53 in AB-mediated neurotoxicity, the effect of
pifithrin-o on aspects of the A induced apoptotic cascade were examined. The proclivity
of AP to activate caspase-3 was significantly attenuated in pifithrin-oe treated cells.
Moreover, AP failed to promote significant cleavage of the DNA repair enzyme PARP,

and to induce increased levels of fragmented DNA, consequent to pre-treatment with
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pifithrin-a. Taken together, these results provide strong indication that p53 plays an
important role in AP-mediated neuronal apoptosis. pS3 mediates its effects at a pre-
mitochondrial stage, placing it at a proximal point for intervention in the apoptotic
cascade. Since neuronal cells are, for the most part, post-mitotic and can not regenerate,
the prospect of temporarily inactivating p53 protein and potentially preventing further
brain damage is an attractive one. Administration of pifithrin-o offers a potential drug
therapy in the treatment of chronic neurodegenerative diseases such as AD. It penetrates
the blood brain barrier and has been demonstrated to offer protection against kainate-
induced excitotoxicity in the hippocampus in vivo. My finding along with others
(Culmsee et al., 2001; Tamagno et al., 2003), demonstrates that pifithrin-a offers
protection against AP induced neurtoxicity, making it a worthy candidate for more

research.

In conclusion, the results presented in this chapter demonstrate that AP increases
expression of pS3 protein. This increase in p53 protein expression was not attributable to
increased transcription of the p53 gene, as no associated increase in pS3 mRNA was
observed. Instead the observed increase in protein expression occurred by stabilisation of
the p53 protein through phosphorylation of pS3 on its amino-terminal domain, at residue
serine-15. Treatment with JNK1 antisense reversed the AP-mediated increase in p53
phosphorylation, placing pS53 stabilisation via phosphorylation downstream of JNK1 in
the AP signalling cascade. AP also induced increased expression of the p53-responsive
gene, Bax. Application of pifithrin-a, an inhibitor of p53-induced transcriptional
activation, attenuated the Af-mediated increase in Bax expression. This suggests that
AB-induced Bax expression occurs downstream of JNK-mediated stabilisation of p53. In
addition, exposure to pifithrin-o significantly reduced AB-mediated induction of the
apoptotic events, caspase-3 cleavage, PARP cleavage and DNA fragmentation. These

results demonstrate the importance of p53 signalling in AB-mediated neuronal cell death.
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Chapter 5

Subcellular localisation of p53 and Bax in cultured cortical neurons




5.1 Introduction

Disruption of intracellular organelles is a common event in apoptosis. The
involvement of the mitochondria is often considered an initiating and basic event in
apoptosis (Zornig et al., 2001). Mitochondria control apoptosis by sequestering pro-
apoptotic proteins, such as cytochrome ¢ and apoptosis inducing factor (AIF), in the
mitochondrial intermembrane space (Blatt and Glick, 2001). However, in response to
apoptotic stimuli these proteins are released from the intermembrane space and can
directly activate cell death programmes within the cell. Once in the cytosol
cytochrome-c binds the caspase adaptor, apaf-1, in the presence of ATP, and thus
activates the inactive precursor, procaspase-9, to its active form. This leads to initiation
of a caspase cascade culminating in activation of the effector caspase, caspase-3, and
induction of DNA fragmentation and apoptosis (Raff, 1998). Release of cytochrome ¢
from the mitochondria can occur in association with loss of mitochondrial membrane
potential and rupture of the outer mitochondrial membrane or can occur independent of
collapse of mitochondrial membrane potential due to a transient opening if the
permeability transition pore (Blatt and Glick, 2001).

As well as mitochondria being involved in apoptosis, there is an increasing
body of evidence to suggest a role for the lysosomes in the apoptotic process (Li et al.,
2000; Brunk et al., 2001). However, the role of lysosomes in apoptosis is less well
defined. Lysosomes are membrane bound, cytoplasmic organelles containing over 40
hydrolytic enzymes, which are mostly active only in acidic conditions (Ditaranto-
Desimone et al., 2003). Lysosomes are normally concerned with cellular
housekeeping, removing damaged macromolecules from the cellular environment and
converting them into reusable products, thus replenishing pools of amino acids and
glucose for new protein synthesis (Cataldo et al., 1996). Christian de Duve, who first
identified lysosomes, coined the term ‘suicide bags’ to describe their potential for
orchestrating cellular destruction (De Duve, 1969). De Duve proposed that an
uncontrolled leakage of lysosomal enzymes to the cytosol might be dangerous, or even
lethal, for cells. Nevertheless, for some time lysosomes have been considered stable
organelles that lose integrity only in the later stages of death. This is due to the

observation of seemingly intact lysosomes even in the later stages of apoptosis (Li et
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al., 2000). However, lysosomes may look ultrastructurally intact, even after the leakage
of a substantial amount of lysosomal enzyme into the cytosol (Brunk and Ericsson,
1972). More recent studies have shown that moderate release of lysosomal enzymes
leads to apoptosis, while more pronounced release is associated with necrotic cell death
(Brunk ef al., 2001; Salvesen, 2000). It is suggested that leakage of lysosomal
proteases can promote apoptosis directly by activation of procaspases, or indirectly by
attacking the mitochondria leading to release of pro-apoptotic factors such as
cytochrome c. (Li et al., 2000). Evidence for the role of lysosomes in apoptosis is
provided by the finding that cathepsin-B has the capacity to activate several cytosolic
caspases (Ishisaka et al., 1999) and that cathepsin-L leads to activation of caspase-3 in
the cytosol, with subsequent apoptosis (Hishita es al., 2001; Boland and Campbell,
2003b). In addition, cathepsin-D is proposed to mediate translocation of cytochrome ¢
from the mitochondria to the cytosol (Roberg et al., 2002).

Abnormalities in both mitochondria and lysosomes occur in AD. Reduced rate
of brain metabolism, due to compromised mitochondrial function, is one of the best-
documented abnormalities in AD (Blass, 2001). Also, the endosomal-lysosomal system
in AD brain is markedly altered. This alteration is an early event in the disease, with
almost all pyramidal neurons in vulnerable prefrontal and hippocampal areas exhibiting
abnormally high densities of endosomes/lysosomes (Cataldo et al., 1996). This
accumulation of lysosomes is associated with an upregulation of the lysosomal system
by means of increased expression of lysosomal hydrolases (Cataldo ef al., 1995) and
increased trafficking of cathepsins from their site of translation in the trans-golgi
network to their entry into the lysosomes (Cataldo et al., 1996). While the role of
mitochondria in APB-mediated apoptosis is widely reported (Fu ez al., 1998; Butterfield
et al., 1999; Culmsee et al., 2001), there is an increasing body of evidence to suggest
that lysosomes are also involved in Af3-mediated neuronal apoptosis. In a neuronal cell
line, APB.42 has been shown to promote lysosomal membrane instability and subsequent
apoptosis (Ji et al., 2002). In addition, recent work from this laboratory has shown that
AP ;.40 promotes release of lysosomal proteases into the cytosol (Boland and Campbell,
2003b) as an early event in the neurodegenerative cascade. The exact mechanisms by
which A leads to deregulation of mitochondria and lysosomes remain to be fully

elucidated.
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The previous chapter demonstrated an increase in expression of the tumour
suppressor protein, pS3, through increased phosphorylation of p53 at serine-15, and an
associated increase in expression of pro-apoptotic Bax. Therefore, in this aspect of the
study, I sought to determine the mechanistic role of these proteins in orchestrating Af-
mediated neuronal apoptosis. Previous studies from this laboratory have demonstrated
that AP mediates release of cytochrome ¢ from mitochondria (Boland and Campbell,
unpublished observation) and cathepsin-L from lysosomes (Boland and Campbell,
2003b), possibly due to A4 altering the membrane integrity of these organelles.
Consequently, the aim of this aspect of the study was to examine whether p53 and Bax
impact on the mitochondria and lysosomes. Irrespective of the initiating stimulus, all
apoptotic pathways generally converge to a common execution phase of apoptosis that
requires activation of caspase-3 (Stoka et al., 2001). Since activation of caspase-3 can
occur in response to release of apoptotic factors such as cytochrome c¢ from
mitochondria (Blatt and Glick, 2001) and also following release of proteases such as
cathepsin-L from the lysosomes (Hishita er al., 2001), I hypothesised that the
mechanism by which these apoptotic factors are released, might be similar for both
organelles. Pro-apoptotic Bax is critical in the control of mitochondrial-mediated
apoptosis and can associate with the mitochondrial membrane and thus regulate the
release of cytochrome ¢ (Blatt and Glick, 2001). pS3 has also been shown to directly
interact with the mitochondrial membrane and form complexes with the anti-apoptotic
Bcl-2 proteins resulting in the release of cytochrome ¢ (Mihara et al., 2003). While the
role of p53 and Bax in regulating the lysosomal branch of the apoptotic pathway is iess
clear, lysosomal destabilisation has been reported to occur in p53-induced apoptosis
(Yuan et al., 2002) and overexpression of bcl-2 has been shown to inhibit lysosomal-
dependant apoptosis by stabilising the lysosome (Zhao et al., 2000).

The experimental work carried out in this chapter therefore aimed to determine
a role for p5S3 and Bax in AB-mediated alterations of mitochondrial and lysosomal
membrane integrity. Expression of Bax was assessed in cytosolic and mitochondrial
fractions, in order to determine if the increased expression of Bax demonstrated in the
previous chapter was accompanied by a redistribution of Bax from the cytosol to
specific intracellular organelles in order to serve its pro-apoptotic function. The

3ser15

association of Bax and phospho-p5 with mitochondrial and lysosomal membranes
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was investigated by immunocytochemistry in conjunction with the specific
mitochondrial dye, Mitotracker Red, and the specific lysosomal dye, Lysotracker Red
(Molecular Probes, The Netherlands), respectively. Lysosomal integrity was assessed
using the acridine orange (AO) relocation technique. Finally to determine the role of
p53 in the previously reported ApB-mediated increased cytosolic activity of cathepsin-L
(Boland and Campbell, 2003b), cathepsin-L activity was assessed in cells which had
been treated with the p53 inhibitor, pifithrin-c.
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5.2 Results

5.2.1 AP reduces expression of Bax in the cytosol

To establish whether cellular relocation of Bax occurs following AP treatment,
cells were incubated in the presence or absence of AP for 6 hr and cytosolic and
mitochondrial fractions were prepared as described in Section 2.5.1(ii). Cytosolic
expression of Bax was assessed by western immunoblot using a monoclonal antibody
that recognises the full form of Bax. Figure 5.1 demonstrates that AP (2 pM) leads to a
significant reduction in cytosolic Bax expression at 6 hr from 1.05 £ 0.05 (mean band
width = SEM) to 0.95 + 0.09 (p<0.05, student’s t-test, n=6). This indicates that A} may
mediate translocation of Bax from the cytosol to target organelles within the cell. A
sample immunoblot demonstrating the AP-mediated reduction in cytosolic Bax

expression at 6 hr is shown in Figure 5.1B.

5.2.2 Effect of AP on Bax expression at mitochondria.

Since the mitochondria is one target organelle at which Bax can mediate its pro-
apoptotic effects (Blatt and Glick, 2001), the effect of Ap on Bax expression at the
mitochondria was examined. Cells were incubated in the presence or absence of AP for
6 hr and mitochondrial expression of Bax was assessed by western immunoblot. Figure
5.2 demonstrates that AP increases expression of Bax at the mitochondria, but not
significantly so. Thus, Bax expression was 0.42 + 0.01 in control (mean band width +
SEM) and 0.47 + 0.03 in AB-treated cells (p<0.076, student’s t-test, n=6). Although AP
significantly reduced Bax expression in the cytosol (Figure 5.1) this did not correlate
with a significant increase in Bax expression within the mitochondrial fraction as

assessed by western immunoblot.
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Figure 5.1 AP reduces cytosolic expression of Bax protein

A. Cortical neurons were treated with AP (2 uM) for 6 hr and expression of Bax
protein was assessed in cytosolic fractions using western immunoblot. A3
significantly reduced expression of Bax in the cytosol at 6 hr. Results are expressed

as mean = SEM for 6 observations, * p<0.05.

B. Sample western immunoblot demonstrating levels of Bax and actin protein

expression in control (lanel) and AP-treated cells (lane 2).
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Figure 5.2  Effect of A on mitochondrial expression of Bax

A. Cortical neurons were treated with Af3 (2 uM) for 6 hr and mitochondrial
expression of Bax protein was assessed by western immunoblot. A3 increased
expression of mitochondrial Bax at 6 hr, but not significantly so. Results are

expressed as mean = SEM for 6 observations, p<0.076.

B. Sample western immunoblot demonstrating levels of mitochondrial Bax and

actin protein expression in control (lanel) and AP-treated cells (lane 2).



5.2.3 Bax expression co-localises with mitochondria in AB-treated cells

To further examine the effect of AP on redistribution of Bax from the cytosol to
mitochondria, expression of Bax was assessed in association with the specific
mitochondrial marker, Mitotracker Red. Cells were incubated in the presence or
absence of AP (2 pM) for 6 hr, prior to incubation with Mitotracker Red (400 nM) for
30 min. Bax expression was detected by immunocytochemistry using a monoclonal
Bax-specific antibody and cells were visualised by fluorescence microscopy. Figure
5.3(i) and (ii) demonstrates the location of mitochondria in control and Ap-treated
cells, respectively, following loading with Mitotracker Red. Figure 5.3(iii) represents
Bax immunostaining in control cells and this Bax immunofluorescence was increased
in Ap-treated cells (Figure 5.3(iv)). Furthermore, in AP-treated cells increased co-
localisation of Bax expression with mitochondria was observed (Figure 5.3(vi)). This
result indicates that the AP-mediated increase in Bax expression is associated with
increased association of Bax at the mitochondria. However, regions remained within
the cell where Bax expression did not co-localise with mitochondria, indicating
alternative intracellular sites for Bax. A negative control image is displayed in Figure
5.3(vii); cells were stained with a secondary FITC-labelled antibody only. No primary
antibody was employed. The resulting staining is diffuse, representative of non-specific

staining.

5.2.4 Phospho-p53*"'® expression co-localises with mitochondria in Ap-treated

cells at 1 hr and 6 hr.

p53 has previously been reported to interact directly at the mitochondria to
promote apoptosis (Marchenko et al., 2000). To determine whether p53 interacts with
mitochondria in Ap-treated neurons, co-localisation of p53 expression and
mitochondria was assessed. Since the previous chapter demonstrates that Af induced
an increase in p53 expression at 1 hr, via phosphorylation of pS3 at residue serine-15,

3scr15

expression of phospho-p5 was assessed. Cells were incubated in the presence or

absence of AP} (2 uM) for 1 hr and 6 hr, prior to a 30 min incubation with Mitotracker
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Figure 5.3 AP increases expression of Bax at the mitochondria

Fluorescence microscopy was used to visualise the distribution of Bax within
cortical neurons following treatment with A (2 uM, 6 hr). Cells were double
labelled with the mitochondrial-specific marker, Mitotracker Red, and a FITC-
labelled Bax antibody.

Mitotracker Red staining represents the distribution of mitochondria in (1) control
(i1) and AB-treated cells (excitation 579 nm; emission, 599 nm). Analysis of Bax
immunostaining in (iii) control and (iv) AP-treated cells demonstrated increased
expression of Bax in AB-treated cells (excitation, 490 nm; emission, 520 nm). Co-
localisation analysis of Bax and mitochondria in (v) control and (vi) Ap-treated
cells (v, vi) revealed increased localisation of Bax at the mitochondria in AB-treated
cells. Arrows indicate regions of co-localisation, Stars indicate regions where co-
localisation does not occur. The image displayed in (vii) is a negative control. Scale
baris 10 pm.



Figure 5.4 Effect of A} on phospho-p53“"5expression at the mitochondria
at1l hr

Fluorescence microscopy was used to visualise the distribution of phospho-p53*"
within cortical neurons following treatment with AB (2 uM, 1 hr). Cells were
double labelled with the mitochondrial-specific marker, Mitotracker Red, and a
FITC-labelled phospho-p53*'" antibody.

Mitotracker Red staining represents the distribution of mitochondria in (i) control

serl5

Analysis of phospho-p53 expression in (iv) control and (v,vi) AB-treated cells
demonstrated increased expression of phospho-p53*"® in Ap-treated cells
(excitation, 490 nm; emission, 520 nm).

Co-localisation analysis of phospho-p5 and mitochondria in (vii) control and
(viii,ix) Ap-treated cells revealed increased localisation of phospho-p53°'° at the
mitochondria in AfB-treated cells. Arrows indicate areas of co-localisation. Scale bar
is 10 pm.
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Figure 5.5 Effect of AB on phospho-p53*""® expression at the mitochondria
at6 hr

Fluorescence microscopy was used to visualise the distribution of phospho-p53*"”

within cortical neurons following treatment with AB (2 uM, 6 hr). Cells were

double labelled with the mitochondrial-specific marker, Mitotracker Red, and a

FITC-labelled phospho-p53*"" antibody.

Mitotracker Red staining represents the distribution of mitochondria in (i) control
and (i1) AP-treated cells (excitation 579 nm; emission, 599 nm).

Analysis of phospho-p53*"> expression in (iii) control and (iv) AB-treated cells
demonstrated increased expression of phospho-p53*™"° in Ap-treated cells
(excitation, 490 nm; emission, 520 nm).

Co-localisation analysis of phospho-p53*™> and mitochondria in (v) control and
(vi) AP-treated cells revealed increased localisation of phospho-p53*™" at the
mitochondria in AB-treated cells. Arrows indicate areas of co-localisation. Scale bar
1s 10 pum.



Red (400 nM). Phospho-p53*™"® expression was detected by immunochemistry using
an antibody which specifically recognises p53 phosphorylated at serine-15 and cells
the location of mitochondria in control and Af-treated cells at 1 hr, respectively,
following loading with Mitotracker Red. Figure 5.4(iv) represents p53 immunostaining
in control cells and this pS3 immunofluorescence was increased in AB-treated cells at 1
hr (Figure 5.4(v,vi)). Furthermore, in Ap-treated cells increased co-localisation of
phospho-p53*'"?
5.4(vii,ix)).

expression with mitochondria was observed at 1 hr (Figure

Figure 5.5(i) and (ii) demonstrates the location of mitochondria in control and
AP-treated cells at 6 hr, following loading with Mitotracker Red. Figure 5.5(iii)
represents pS3 immunostaining in control cells and this p53 immunofluorescence was
increased in AP-treated cells at 6 hr (Figure 5.5(v)). Furthermore, in Af-treated cells

increased co-localisation of phospho-p53°"°

expression with mitochondria was
observed at 6 hr (Figure 5.5(vi). This result indicates that the Af-mediated increase in
phospho-p53°“""® expression is coupled with increased association of phospho-p53*""” at
the mitochondria. Regions remained within the cell where phospho-p53*"® expression
did not co-localise with mitochondria, indicative of alternative intracellular sites for
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phospho-p5 within the cell.

5.2.5 AP increases cytosolic cytochrome c expression

A potential consequence of disruption of mitochondrial membrane stability is
translocation of mitochondrial cytochrome ¢ into the cytosol. To determine whether A3
mediated translocation of cytochrome c¢ to the mitochondria, cells were treated in the
presence or absence of AP for 6 hr and cytosolic fractions were prepared as described
in Section 2.5.1(ii). Cytosolic expression of cytochrome ¢ was assessed by western
immunoblot using a polyclonal antibody that recognises free cytosolic cytochrome ¢ at

11.4 kDa (Pettigrew and Seilman, 1982). Figure 5.6 represents a sample immunoblot
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cytochrome ¢ (11.4 kDa)

1 2

Figure 5.6 AP increases cytosolic cytochrome ¢ expression

Cortical neurons were treated with AB (2 uM) for 6 hr and expression of cytochrome ¢
was assessed in cytosolic fractions using western immunoblot. Sample immunoblot
demonstrating cytochrome ¢ and actin expression in control (lane 1) and AB-treated

cells (lane 2). AP increased expression of cytochrome c¢ in the cytosol at 6 hr.



demonstrating that AB leads to an increase in cytosolic cytochrome ¢ expression at 6

hr.

5.2.6 Bax expression co-localises with Lysosomes in Ap-treated cells

In order to determine whether Bax impacts on the lysosomal system, expression
of Bax was assessed in association with the lysosomal specific dye, Lysotracker Red.
Cells were incubated in the presence or absence of AP (2 uM) for 6 hr, prior to
incubation with Lysotracker Red (700 nM) for 30 min. Bax expression was detected by
immunocytochemistry using a monoclonal Bax-specific antibody and cells were
visualised using fluorescence microscopy. Figure 5.7 (i) and (ii) demonstrates the
location of lysosomes in control and Ap-treated cells, respectively, following loading
with Lysotracker Red. Figure 5.7(iii) represents Bax immunostaining in control cells
and this Bax immunofluorescence was increased in AfB-treated cells (Figure 5.7(iv)).
Figure 5.7(v) and 5.7(vi) demonstrates co-localisation of Bax expression with
lysosomes in control and Ap-treated cells. Bax immunofluorescence at the lysosome
was increased following AP treatment. This result suggests a role for Bax at the
lysosome during AP signalling. Regions remained within the cell where Bax
expression did not co-localise with lysosomes and these areas are likely to represent

Bax expression at mitochondrial membranes, as demonstrated in Figure 5.3.

5.2.7 Phospho-p53°"!S expression co-localises with lysosomes in AB-treated cells at
pho-p p Y

1 hr and 6 hr

In order to determine whether pS53 impacts at the lysosomal membrane,

3ser15

expression of phospho-p5 was assessed by immunocytochemistry. Cells were

incubated in the presence or absence of Ap (2 uM) for 1 hr or 6 hr, prior to a 30 min
incubation with the lysosomal marker, Lysotracker Red (700 nM). Phospho-p53*""?
expression was detected by immunocytochemistry using an antibody which specifically
recognises p53 phosphorylated at serine-15 and cells were visualised by fluorescence

microscopy. Figure 5.8(i) and (ii) demonstrates the location of lysosomes in control
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Figure 5.7 AP increases expression of Bax at the lysesome at 6 hr

Fluorescence microscopy was used to visualise the distribution of Bax within
cortical neurons following treatment with AB (2 uM, 6 hr). Cells were double
labelled with the lysosomal-specific marker, Lysotracker Red, and a FITC-labelled
Bax antibody.

Lysotracker Red staining represents the distribution of lysosomes in (i) control and
(i1) APB-treated cells (excitation 579 nm; emission, 599 nm).

Analysis of Bax expression in (iii) control and (iv) AB-treated cells (excitation, 490
nm; emission, 520 nm) demonstrated increased expression of Bax in Ap-treated
cells.

Co-localisation analysis of Bax and lysosomes in (v) control and (vi) AB-treated
cells revealed increased localisation of Bax at the lysosomes in AB-treated cells.
Arrows indicate regions of co-localisation. Scale bar is 10 um.



Figure 5.8 Effect of AB on phospho-p53*"™" expression at the lysosomes at 1 hr

serl5S

Fluorescence microscopy was used to visualise the distribution of phospho-p53
within cortical neurons following treatment with AR (2 uM, 1 hr). Cells were
double labelled with the lysosomal specific agent, Lysotracker Red, and a FITC-
labelled phospho-p53*"" antibody.

Distribution of lysosomes was visualised in (i) control and (ii) AB-treated cells
(excitation 579 nm; emission, 599 nm).

Analysis of phospho-pSB“”5 expression in (iii) control and (iv) AB-treated cells
(excitation, 490 nm; emission, 520 nm) demonstrated increased expression of
phospho-p53°" in AB-treated cells. )

Co-localisation analysis of phospho-p53*"> and lysosomes in (V) control and (vi)
AP-treated cells revealed increased localisation of phospho-p53*™" at the
lysosomes in AB-treated cells. Scale bar is 10 um.



Figure 5.9 Effect of AB on phospho-p53*" expression at the lysosomes at 6 hr

serl5

Fluorescence microscopy was used to visualise the distribution of phospho-p53
within cortical neurons following treatment with AR (2 uM, 6 hr). Cells were
double labelled with the lysosomal specific marker, Lysotracker Red, and a FITC-
labelled phospho-p53°"" antibody.

Lysosomal Red staining represents the distribution of lysosomes (i) control and (i)
AP-treated cells (excitation 579 nm; emission, 599 nm). Analysis of phospho-
p53Scrlj expression in (iii) control and (iv) AP-treated cells (excitation, 490 nm;
emission, 520 nm) demonstrated increased expression of phospho-p53*™"> in ApB-
treated cells.

Co-localisation analysis of phospho-p5
AB-treated cells revealed increased localisation of phospho-p53
lysosomes in AP-treated cells. Scale bar is 10 um.

3% and lysosomes in (v) control and (vi)

rl>at  the



and AP-treated cells at 1 hr, following loading with Lysotracker Red. Figure 5.8(iii)
represents p53 immunostaining in control cells and this p53 immunofluorescence was
increased in AB-treated cells at 1 hr (Figure 5.8(iv)). Furthermore, in AB-treated cells
increased co-localisation of phospho-p53*'"?

at 1 hr (Figure 5.8(vi1)).

expression with lysosomes was observed

Figure 5.9(1) and (i1) demonstrates the location of lysosomes in control and Af3-
treated cells at 6 hr, following loading with Lysotracker Red. Figure 5.9(iii) represents
p53 immunostaining in control cells and this p53 immunofluorescence was increased in
Ap-treated cells at 6 hr (Figure 5.9(iv)). Furthermore, in AB-treated cells increased co-
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localisation of phospho-p5 expression with mitochondria was observed at 6 hr

(Figure 5.9(vi)). This result indicates that the AB-mediated increase in phospho-p53*""”

expression is coupled with increased association of phospho-p53'"”

at the lysosome.
Regions remained within the cell where p53 expression did not co-localise with
lysosomes and these areas are likely to represent p53 expression at mitochondrial

membranes, as demonstrated in Figure 5.4 and Figure 5.5.

5.2.8 A( leads to alterations in lysosomal membrane integrity.

Lysosomal rupture can result in apoptosis of the cell (Li ef al., 2000). To assess
the effect of AP on integrity of lysosomal membranes, cellular location of acridine
orange (AO) was assessed. Relocation of AO from lysosomes to the cytosol is
indicative of lysosomal disruption (Brunk et al., 1997). Neurons were incubated with
AO (5 pg/ml) for 15 min, prior incubation with AP (2 pM) for 6 hr and lysosomal
integrity was visualised by fluorescence microscopy (Figure 5.10). In control cells, AO
can be seen in discrete regions of the cell, representative of localised AO within intact
lysosomes. However, in AB-treated cells, the distribution of AO is mainly cytosolic,
with a diffuse pattern of staining, indicating lysosomal leakage. This result suggests
that AP may disrupt the integrity of lysosomes leading to release of AO from

lysosomes.
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Figure 5.10 Effect of A on lysosomal membrane integrity

Neurons were exposed to acridine orange (AO; 5 pug/ml) for 15 min prior to incubation
with A for 6 hr. Relocation of AO from the lysosomes to cytosol was assessed.

i. In control cells AO displayed an orange fluorescence and was localised in discrete
punctate compartments within the cell reflecting lysosomal distribution of AO.

ii. Exposure to AP for 6 hr resulted in the disappearance of AO orange fluorescence

and an increase 1n diffuse cytosolic fluorescence. Scale bar is 10 um.



5.2.9 AB-mediated increase in cathepsin-L activity is pS3 dependent

To further clarify the role of pS3 in AB-mediated lysosomal disruption, activity
of the lysosomal protease, cathepsin-L, was assessed in cells treated with the p53-
inhibitor, pifithrin-o.. Previous studies from this laboratory have shown that AP
significantly increases cathepsin-L activity within 6 hr of treatment (Boland and
Campbell, 2003b). Cells were treated with pifithrin-o for 1 hr, prior to treatment with
AP for 6 hr and activity of cathepsin-L was assessed by measuring cleavage of a
fluorogenic cathepsin-L substrate. Figure 5.11 demonstrates that AP significantly
increased activity of cytosolic cathepsin-L from 29.2 + 2.1 pmole AFC produced/mg
protein/min (mean £ SEM) to 40 + 3.6 pmole AFC produced/mg protein/min (p<0.05,
ANOVA, n=10). Pifithrin-a alone had no effect on cathepsin-L activity (25.3 + 4.9
pmole AFC produced/mg protein/min, n=6), but it abolished the AB-mediated increase
in cathepsin-L activity, where cathepsin-L activity was 20.77 + 3.9 (n=6) in cells which
were co-incubated with AP + pifithrin-o.. This result provides further evidence that p53

impacts on the lysosomes, in APB-treated cells.
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Figure 5.11 AB-mediated increase in cathepsin-L activity is p53-dependent

Cortical neurons were treated with pifithrin-a inhibitor (100 nM) in the presence or
absence of A3 (2 uM) for 6 hr and cathepsin-L activity was measured using the
fluorogenic substrate Arg-Phe-AFC. A3 significantly increased cathepsin-L activity at
6 hr. In the presence of pifithrin-a, the Ap-mediated increase in cathepsin-L activity

was significantly reduced. Results are expressed as mean = SEM for 6 observations,

* p<0.05.



5.3 Discussion

Experimental work carried out in this chapter investigated the effect of AB on
the subcellular distribution of the cell cycle regulatory protein, p53, and the pro-
apoptotic protein, Bax. The data provide evidence for AP promoting Bax translocation
to lysosomal membranes, in addition to mitochondrial membranes. Analysis of cellular
location of phospho-p53°*"” protein expression revealed increased expression of
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phospho-p5 at both mitochondrial and lysosomal membranes. The time-course for

3%3 and Bax association with lysosomal membranes coincided with the

phospho-p5
AP-mediated reduction in integrity of the lysosomal membrane and increase in
cytosolic activity of the lysosomal protease, cathepsin-L. The proclivity of AP to
increase activity of cathepsin-L was abolished by the p53 inhibitor, pifithrin-a,
demonstrating that the Af-mediated increase in cathepsin-L activity was p53-
dependent. These results indicate that p53 and Bax can associate with lysosomes, as
well as with mitochondria, in cultured cortical neurons, suggesting that Bax and p53
may play an important role in the regulation of release of lysosomal and mitochondrial
constituents during the neurodegenerative process. The observation that the A-
mediated increase in activity of cathepsin-L within the cytosol was p53 dependent
suggests an interplay between p53 and the release of lysosomal proteases. Thus, p53
may have an important role in the lysosomal branch of the apoptotic pathway.

Bax is a member of the Bcl-2 family of proteins that can induce (Bax, Bid) or
inhibit (Bcl-2, Bcl-xl), apoptosis by virtue of their ability to associate with the
mitochondrial membrane and induce or block cytochrome-c release, respectively. In its
inactive state, Bax normally resides in the cytosol of the cell. Upon activation Bax
translocates to the mitochondria, where it can facilitate release of cytochrome ¢ through
formation of pores in the outer mitochondrial membrane (Gao and Dou, 2000). AP .4
has recently been reported to increase mitochondrial expression of Bax in the CAl
region of the hippocampus (Minogue et al., 2003). In order to determine whether AP
leads to translocation of Bax from the cytosol to mitochondria in AP-treated cultured

cortical neurons, expression of Bax protein was assessed in cytosolic and
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mitochondrial fractions by western immunoblot. A significant decrease in cytosolic
Bax expression was observed at 6 hour post Ap-treatment. This was coupled with an
increase in Bax expression in mitochondrial fractions. However, the AP-mediated
increase in mitochondrial expression of Bax failed to reach statistical significance. To
further examine the relocalisation of Bax following treatment with AP,
immunofluorescence microscopy was employed. This technique represents a more
sensitive approach with which to monitor protein expression in a cell monolayer.
Expression of Bax was monitored in association with the fluorescent mitochondrial
marker, Mitotracker Red. Increased expression of Bax occurred at the mitochondria in
Ap-treated cells. The observation that regions remained within the cell where Bax
expression did not co-localise with mitochondria, coupled with the demonstrated
increase in total expression of Bax in AP-treated cells, suggested that A may evoke
translocation of Bax to other intracellular organelles.

The previous chapter demonstrated an increased expression of p53 protein in
AP-treated cortical neurons at 1 hour post AB-treatment. The increased p53 expression
occurred as a result of stabilisation of p53 at residue serine-15. In this part of the study,
the cellular location of phospho-p33*"" in AB-treated cells was investigated. Phospho-
p53 %! expression was found to associate with the mitochondrial membrane at 1 hour
and 6 hour following AB-treatment. This provides evidence that along with mediating
transcriptional induction of Bax (see chapter 4), phospho-p53°""> may play a direct role
in regulation of mitochondrial membrane stability in Ap-treated neuronal cells. In
support for this, p53 has previously been demonstrated to traffic to mitochondria
following DNA damage (Marchenko et al., 2000). As observed in co-localisation
analysis of Bax expression with mitochondria, regions remained within the cell where

phospho-p53*"?

expression did not co-localise with mitochondria and this reflects the
association of phospho-p53 with other subcellular compartments.

A key event in the apoptotic cascade is the translocation of mitochondrial
cytochrome ¢ into the cytosol. The present study demonstrates an Af-mediated
increase in cytosolic cytochrome ¢ expression at 6 hr. The release of cytochrome ¢ to

the cytosol is normally regulated by members of the Bcl family of proteins (Zornig et
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al., 2001). The present study demonstrates that AB.4 promotes the association of Bax
with mitochondria, it is therefore likely that this contributes to the AB-mediated release
of cytochrome ¢ observed within a similar time frame. In addition, an association of
pS3 with the mitochondrial membrane has previously been demonstrated to precede
cytochrome c release and caspase-3 activation following DNA damage (Marchenko et
al., 2000). This represents an alternative mechanism whereby mitochondrial membrane
stability may be altered as a consequence of p53 association with the mitochondrial
membrane, resulting in release of mitochondrial cytochrome c to the cytosol.

There is increasing evidence to suggest that lysosomes are involved in the cell
death cascade (Zhao et al., 2001; Wang, 2000). Therefore, in this aspect of the study
the cellular location of pro-apoptotic Bax in relation to the lysosomes was investigated.
To this end the lysosomal specific marker, Lysotracker Red, was employed.
Lysotracker probes are fluorescent acidotropic probes for labelling and tracing acidic
organelles in live and fixed cells. They are freely permeant to cell membranes and
typically have high selectivity for acidic organelles such as lysosomes and therefore
concentrate in these organelles. Following a 6 hour AfB-treatment, expression of Bax
was found to associate with lysosomes. Previous results from this laboratory have
demonstrated that AP, promotes release of cathepsin-L from the lysosome (Boland
and Campbell, 2003b). It is therefore possible that lysosomal-associated Bax plays a
role in destabilising the lysosomal membrane to promote cathepsin release, in a similar
fashion to the role of Bax in inducing cytochrome c¢ release from the mitochondria,
however this remains to be established. In support for this idea an increase in Bax
expression correlates with deficits in lysosomal integrity during glioblastoma apoptosis
(Chen er al., 2001). In addition, there is an increasing body of evidence to suggest a
functional interaction between the Becl family of proteins and lysosomes.
Phosphorylation of Bcl-2 has been demonstrated to block oxidative stress-induced
apoptosis by stabilising lysosomes (Zhao et al., 2001) and cleavage of bcl-2 by the
calcium-dependent protease, calpain, is thought to be another likely mechanism for
disruption of lysosomal membrane integrity (Wang, 2000) Thus, Bcl proteins may be

intricately linked with lysosomal stability and the results from this study demonstrating
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that AP increases Bax association with lysosomes suggests that Bax may play a key
role in APB-mediated alterations in lysosomal membrane integrity.

Downstream of lysosomal membrane disruption, cathepsins have been shown
to interact with the Bel family of proteins to promote apoptosis. In a cell free system,
the pro-apoptotic Bcl family member, Bid, was found to be cleaved in the presence of
lysosomal proteases (Stoka et al., 2001). Cleaved Bid then went on to induce
cytochrome ¢ release from the mitochondria. In addition, cathepsin D has been
demonstrated to trigger Bax activation in human T lymphocytes, with resulting
apoptosis (Bidere et al., 2003). These findings highlight the complexity of the
relationship between lysosomes and the Bcl family of proteins. In some systems the
Bcl family acts to regulate lysosomal stability (Zhao et al., 2001; Chen et al., 2001)
while in other systems following disruption of lysosomal membrane integrity,
lysosomal proteases regulate the Bel proteins in the cytosol (Stoka et al., 2001; Bidere
et al., 2003). The role of Bcl proteins in lysosomal-mediated apoptosis is therefore
likely to be cell type specific as well as being dependent on the nature of the apoptotic
stimulus. The association of Bax with lysosomal membranes in AP-treated cortical
neurons is a novel finding which warrants further investigation in order to clarify the
exact nature of the interactions between Bcl proteins and lysosomal membranes in Af3-
mediated neuronal apoptosis.

pS53 has previously been reported to play a role in initiation of lysosomal
destabilisation (Yuan et al., 2002) with ensuing apoptosis. Therefore it was appropriate
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to investigate whether phospho-p5 might be redirected to the lysosome following

treatment with AP. Increased expression of phospho-p53*"°

with lysosomes was
evident at 1 hour and 6 hour post AB-treatment. An important question arising from the
increased expression of p53 and Bax with lysosomes is: what are the downstream
consequences of association of these proteins with the lysosomes? In an effort to
address this question the integrity of lysosomal membranes was assessed.

Lysosomal rupture has been observed to be an early event preceding apoptosis
caused by a variety of agents including oxidative stress and photo-oxidative damage

(Brunk and Svenson, 1999; Li et al., 2000). Furthermore, lysosomal proteases have

been shown to activate cytosolic caspases including caspase-8 and caspase-3 (Ishisaka
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et al., 1999) indicating that lysosomal proteases are released into the cytosol in
response to apoptotic stimuli. For the present study the AO relocation technique was
used in order to examine the integrity of lysosomal membranes. AO is a lysomotropic
weak base that can diffuse across cellular membranes and become protonated in acidic
environments. Once protonated it is prevented from passing through the hydrophobic
layers of membranes and therefore becomes trapped and accumulates in acidic
organelles such as lysosomes and thus labels them. It is generally accepted that leakage
of AO from lysosomes to the cytosol is representative of decreased lysosomal
membrane integrity (Li et al., 2000; Yuan et al., 2002). The results of the present study
demonstrated that in the control situation AO fluorescence exhibited a punctate
distribution, reflective of a lysosomal distribution of AO. In contrast, a diffuse pattern
of AO fluorescence was observed in Af-treated cells, reflecting leakage of the dye
from the lysosomal compartment.

Previous work carried out in this laboratory has demonstrated that Af;.
promotes a time- and dose-dependent release of the lysosomal protease, cathepsin-L,
into the cytosol, with increased cytosolic activity of cathepsin-L being induced 6 hour
post AP-treatment (Boland and Campbell, 2003b). It was also demonstrated in that
study that AP-mediated neurodegenerative changes were cathepsin-L-dependent. The
time-scale of increased cathepsin-L activity was consistent with the time frame for
phospho-p53*""° association with the lysosomal membrane observed in the present
study, therefore the involvement of p53 in the Af-mediated increase in cathepsin-L
activity was investigated. In the previous chapter the p53 inhibitor, pifithrin-a, was
demonstrated to abrogate the AB-induced increase in Bax expression. There is also
evidence that pifithrin-o can inhibit phosphorylation of p53 at serine-15 (Lin et al.,
2002) but whether pifithrin-o abolished AP-induced phosphorylation of p53 at serine-
15 was not confirmed for this study. The AB-mediated increase in cathepsin-L activity
at 6 hour was abolished in pifithrin-o treated cells, indicating that the Af-mediated
increase in cathepsin-L activity is p53-dependent. This result supports the hypothesis
that p53 impacts on the lysosomal system and is responsible for mediating an

upregulation in activity of the lysosomal protease, cathepsin-L.
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Whether p53 and Bax act in a synergistic manner or have a separate function in
regulation of lysosomal membrane integrity remains to be clarified and further
experiments will need to be carried out to resolve the exact mechanism by which these
proteins control lysosomal membrane integrity. It is possible that Bax may mediate
release of cathepsins from the lysosomes by formation of pores in the lysosomal
membrane, in a similar fashion to which Bax facilitates release of cytochrome ¢ from
the mitochondria (Z6rnig et al., 2001). The effect of AP on the pore forming ability of
Bax was not addressed in the present study but it merits consideration for future
experimentation. In addition, given that AP alters the integrity of lysosomal
membranes, the effect of p53 and Bax on lysosomal membrane proteins such as
LAMP1 and LAMP2 (lysosomal associated membrane proteins) warrants
investigation. These proteins are extensively glycosylated to protect them from
intracellular proteolysis (Kundra and Kornfeld, 1999). The loss of these proteins in a
double knock out transgenic model has been reported to lead to embryonic lethality
(Andrejewski et al., 1999), demonstrating the importance of these proteins in
lysosomal stability. A p53 or Bax mediated alteration in integrity of LAMP may serve
as a trigger for lysosomal cathepsin release.

There is a good deal of evidence in the literature indicating that cross talk
occurs between lysosomes and mitochondria during apoptosis. Several reports have
suggested that lysosomal membrane disruption precedes mitochondrial membrane
disruption in apoptosis (Boya et al., 2003; Yuan et al., 2002). However, the extent of
mitochondrial input in lysosomal-mediated cell death is subject to debate. While
Neuzil et al (1999) report that a-tocopheryl-mediated apoptosis in Jurkat T cells
requires both lysosomal and mitochondrial destabilisation, Li et a/ (2000) report that
lysosomal mediated cell death in a macrophage cell line, which was exposed to the
lysosomtrophic agent O-methyl-serine dodecylamide hydrochloride (MSDH), can
occur either indirectly via mitochondrial attack by lysosomal proteases or can occur
directly by lysosomal protease activation of caspase-3. In contrast, Hishita ef a/ (2001)
report that lysosomal dependent death in a myelomonocytoid cell line does not involve
mitochondria. It is therefore likely that the involvement of mitochondria in lysosomal

mediated apoptosis is cell type specific. The observations from the present study, that
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AB-mediated release of cytochrome ¢ from the mitochondria, and release of cathepsin-
L from lysosomes at 6 hour post AB-treatment is concomitant with the association of
phospho-p53 and Bax with the mitochondria and the lysosomes indicates that there is
at least some degree of cross-talk occurring in this system. Further experiments will
need to be carried out to clarify the importance of cross talk between mitochondria and
lysosomes in Ap-treated cells and to determine whether disruption of lysosomal
membrane integrity occurs upstream of mitochondria membrane permeabilisation.

An alteration in neuronal endosomal-lysosomal systems is an early event in AD
(Cataldo et al., 1995). Furthermore, lysosomal leakage is thought to be the earliest
detectable event during apoptosis induced by lysomotrophic agents. This corroborates
the work presented in this thesis demonstrating an early association of the apoptotic
effectors p53 and Bax with the lysosomes following AB-treatment. Consistent with the
idea that Af.4o-mediated neuronal cell death may involve lysosomes, a number of
studies have demonstrated that AP;4, promotes lysosomal leakage and subsequent
apoptosis in vitro (Yang et al., 1998; Ji et al., 2002). Therefore, the cellular
mechanisms underlying the role of lysosomal components in AB-mediated cell death
warrant further investigation, as intervention at an early stage would have important
implications for disease progression of AD. It is important to note that AD is not the
only neurodegenerative disease featuring lysosomal instability. For example, lysosomal
dysfunction has been shown to accompany alpha-synuclein aggregation in a mouse
model of Parkinson’s Disease (Meredith et a/., 2001). In Huntington’s disease,
abnormal protein deposition has also been linked to lysosomal dysfunction (Bahr and
Bendiske, 2002. Therefore a greater understanding of the signalling pathways involved
in lysosomal dysfunction will be of benefit to a variety of neurodegenerative
conditions.

In conclusion, the results presented in this chapter demonstrate that A leads to
tranlocation of Bax from the cytosol in cultured cortical neurons. The reduction in
cytosolic Bax expression correlated with an association of Bax with both the
mitochondrial and lysosomal membrane. The observation that Bax associates with the
lysosome is a novel discovery which has not been previously documented in neuronal

cells. Phospho-p53*""° was also found to associate with both mitochondrial and
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lysosomal membranes in Ap-treated cells. The association of phospho-p53 with
lysosomal membranes correlated with Af3-mediated alterations in lysosomal membrane
integrity. In addition, application of pifithrin-a, an inhibitor of p53-induced
transcriptional activation, attenuated the Ap-mediated increase in cathepsin-L activity,
providing further evidence that p53 is involved in regulation of lysosomes. These
results indicate a possible mechanism whereby p53 and Bax contribute to a lysosomal
and mitochondrial branch of the apoptotic pathway in Af-treated cultured cortical

neurons.
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Chapter 6

Effect of AP on the L-type Ca2+ channel in cultured cortical neurons




6.1 Introduction

Disruption of intracellular neuronal calcium (Ca®") homeostasis is thought to be
an underlying mechanism contributing to AD pathology (Mattson et al, 1992; Mattson
et al 1993a). Ca*" is an important intracellular messenger in the brain, being essential
for neuronal development and synaptic transmission and plasticity (Mattson et al,
1993b). Intracellular free calcium levels, [Ca’’]; are usually maintained at
approximately 100 nM and neurons which cannot maintain the intracellular Ca’" levels
within certain limits are rendered vulnerable to excitotoxicity and cell death (Mattson
et al., 1993a). Persuasive evidence indicates that aggregated AP} mediates its neurotoxic
effects by dysregulation of Ca’" homeostasis. Mattson et al., (1992) and Ueda et al
(1997) demonstrated that exposure of human cortical cell cultures to AB.4> and AP2s.35
destabilises Ca*" homeostasis. Chronic exposure to AP results in an elevation of resting
[Ca®"]; which is directly related to the aggregation state of the peptide (Mattson ef al.,
1992). In addition, previous studies carried out in this laboratory have demonstrated
that acute application of AP, increases *Ca”" influx resulting in increased [Ca®]; in
rat cortical synaptosomes and cultured cortical neurons (MacManus et al., 2000).

AP can destabilise intracellular Ca’" balance via two pathways, either by
enhancing extracellular Ca®" influx, or by triggering intracellular store release of Ca*
from organelles such as the mitochondria, endoplasmic reticulum, or lysosome (He et
al., 2002). Enhanced extracellular Ca®" influx is postulated to occur due to the Ap-
mediated formation of Ca’" permeable channels on the cell membrane (Arispe et al.,
1994; Sanderson et al., 1997) or by AP-mediated modulation of voltage-dependent
Ca’" channels (VDCCs; Ueda et al., 1997; MacManus et al., 2000) or ligand-gated
Ca®" channels (Zamani and Allen, 2001). A previous report from this laboratory has
demonstrated that the AP,_4 -mediated increase in BCa?" influx in rat cortical
synaptosomes occurred via activation of the L- and N-type of VDCC (MacManus et
al., 2000). In addition, AP,_4 and AP2s-35 have both been demonstrated to augment L-
type VDCCs in PC12 cells (Green and Peers, 2001). Similarly, AB;s_3s-mediated
neurotoxicity was found to be attenuated in cultured neurons by application of the L-

type Ca®" channel blocker, nimodipine, and in that study the N-type Ca*" channel was
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demonstrated not to be involved (Ueda et al., 1997). The variation in reports seems to
be due to differences in cell type and drug concentration used, therefore more studies
need to be carried out to clarify the extent of the involvement of A in the regulation of
VDCCs.

Intracellular free Ca®" serves as a second messenger and regulates a wide
variety of cellular processes including cell cycle control and signal transduction
(Bedridge et al., 2003). The MAPKSs, which play crucial roles in signal transduction
from the cell surface to the nuclear and cytoplasmic effectors, have been demonstrated
to be regulated by Ca*" (Nozaki er al., 2001). Ca** has been demonstrated to mediate
activation of the stress-activated protein kinase, JNK, in mouse cortical cell cultures
(Ko et al., 1998) as well as in rat fibroblasts (Mitchell et al., 1995). It is therefore
reasonable to propose that one method by which AP might exert its effects is through
Ca’"-mediated activation of JNK. In addition, disruption of Ca’" homeostasis has been
proposed to be a critical event in apoptosis and has been demonstrated as a mechanism
for AB-mediated neuronal cell death in a variety of studies (Mattson et al., 1992;
Ekinci et al., 2000 Yagami et al., 2002). The discovery that the Bcl-2 family of
proteins can modulate Ca®” compartmentalisation within the cell has provided further
support for the link between Ca*" and apoptosis (Orrenius ez al., 2003).

The experimental work carried out in this chapter aimed to clarify the role of
the L-type VDCC in AB-mediated neuronal apoptosis. To this end the selective L-type
Ca” channel blocker, nicardipine, was employed. Intracellular Ca®" concentration was
assessed in AP-treated cortical neurons by spectrophotometry using the Ca>" indicator
dye, Fura-2AM. The involvement of the L-type Ca’* channel in AB-mediated
activation of JNK, p53, and cathepsin-L was investigated. In addition the role of the L-
type Ca’" channel in the AB-mediated regulation of components of the apoptotic

cascade, namely caspase-3 activation and DNA fragmentation, was examined.
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6.2 Results

6.2.1 AP increases [Ca**];in dissociated suspension cells and this increase in [Ca2+]i

is attenuated by the L-type [Ca®]; blocker, nicardipine.

Since AP has been shown to alter Ca”" homeostasis (MacManus et al., 2000)
the effect of AP on intracellular Ca®" concentration, [Ca’’]; was determined in
suspensions of dissociated neuronal cells. Cells were treated with AB (2 uM) for 1 hr
and 6 hr. Cells were then loaded with Fura-2AM and [Ca']; was recorded on a Cairn
spectrophotometer (Figure 6.1). Following a 1 hr incubation with AP, [Ca®']; was
increased from 440 + 82 nM (mean £ SEM) to 687 + 99 nM (n=8), but not significantly
so. However, following a 6 hr exposure to Af, [Ca’"]; was significantly increased from
449 + 88 nM to 883 £+ 166 nM (p<0.05, student’s t-test, n=8). The role of the L-type
Ca’" channel in the Ap-mediated increase in [Ca*']; was investigated using the L-type
Ca®" channel blocker, nicardipine. In cells treated with nicardipine (0.5 pM) for 30
min, prior to treatment with AP, AP failed to increase [Ca*']; concentration; where
[Ca™"]; was 402 + 64 nM at 1 hr and 545 + 89 nM at 6 hr, in cells which were co-
incubated with AP + nicardipine (p<0.05, one way ANOVA, n=10). This result

indicates a role for the L-type Ca** channel in the AB-mediated increase in [Ca®"];,

6.2.2 AP mediated increase in phospho-JNKI1 is attenuated in cells treated with

the L-type Ca**-channel blocker, nicardipine

To establish whether the L-type Ca*" channel plays a role in the Ap-mediated
activation of JNK1 observed at 1 hr (see Figure 3.2), cells were treated with the L-type
Ca’" channel blocker, nicardipine (5 uM) for 30 min, prior to treatment with
AP (2uM) for 1 hr. Expression of phospho-JNKI1 was assessed by western
immunoblot using an anti-active JNK antibody. Figure 6.2 demonstrates that Af
induced a significant increase in phospho-JNK1 expression at 1 hr. Thus, phospho-

JNK1 expression in control cells was 1.064 £ 0.019 (mean band width =+ SEM;
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Figure 6.1 Effect of the L-type Ca ** channel antagonist, nicardipine, on the
AB-mediated increase in [Ca*"];

Cortical neurons were treated with the L-type Ca®" channel blocker, nicardipine (0.5
uM) in the presence or absence of AR (2 uM) for 1 hr or 6 hr. [Ca®]; was measured
in Fura-2AM (2 uM) loaded cells and recorded on a Cairn spectrophotometer.

AP increased mean basal [Ca®']; at 1 hr but not significantly so. The AB-mediated
increase in mean basal [Ca®"]; at 1 hr was significantly reduced in nicardipine
treated cells. Results are expressed as mean SEM for 8 observation, * p<0.05.

AP significantly increased mean basal [Ca’"]; at 6 hr. The Ap-mediated increase in
mean basal [Ca®"]; at 6 hr was significantly reduced in nicardipine-treated cells.

Results are expressed as mean SEM for 8 observations, * p<0.05.



arbitrary units) and this was increased to 1.236 + 0.056 by AP (p<0.05, one-way
ANOVA, n=12). Nicardipine alone had no effect on phospho-JNK1 expression (1.000
+ 0.169, n=7), but it abolished the AB-mediated increase in phospho-JNK1 expression;
where expression of phospho-JNK1 was 0.979 + 0.126 (n=7) in cells which were co-
treated with AP + nicardipine. This result is suggestive of a role for the L-type Ca®*
channel in AB-induced increase in phospho-JNK1 expression. A sample immunoblot
illustrating the effect of nicardipine on the Af-mediated increase in expression of
phospho-JNK1 is shown in Figure 6.2B.

3ser15

6.2.3 AP mediated increase in phospho-p5 is attenuated in cells treated with

the L-type Ca*'-channel blocker, nicardipine

Since the AB-mediated increase in phospho-p53*"° expression at 1 hr was
found to be JNK1 dependent (see Figure 4.5), the role of the L-type Ca’" channel in
this component of the signalling pathway was investigated. Cells were treated with the
L-type Ca*" channel blocker, nicardipine (0.05 uM), for 30 min prior to treatment with

3serl S

AR (2 uM) for 1 hr, and expression of phospho- pS was assessed by western

immunoblot using an antibody which recognises p53 phosphorylated at this residue.

Figure 6.3 demonstrates that AP induced a significant increase in phospho-p53*"

expression at 1 hr. Thus, phospho- p53SCr15

expression in control cells was 1.017 +
0.010 (mean band width + SEM; arbitrary units) and this was increased to 1.306 + 0.1
by AB (p<0.05, one-way ANOVA, n=7). Nicardipine alone had no effect on phospho-
JNKI expression (1.011 £ 0.058, n=7), but it abolished the Ap-mediated increase in
phospho-JNK1 expression; where expression of phospho-JNK1 was 0.988 + 0.08 (n=7)
in cells which were co-treated with AB + nicardipine. This result indicates that the L-
type Ca®" channel plays a role in the AB-induced increase in phospho-p53°'
expression. A sample immunoblot illustrating the effect of nicardipine on the AB-

mediated increase in expression of phospho-p53*"” is shown in Figure 6.3B.
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Figure 6.3 The AP induced increase in phospho-p53*"' expression is reduced

by the L-type Ca®' channel antagonist, nicardipine

A. Cortical neurons were treated with the L-type Ca** channel blocker nicardipine
(0.5 uM) in the presence or absence of AP (2 uM) for 1 hr. pS3 phosphorylation at
residue serine-15 was examined by western immunoblot. AP significantly increased
phospho-p53*™" protein expression at 1 hr. In the presence of nicardipine the AB-
mediated increase in phospho-p53*"° expression was reduced. Results are
expressed as mean = SEM for 7 observations, *p<0.05.

B. Sample western immunoblot demonstrating levels of phospho-p53 protein
expression in control (lanel); AB-treated cell (lane2); nicardipine-treated cells (lane
3) and AP + nicardipine-treated cells (lane 4).



6.2.4 ApB-induced increase in cathepsin-L activity is blocked by the L-type Ca*'-

channel blocker, nicardipine

AP was found to increase cytosolic activity of the lysosomal protease
cathepsin-L (Figure 5.11) and since Ca*" is known to play a role in disruption of the
lysosomal membrane (Gardella ez al., 2001), the role of the L-type Ca”" channel in the
AB-mediated increase in cathepsin-L activity was assessed. Cells were treated with the
L-type Ca®" channel blocker, nicardipine (0.5 uM), for 30 min prior to treatment with
AP (2 uM) for 6 hr, and activity of cathepsin-L was assessed by measuring cleavage of
a fluorogenic cathepsin-L substrate. Figure 6.4 demonstrates that AP significantly
increased mean basal activity of cathepsin-L at 6 hr from 28.49 + 1.46 pmol AFC
produced/mg protein/min (mean + SEM) to 39.32 + 5.46 pmol AFC/mg/min (p<0.05;
one way ANOVA, n=12). Nicardipine alone had no effect on cathepsin-L activity
(31.78 + 3.24 pmol AFC/mg/min, n=7), but it abolished the Af-mediated increase in
cathepsin-L activity; where cathepsin-L activity was 33.2 £ 4.08 pmol AFC/mg/min
(n=7) in cells which were co-treated with AP + nicardipine. This result suggests that
AP-mediated activation of cathepsin-L involves upstream activation of the L-type Ca*

channel.

6.2.5 AB-induced cleavage of caspase-3 is abrogated by the L-type Ca*'-

channel blocker, nicardipine

To examine the role of the L-type Ca** channel in AB-mediated induction of the
apoptotic cascade, caspase-3 activity was evaluated. Cells were treated with the L-type
Ca’" channel blocker, nicardipine (5 pM), for 30 min prior to treatment with
AB (2uM) for a further 24 hr, and caspase-3 activity was assessed by
immunocytochemistry using an anti-active caspase-3 antibody (Figure 6.5). In control
conditions the percentage of cells displaying active caspase-3 immunoreactivity was
19.5 + 2.41 % (mean + SEM) and this was significantly increased to 38.7 + 6.43% in
AB-treated cells (p < 0.01, one-way ANOVA, n=6 coverslips). The percentage of cells
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Figure 6.4 AB-mediated increase in cathepsin-L activity is blocked by
by the L-type Ca** channel antagonist, nicardipine

Cortical neurons were treated with the L-type Ca>* channel blocker nicardipine (0.5
pM) in the presence or absence of AP (2 uM) for 6 hr and cathepsin-L activity was
measured using the fluorogenic substrate Arg-Phe-AFC. A significantly increased
cahepsin-L activity at 6 hr. In the presence of nicardipine, the A-mediated
increase in cathepsin-L activity was abolished. Results are expressed as mean +

SEM for 6 observations, * p < 0.05.
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Figure 6.5 AB-mediated caspase-3 cleavage is attenuated by the L-type
Ca*" channel antagonist, nicardipine

A. Cortical neurons were treated with the L-type Ca** channel blocker nicardipine
(5 uM) in the presence or absence of AB (2 uM) for 24 hr and caspase-3 activity
was examined by immunocytochemistry. A significantly increased the percentage
of cells displaying active caspase-3 immunoreactivity at 24 hr. In the presence of
nicardipine, the AB-induced increase in caspase-3 activity was abolished. Results

are expressed as the mean = SEM for 6 independent observations,** P<0.01.



displaying active-caspase-3 immunoreactivity was 25.75 + 3.18 % in the presence of
nicardipine alone (n=6 coverslips) and 25.75 £ 2.51 % (n=6 coverslips) in cells treated
with AP} + nicardipine. This result indicates that the AB-induced activation of caspase-3

is dependent on signalling via the L-type Ca®* channel.

6.2.6 AP-induced DNA fragmentation is abrogated by the L-type Ca**- channel
blocker, nicardipine

To further demonstrate the role of the L-type Ca*" channel in Ap-mediated
neuronal apoptosis, levels of DNA fragmentation were assessed in cells treated with
the L-type Ca®" channel blocker, nicardipine (2 puM), for 30 min prior to treatment with
AP for 72 hr (Figure 6.6). TUNEL analysis was carried out to measure the percentage
of cells displaying fragmented DNA. Exposure to AP (2uM; 72hr) significantly
increased the percentage of TUNEL positive cells from 16.92 + 2.44 % (mean + SEM)
to 36.69 £ 7.22 (p < 0.01, one-way ANOVA, n=6 coverslips). The percentage of
TUNEL positive cells was 17.55 £+ 2.43 % in the presence of the nicardipine alone and
15.32 £ 1.76 % 1n cells co-treated with AP + nicardipine. Thus, nicardipine prevented
the AP-mediated increase in DNA fragmentation and this result demonstrates the
involvement of the L-type Ca*" calcium channel in the AB-mediated induction of DNA

fragmentation in cortical neurons.
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Figure 6.6 AB-mediated DNA fragmentation is attenuated by the L-type Ca®"
antagonist, nicardipine

Cortical neurons were treated with the L-type Ca®" channel blocker nicardipine (5
uM) in the presence or absence of AR (2 uM) for 72 hr and DNA fragmentation
was assessed using TUNEL analysis. AP significantly increased DNA
fragmentation at 72 hr. In the presence of nicardipine the AB-induced increase in
DNA fragmentation was abolished. Results are the mean = SEM for 6 independent

observations,** P<(.01.



6.3 Discussion

The aim of this aspect of the study was to determine the role of the L-type
voltage dependent calcium channel (VDCC) in A signalling and induction of neuronal
apoptosis. The results obtained demonstrate an increase in [Ca*']; in Ap-treated cells.
The observed increase in [Ca®']; was attenuated in cells which had been treated with
the L-type Ca”" channel blocker, nicardipine. To determine the signalling events which
occur downstream of Ap-mediated Ca”" influx, nicardipine was applied to cells prior to
AP treatment.  AP-mediated phosphorylation of JNK1 and p53 was blocked in
nicardipine treated cells. Similarly, the AB-mediated increase in cytosolic cathepsin-L
activity was blocked by nicardipine. This result suggests a link between dysregulation
of [Ca*'];and disruption of lysosomal membrane stability in AP-treated cells. Temporal
downstream Af-induced events such as cleavage of caspase-3 and DNA fragmentation,
were also blocked by nicardipine providing further evidence that disruption of neuronal
[Ca®"); is integral to AP-mediated apoptosis. The L-type Ca®" channel is a key protein
involved in the early AP effects that ultimately lead to the demise of the cell.

Since disruption of calcium homeostasis is thought to be fundamental in
induction of apoptosis (Orrenius et al., 2003), it was of interest in the present study to
determine the effect of AP on [Ca’']; levels in cultured cortical neurons. [Ca*']; was
quantified by the Ca*" indicator dye Fura2-AM. In dissociated cortical neurons treated
with AP, [Ca’"]; was elevated by 35 % at 1 hour and 50 % at 6 hour, although the
increase observed at 1 hour failed to reach statistical significance. Treatment with the
L-type calcium channel blocker, nicardipine, reduced the AB-mediated increase in
[Ca®"];. This result indicates that the AB-mediated increase in [Ca>']; occurs via the L-
type Ca®" channel. While this result is in agreement with other studies (Ueda et al.,
1997; Green and Peers, 2001), it disagrees with a previous study from this laboratory
which reports that in primary cultured cortical neurons Af.49 led to an increase in
amplitude of the N- and P-type calcium channels but had little effect on amplitude of
the L-type calcium channel (Macmanus et al., 2000). It is important to note that for the

present study the quantification of [Ca’']; was carried out on freshly dissociated
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cortical neurons in suspension. This type of cell preparation is possibly more
vulnerable to calcium influx, as neuronal cells in culture normally require adherence to
a negatively charged surface for stability. Also, in the previous study carried out by
MacManus et al (2000) a lower concentration of 1 uM AP was applied to cells; it is
possible that the higher concentration of 2 uM AP employed in this study leads to
activation of the L-type VDCC.

Since it was demonstrated in an earlier chapter (Chapter 3) that Ap-mediates
phosphorylation of JNK1, the role of the L-type VDCC in AB-mediated JNK activation
was assessed. The Ap-mediated phosphorylation of JNKI1 was attenuated in
nicardipine treated cells, suggesting a role for the L-type Ca*" channel in this signalling
event. The role of Ca®" in the activation of JNK remains to be fully established. It has
been demonstrated that increased Ca®" influx leads to increased production of reactive
oxygen species within the cell (Kruman and Mattson, 1999; Ekinci et al., 2000).
Mitochondria are the primary site of reactive oxygen species (ROS) generation within
the cell (Brunk and Terman, 2002). In addition, mitochondria also play important roles
in regulating cellular Ca®* homeostasis. They can remove large quantities of Ca’" from
the cytoplasm via the activity of a uniporter located on the inner mitochondrial
membrane. Excessive uptake of Ca’" by the mitochondria has been demonstrated to
result in increased ROS production and subsequent apoptosis (Kruman and Mattson,
1999). JNK is activated by ROS (Mielke and Herdegen, 2000) and so ROS-mediated
activation of JNK represents one mechanism whereby increased [Ca*']; may indirectly
lead to activation of JNK1. However, it has previously been reported that extracellular
Ca’" is necessary and sufficient for rapid JNK1 activation in NMDA treated cortical
neurons, indicating that the activation of JNK1 can occur as a direct result of increased
Ca’ influx to the cell (Ko er al., 1998). In line with this, the Ca**-sensitive kinase,
Pyk2, and the calcium/calmodulin-dependent kinase IV, have been demonstrated to be
involved in upstream signalling pathways involved in JNK1 activation (Enslen et al.,
1996; Yu et al., 1996). Activation of another member of the MAPK family, ERK, has
previously been shown to be prevented by blocking the L-type Ca®* channel in
neuronal cells (Ekinci er al., 1999a), thus providing further evidence that voltage-

dependent Ca*" channels can impact on kinase cascades.

142



Since phosphorylation of p53 at serine-15 was established to be downstream of
JNK1 activation in AB-treated neurons (see Figure 4.5), at this stage of the study it was
appropriate to investigate whether phosphorylation of p53 by AP also occurred via the
L-type Ca®" channel. The result demonstrated that nicardipine prevented the Ap-
mediated phosphorylation of p53. This result strengthens the case of a role for the L-
type Ca’" channel as an upstream regulator in the AB-mediated phosphorylation of
JNK1 and p53 and demonstrates that the proclivity of AP to modulate Ca**
homeostasis underlies the Ap-mediated impact on the JNK / pS3 pathway.

Previous studies from this laboratory have demonstrated a AB-induced increase
in cytosolic activity of cathepsin-L (Boland and Campbell, 2003b). In addition, in the
previous chapter it was demonstrated that A} leads to alterations in lysosomal
membrane integrity possibly via a mechanism involving association of p53 at the
lysosome. Therefore, the involvement of the L-type Ca** channel in the Ap-mediated
increase in cytosolic cathepsin-L activity was examined. The stimulatory effect of Ap
on cathepsin-L activity was abrogated in nicardipine treated cells, providing evidence
of a link between the L-type VDCC and the AP-mediated increase in cytosolic
cathepsin-L activity. The effect of nicardipine on the AP-mediated increase in
cathepsin-L activity may be due to a number of sources. Given that A promotes
association of phospho-p53 with the lysosomes, and since nicardipine prevents p53
phosphorylation, the impact of nicardipine on the Af-mediated increase in cathepsin-L
activity may be due to the prevention of pS3 activation. pS3 has previously been
reported to induce lysosomal destabilisation (Yuan et al., 2002), and it was
demonstrated in the previous chapter that treatment with the p53 transcriptional
inhibitor, pifithrin-o, attenuated the AP induced increase in cathepsin-L activity.
Therefore an interaction between Ca’" and p53 may represent a possible mechanism for
cathepsin-L release from the lysosome.

There is evidence that Ca®" may control lysosomes function in exocytosis by
inducing fusion of lysosomes with the plasma membrane (Rodriguez et al., 1997). In
addition, in dendritic cells Ca*"-mediated lysosomal exocytosis is followed by release

of cathepsins (Gardella et al., 2001). Interestingly, the Ca** binding protein, calpain,
p p
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has been demonstrated to be activated at the lysosomal membrane and to cause release
of cathepsins from the lysosomes via proteolysis of the lysosomal membrane
(Yamashima et al., 1998). Calpain requires an increase in [Ca®]; to induce its
activation (Ishiura et al., 1978). Further evidence for the involvement of calpain in the
AP-mediated increase in cathepsin-L activity is supplied by a previous finding in this
laboratory of a AP-mediated increase in calpain activity (Boland and Campbell,
2003a). In addition, the increase in cytosolic expression of cathepsin-L induced by AP
was not observed in cells treated with the calpain inhibitor, MDL28170 (Boland and
Campbell; unpublished observation). My finding that the AP-mediated increase in
cathepsin-L activity involves the L-type VDCC suggests that Ca®" influx through this
channel may impact on calpain, as well as JNKI1 and p53, leading to cathepsin-L
release.

The results of the previous chapters demonstrate that Ap,.4o-mediated
induction of apoptotic events including caspase-3 activation and DNA fragmentation

356]‘15 and

occur downstream of the Ap-mediated increase in activity of JNK, pS
cytosolic cathepsin-L  To further clarify the role of the L-type VDCC in AB-mediated
neuronal apoptosis, nicardipine was applied to cells to block this subtype of Ca’’
channel. The proclivity of AP to activate caspase-3 was significantly attenuated
consequent to nicardipine treatment. AP also failed to increase DNA fragmentation in
nicardipine treated cells. These results are consistent with the idea that ApB-mediated
neuronal apoptosis involves the L-type Ca®" channel. Although, more experimental
work will need to be carried out to clarify the exact mechanism of L-type Ca®" channel
coupling to the apoptotic pathway, it is likely that the neuroprotective effect of
nicardipine is due to the upstream inhibitory effects of nicardipine on the Ap-mediated
increase in JNK and p53 phosphorylation and cathepsin-L activity.

In summary, the data presented in this chapter provide strong evidence that
dysregulation of Ca®" homeostasis plays a role in Ap-mediated neurodegeneration. The
observed AB-mediated increase in [Ca®’]; can be attributed, at least in part, to Ca®

influx through the L-type Ca®" channel. Treatment with the L-type Ca®" channel

blocker, nicardipine, reversed the AP-mediated increase in JNKI1 placing increased
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Ca’" influx upstream of these phosphorylation events and indicating that increased
activation of the L-type Ca*" channel is an early event in the AB-signalling cascade.
Treatment with nicardipine also prevented the AP induced increase in cathepsin-L
activity, providing evidence that increased Ca’" influx impacts on the integrity of
lysosomal membranes. In addition, exposure to nicardipine significantly reduced A-
mediated induction of the apoptotic events, caspase-3 cleavage and DNA
fragmentation. Taken together, these results provide ample evidence of a role for the L-

type Ca’" channel in AB-mediated neurodegeneration.
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Chapter 7

Ap and IL-10 regulate mRNA expression of pro- and anti-apoptotic genes




7.1 Introduction

Neuroinflammation involves an innate immune reaction of sufficient intensity
that self-attack on neurons occurs. Along with neuritic plaques and neurofibrillary
tangles, neuroinflammation is considered a hallmark feature of AD (McGeer and
McGeer, 2001). Although it has not yet been fully established whether
neuroinflammation occurs as a cause or consequence of AD pathology, there is
increasing evidence to suggest that inflammation plays an integral part in development
of AD (Moore and O’ Banion, 2002). A long list of inflammatory proteins, such as
complement factors, acute-phase proteins, and pro-inflammatory cytokines, have been
identified in AD brains (Akiyama et al., 2000). In addition, findings that amyloid
plaques in AD brains are characterised by the presence of activated complement
factors, as well as clusters of activated microglia (Eikelenbloom et al., 2002), indicates
that some form of inflammatory process is taking place. Since there is no apparent
influx of leukocytes from the blood in AD brain it is assumed that A} deposits in AD
brains are associated with a locally induced, non-immune-mediated, chronic
inflammatory-type response (Eikelenbloom er al., 2002). Inflammation can be
triggered by the accumulation of proteins with abnormal conformations, such as
amyloid fragments, or by molecules released from injured neurons, such as
inflammatory cytokines. (Wyss-Coray and Mucke, 2002).

Microglia, the smallest of the glia cells are macrophage-like cells present in the
central nervous system. Microglia function as immune cells for the brain, playing a
critical surveillance and protective role, similar to immune cells in the peripheral
nervous system (McGeer and McGeer, 2001). However, in response to neuronal injury
or stress, microglia become rapidly activated and can lead to degeneration of the very
neurons they were intended to protect. One way in which they do this is by initiating a
cylokine response, releasing a number of factors such as pro-inflammatory cytokines
which can exacerbate the inflammatory response and result in neurodegeneration. Pro-
inflammatory cytokines which are found to be upregulated in AD brain include TNF-a,
IL-1B, IL-1a and IL-6 (McGeer and McGeer, 2003). Activated astrocytes in the AD

brzin have also been shown to secrete a wide range of cytotoxic substances including
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pro-inflammatory cytokines and reactive oxygen species (Grammas and Ovase, 2001).
AP is a strong candidate for the triggering of neuroinflammation in AD (Moore and
O’Banion, 2002). Evidence for this comes from in vitro studies which have
demonstrated that AB and APP can activate glia in a dose- and time-dependent manner
as measured by expression of the potent pro-inflammatory cytokines interleukin-
1B (IL-1B) and tumour necrosis factor-a (TNFa; Akama et al., 1998; Hu et al., 1999).
In addition, reactive glial cells are consistently located with AP deposits in AD brain
(MacKenzie et al., 1995).

Of particular interest in our laboratory are the changes in expression in
cytokines associated with the AD brain. TNF-a is a well-characterised mediator of
apoptosis, which sets up a delicate life/death balance within the cell (Smith, 1994). It
can induce apoptotic changes in cells via activation of caspase-3 (Guicciardi et al.,
2000). TNF-a has been reported to increase production of AP and inhibit the secretion
of soluble APPs (Blasko et al., 1999). TNF-a also activates the key transcription factor
NF-kB which has a role in regulation of neuronal survival. Analysis of AD patients has
revealed strong NF-kB activity in the centre of primitive plaques and in neurons and
astrocytes surrounding these plaques (Kaltscmidt et al., 1997). There is a great amount
of evidence in the literature to suggest that the NF-kB family of transcription factors
regulate cell survival by suppression of apoptosis (Barkett er al., 1999). However, a
pro-apoptotic role for NF-kB has also been suggested. Neuronal cell death was shown
to correlate with NF-kB activation and was blocked by salicylates, which interfere with
activation of NF-«kB (Grilli et al., 1996). This signalling cascade is even more
complicated by the fact that NF-xB can in turn induce gene production of pro-
inflammatory TNF-a (Mattson and Camandola, 2001). There is also evidence to
suggest that TNF- o may have a neuroprotective role through increased expression of
anti-apoptotic Bcl-2 (Tarkowski ef al., 2003).

Overexpression of the pro-inflammatory cytokine, IL-1p, in AD brain was first
shown by Griffin et al/, (1989) and it is now known that 78% of plaques containing
aggregated A} peptide contain IL-1p immunoreactive microglia (Griffin ef al., 1995).

Excessive expression of IL-1P in the AD brain has been proposed to contribute to
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additional processing of AP in neurons (Forloni et al, 1992). Furthermore, a common
polymorphism in the IL-1p gene is associated with a 4-fold increase in production of
IL-1B and an associated increased risk of AD (Mrak and Griffin, 2001). Previous
results from this laboratory have demonstrated an IL-1p3 dependent increase in calcium
concentration in rat cortical synaptosomes (Campbell et al., 1998). In addition, IL-1
has been reported to increase activation of JNK in vitro and in vivo (Vereker et al.,
2000) and recent work by Minogue et a/ (2003) shows an increased concentration of
IL-1pB in AP-treated cortical neurons. This provides evidence that IL-13 may play a
role in neurodegeneration and demonstrates IL-13 as a worthy candidate for further
investigation.

Although there is evidence that neurons, as well as glial cells, express pro-
inflammatory cytokines such as TNF-a (Perry et al., 2001) and IL-1p (Lechan et al.,
1990), little experimental work has been carried out to examine the role of neuronal
cytokine expression in neurodegeneration. The objective of this study was to determine
whether AP lead to an alteration in mRNA expression of the apoptosis-related genes
caspase-3, Bel-xl, TNF-a and NF-kB in cultured cortical neurons. Expression of the
endogenous NF-kB inhibitor, IkB, was also assessed. In addition, since the pro-
inflammatory cytokine IL-1p is also implicated in neuronal apoptosis, we chose to
assess the effect of IL-13 on mRNA expression of the apoptotic effector caspase-3 and

the apoptosis associated Bcl-family members, Bax and Bcel-x1.
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7.2 Results

7.2.1 AP increases caspase-3 mRNA expression

Since caspase-3 is a key executioner of apoptosis, the effects of AP on caspase-
3 mRNA expression were examined. Cells were treated with AB (2 uM) for 18 hr and
caspase-3 mRNA expression was assessed by RT-PCR with gene-specific primers for
caspase-3 and GAPDH. Figure 7.1 demonstrates that AP evoked a significant increase
in caspase-3 mRNA from 1.0 + 0.025 (mean band width = SEM; arbitrary units) to
1.107 £ 0.03 (p<0.05, student’s t-test, n=9). The mRNA expression of caspase-3 was
normalised to that of the housekeeping gene GAPDH. A sample agarose gel

demonstrating the effect of AP on caspase-3 mRNA expression is depicted in Figure

1B

7.2.2 Effect of A on mRNA expression of Bel-xI

The effect of AP on mRNA expression of anti-apoptotic Bel-x1 was assessed.
Cells were treated with AP (2 uM) for 18 hr and Bcl-xI mRNA expression was
assessed by RT-PCR with gene-specific primers for Bel-xl and GAPDH. Figure 7.2
demonstrates that AP had no effect on Bcl-xI mRNA expression. Thus Bel-xI mRNA
expression was 0.95 + 0.082 (mean band width £ SEM; arbitrary units) in control cells
ard 1.0 £ 0.077 (n=9) in Ap-treated cells. The mRNA expression of Bcl-x1 was
ncrmalised to that of the housekeeping gene GAPDH. A sample agarose gel

demonstrating the effect of AP on Bel-xI mRNA expression is depicted in Figure 7.2B.
7.2.3 AP increases expression of cytokine TNF-a
Since altered expression of cytokines such as TNF-a have been observed in AD

briin (McGeer and McGeer, 2003) and have been reported to potentiate the neurotoxic

acion of AR (Pollock et al., 2002) levels of expression of the mRNA species encoding
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Figure 7.1 Ap increases expression of caspase-3 mRNA in cultured cortical
neurons

A. Cortical neurons were treated with A (2 uM) for 18 hr and caspase-3 mRNA
expression was assessed using RT-PCR. A significantly increased mRNA
expression of caspase-3. Results are expressed as mean + SEM for 8 independent

observations * p<(0. 05

B. Representative image of agarose gel demonstrating levels of caspase-3 and

GAPDH mRNA expression in control (lanel) and Ap-treated cells (lane 2).
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Figure 7.2 AP does not alter expression of Bcl-xI mRNA in cultured cortical
neurons

A. Cortical neurons were treated with Ap (2 uM) for 18 hr and Bcl-xI mRNA
expression was assessed using RT-PCR. There was no change in mRNA expression
of Bclxl following treatment with AP. Results are expressed as mean = SEM for 6

indepeadent observations.

B. Representative image of agarose gel demonstrating levels of Bel-xI and GAPDH

mRNA expression in control (lanel) and AB-treated cells (lane 2).
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Figure 7.3 AP increases expression of TNF-o mRNA in cultured cortical
neurons

A. Cortical neurons were treated with A3 (2 uM) for 18 hr and TNF-oo mRNA
expression was assessed using RT-PCR. AP significantly increased mRNA
expression of TNF-o. Results are expressed as mean = SEM for 8 independent

observations * p<0. 05

B. Representative image of agarose gel demonstrating levels of TNF-o and

GAPDH mRNA expression in control (lanel) and AB-treated cells (lane 2).



the cytokine TNF-o was examined in AB-treated cultured neurons. Cells were treated
with AB (2 uM) for 18 hr and TNF-a mRNA expression was assessed by RT-PCR
with gene-specific primers for TNF-oo and GAPDH. Figure 7.3 demonstrates that A3
evoked a significant 22 % increase in TNF-oo mRNA expression from a control value
of 1.12 + 0.03 (mean band width + SEM; arbitrary units) to 1.4 + 0.12 (p<0.05,
student’s t-test, n=9). The mRNA expression of TNF-a was normalised to that of the
housekeeping gene GAPDH. Figure 7.3B is a sample agarose gel demonstrating the
AP-mediated increase in TNF-oo mRNA.

7.2.4 AP increases expression of the transcription factor NF-xkB but not IkB

The effect of Ap on mRNA expression of the cytokine-associated transcription
factors NF-kB and IxB was assessed. Cells were treated with Ap (2 uM) for 18 hr and
mRNA expression of NF-kB and IkB were assessed by RT-PCR with gene-specific
primers for NF-xB, kB and GAPDH. Figure 7.4 demonstrates that A} evoked a
significant increase in levels of the dual-functioning transcription factor NF-kB from
1.12 £ 0.11 (mean band width + SEM; arbitrary units) to 1.272 = 0.069 (p<0.05,
student’s t-test, n=0). In contrast, AB had no modulatory effect on mRNA expression
of IxB (Figure 7.5). Thus mRNA expression of IkB was 0.99 + 0.01 in control and
1.073 £ 0.09 in AP-treated cells. The mRNA expression of both NF-xB and IxB were
normalised to that of the housekeeping gene GAPDH. Figure 7.4B and 7.5B arc sample
agarse gels demonstrating the effect of Ap on NF-xB and IxkB mRNA expression.
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Figure 7.4 A increases expression of NF-xB mRNA in cultured cortical
neurons

A. Cortical neurons were treated with A (2 pM) for 18 hr and NF-xB mRNA
expression was assessed using RT-PCR. AP significantly increased mRNA
expression of NF-kB. Results are expressed as mean + SEM for 6 independent

observations, * p<0.05.

B. Representative image of agarose gel demonstrating levels of NF-xB and

GAPDH mRNA expression in control (lanel) and A[3-treated cells (lane 2).
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Figure 7.5 A has no effect on expression of IxB mRNA in cultured cortical
neurons

A. Cortical neurons were treated with AP (2 M) for 18 hr and IkB mRNA expression
was assessed using RT-PCR. A did not effect mRNA expression of IkB. Results are

expressed as mean + SEM for 6 independent observations.

B. Representative image of agarose gel demonstrating levels of IxkB and GAPDH

mRNA expression in control (lanel) and AB-treated cells (lane 2).



7.2.5 IL-1P increases caspase-3 mRNA expression

In order to assess the effect of IL-13 on caspase-3 mRNA expression, cells
were treated with IL-1B (5 ng/ml) for 18 hr and RT-PCR was carried out with gene
specific primers for caspase-3 and GAPDH. Figure 7.6 demonstrates that IL-1
significantly increased caspase-3 mRNA expression from a control value of 1.02 £ 0.17
(mean band width + SEM; arbitrary units) to 1.368 + 0.04 (p<0.05, student’s t-test,
n=0). The mRNA expression of caspase-3 was normalised to that of the housekeeping
gene GAPDH. A sample agarose gel demonstrating the effect of IL-13 on caspase-3
mRNA expression is depicted in Figure 7.6B.

7.2.6 IL-1J increases mRNA expression of pro-apoptotic Bax

The effect of IL-1 on mRNA expression of Bax was assessed. Cells were
treated with 5 ng/ml IL-1p for 18 hr and RT-PCR was carried out using gene specific
prmers for Bax and GAPDH. Figure 7.7 demonstrates that IL-1p significantly
increased Bax mRNA expression from a control value of 1.023 + 0.01 (mean band
w dth £ SEM; arbitrary units) to 1.23 £ 0.07 (p<0.05, student’s t-test, n=6). The mRNA
expression of Bax was normalised to that of the housekeeping gene GAPDH. A sample

agarose gel demonstrating the effect of IL-1p on Bax mRNA expression is depicted in

Figure 7.7B.

7.2.7 1L.-1 leads to an increase in mRNA expression of anti-apoptotic Bei-xl.

Expression of the bcl-2 family member, Bcl-xl, was assessed following
exposure of cells to IL-1p for 18 hr. RT-PCR was carried out with gene specific
prmers for Bel-xI and GAPDH (Figure 7.8). IL-1B (5ng/ml) lead to a significant 25 %
increase in expression of Bel-x1 from a control value of 1.017 £ 0.01 (mean band width
+ SEM; arbitrary units) to 1.23 £+ 0.092 (p<0.05, student’s t-test, n=6). The mRNA

expression of Bcl-xI was normalised to that of the housekeeping gene GAPDH. A
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sample agarose gel demonstrating the effect of IL-1p on Bcl-xI mRNA expression is

depicted in Figure 7.8B.
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Figure 7.6 IL-1P increases expression of caspase-3 mRNA in cultured

cortical neurons

A. Cortical neurons were treated with IL-1 (5 ng/ml) for 18 hr and caspase-3
mRNA expression was assessed using RT-PCR. IL-1(3 significantly increased

mRNA expression of caspase-3. Results are expressed as mean = SEM for 6

independent observations * p<0. 05.

B. Representative image of agarose gel demonstrating levels of caspase-3 and

GAPDH mRNA expression in control (lanel) and IL-1B-treated cells (lane 2).
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Figure 7.7 1L-1B increases expression of Bax mRNA in cultured

cortical neurons

A. Cortical neurons were treated with IL-13 (5 ng/ml) for 18 hr and Bax mRNA
expression was assessed using RT-PCR. IL-1f significantly increased mRNA
expression of Bax. Results are expressed as mean + SEM for 6 independent

observations * p<0. 05

B. Representative image of agarose gel demonstrating levels of Bax and GAPDH

mRNA expression in control (lanel) and IL-1(3-treated cells (lane 2).
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Figure 7.8 IL-1p increases expression of Bel-xI mRNA in cultured cortical
neurons

A. Cortical neurons were treated with IL-1B (5 ng/ml) for 18 hr and Bcl-x] mRNA
expression was assessed using RT-PCR. IL-1p significantly increased mRNA
expression of Bcl-xl. Results are expressed as mean + SEM for 6 independent

observations * p<0. 05.

B. Representative image of agarose gel demonstrating levels of Bcl-xI and GAPDH

mRNA expression in control (lanel) and IL-1[-treated cells (lane 2).



7.3 Discussion

The aim of this study was to identify the nature of the pro-and anti-apoptotic
mRNA species regulated by AP and the proinflammatory cytokine, IL-1p, in cultured
cortical neurons. The results demonstrate that A evokes a significant increase in
mRNA expression of pro-apoptotic caspase-3, but no change in expression of anti-
apoptotic Bel-xl. In addition, AP increased mRNA expression of the pro-inflammatory
cytokine, TNF-o, and the associated transcription factor, NF-kB. No alteration in
mRNA expression of the endogenous NF-kB inhibitor, kB, occurred following Af3-
treatment. Analysis of the effects of IL-13 on mRNA expression in cultured cortical
neurons demonstrated a significant increase in mRNA expression of pro-apoptotic Bax
and caspase-3, and anti-apoptotic Bel-x1. These results indicate that neurons, as well as
glial cells, can produce cytokines such as TNF-a in response to stressful stimuli and
that exposure to stressors such as AP or IL-1p leads to an alteration in neuronal mRNA
expression of apoptosis-related genes.

Altered levels of gene expression is a central event in apoptosis and this study
employed RT-PCR to characterize the molecular events that occur in response to
treatment of cortical neurons with AB,.49 and IL-1p. Having previously demonstrated
that A mediates an increase in expression of pro-apoptotic Bax protein but does not
alter mRNA expression of p53, the effect of AR on mRNA expression of the apoptosis-
related genes caspase-3 and Bcl-x] was examined. Increased activity of caspase-3 in
response to AP treatment has been reported in numerous studies (Bozyczko-Coyne et
al., 2001; Marin et al., 2000; Allen et al., 2001). In our system, increased activity of
caspase-3 has been demonstrated to occur following 24 hrs A4 treatment (Boland
and Campbell, 2003a), therefore a time point upstream of this was chosen at which to
assess caspase-3 mRNA expression. An 18 hr incubation period was chosen and this
incubation period was used for all subsequent experiments carried out in this chapter.
AP evoked a significant increase in transcription of caspase-3 mRNA at 18 hr.
Although an Ap-induced increase in caspase-3 message has not previously been

reported, the present finding is in accordance with other studies of neuronal apoptosis
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where an increase in caspase-3 mRNA was observed in injured brain (Yang et al.,
2002; Eldadeh et al., 1997; Ginham et al., 2001). Yang et a/ (2002) found transcription
of caspase-3 mRNA to precede an increase in caspase-3 protein activity and our
laboratory has previously reported that caspase-3 activity is increased in Ap-treated
cortical neurons after 24 hours (Boland and Campbell, 2003a). Since our results
demonstrate an A-mediated increase in caspase-3 mRNA expression at 18 hours, it is
therefore probable that A leads to an increase in transcription of the caspase-3 gene,
which is likely followed by increased translation of the protein and an upregulation of
enzymatic activity.

The Bel family member, Bel-x1, is the closest mammalian relative of Bcl-2 and
similarly to Bcl-2 it acts as a cell death repressor. Bcl-x1 is expressed in the human
nervous system and expression is found to be particularly high in the brain (Zoérnig et
al.,2001). Significant Bel-x1 expression has been demonstrated in reactive microglia of
patients with AD, and Bcl-xI-positive microglia have been found to colocalise with A
placues in AD, suggesting a general role for Bel-x1 in areas of pathology (Drache et al.,
1997). In this study AP was found to have no effect on mRNA expression of Bel-x1.
This is in contrast to the findings of a number of other studies. Luetjens et a/ (2001)
found increased expression of Bel-xI mRNA and protein following treatment of PC12
cells with AP.40 and Kim er al (1998) report a decrease in the ratio of Bel-xI / Bel-xs
follbbwing treatment with AP,s.3s. In a further study, exposure of cultured neurons to
AP was associated with a transient, non-persistent increase in Bel-xI mRNA expression
(Iwasaki er al., 1996). While the study carried out by Luetjens’s group examined
expression of Bel-x1 following a 6 hour exposure to A, the present study examined
genz expression following 18 hours AP-treatment. It is possible that increased
trarscription of Bcl-xl may have occurred at an earlier time point in an attempt to
increase resistance of neurons to Ap-neurotoxicity and that by 18 hour levels of Bcel-xl1
mRNA have returned to basal levels. However, further experiments will need to be
cariied out to determine whether this is the case.

Overexpression of cytokines in the brain is an important factor in the

patiogenesis of neurodegenerative disorders and altered expression of cytokines is
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observed in the brain of Alzheimer’s disease patients (Bauer et al., 1991).
Neurodegeneration is closely related to the shift of cytokine balance towards the side of
pro-inflammatory cytokines like TNF-a.. Expression of TNF- « is rapidly induced by
microglia and astrocytes in injury brain and leads to apoptosis in a number of cell types
(Wallach et al., 1999). The experiments carried out in this study demonstrated
increased expression of TNF- o in cultured neurons following treatment with AP,
indicating that neurons as well as glial cells produce cytokines in a stressful
environment. However, the in vitro situation is not always reflective of the events
occurring in the brain and it can not be ruled out that, in the presence of glia, the
production of cytokines by neurons may prove to be negligible. TNF-o-induced
apoptosis is mediated by the TNF-receptor-1 (TNFR-1) and results in initiation of the
caspase cascade by activation of caspase-8 (Zornig et al., 2001). Caspase-8 in turn
leads to cleavage and activation of caspase-3. Work carried out in our laboratory has
demonstrated that AP;.4 leads to increased activity of caspase-3 in cultured cortical
neurons (Boland and Campbell, 2003a) Therefore, increased expression of TNF-a in
AP-treated cultured neurons may represent a mechanism whereby increased activity of
caspase-3 may occur. In addition, TNF-a can lead to activation of JNK (Barbin ef al.
2001; Mielke and Herdegen, 2002). Given that JNK activation was demonstrated to be
integral to AB-mediated apoptosis in an earlier chapter, TNF-a -mediated activation of
JNK may be an upstream event in A signalling in cultured cortical neurons.
Interestingly, TNF-a also activates the dual functioning transcription factor NF-xB.
NF-kB has been demonstrated to act as a powerful suppressor of apoptosis in many
systems (Mattson and Cammandola, 2001). In this way TNF- o can act as a regulatory
molecule within the cell leading to activation of anti-apoptotic factors such as NF-«xB,
in addition to pro-apoptotic factors such as caspase-3.

AP lead to a significant increase in mRNA expression of NF-kB, with no
concomitant increase in transcription of its endogenous inhibitor, IkB. NF-kB normally
resides in a complex with IkB and is sequestered in the cytosol in an inactive form. On
activation by an inducing stimulus, NF-kB is released and can migrate to the nucleus

and activate transcription of its target genes (Denk er al., 2000). The increased
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expression of NF-kB is possibly reflective of a compensatory effort by neurons to
counteract the numerous pro-apoptotic events occurring such as activation of JNK and
caspase-3. However, since a pro-apoptotic role for NF-kB has also been suggested
(Grilli er al., 1996, Wang et al., 1996) the significance of increased NF-kB expression
by AP in the neurodegenerative cascade remains to be established.

Several reports have provided evidence of a role for IL-1P in the etiology of
AD (Griffin et al., 1989; Mrak and Griffin, 2001). A link between AP and IL-1p has
also been described in several studies; for example AP has been shown to stimulate
production of IL-1p in a microglial cell line (Szczepanik et al., 2001). IL-1B in turn, in
combination with IFNy, can positively influence the production of additional AP by
supporting [3-secretase cleavage of the immature APP molecule (Blasko et al., 2000).
The present study demonstrates an IL-1p-mediated increase in expression of caspase-3
mRNA. This is consistent with other reports in which increased caspase-3 activity has
been linked with expression of IL-1B (Lynch and Lynch, 2002; Martin et al., 2002).
The finding that IL-1[3, as well as AP, leads to increased caspase-3 mRNA expression
suggests the possibility that some of the actions of A} may be mediated through IL-1f3.
In support for this idea recent work carried out in this laboratory, in collaboration with
Professor Marina Lynch, has demonstrated that Ap-induced increases in activation of
JNK and caspase-3 and in TUNEL staining were inhibited by the caspase-1 inhibitor,
Ac-YVAD-CMK (Minogue et al., 2003). The initial proteolytic cleavage of inactive
pro-IL-1B to active IL-1f is carried out by the protease, caspase-1, so the finding that a
caspase-1 inhibitor prevents these AB-mediated effects suggests a role for IL-1f in
mediating some of the actions of A.

The present study demonstrates that IL-1p lead to an increase in mRNA
expression of Bax. In an earlier chapter of this thesis (Chapter 4), it was demonstrated
that AP also leads to increased mRNA expression of Bax, strengthening the possibility
of the involvement of IL-1p in AB-mediated events. However, while IL-1p evoked a
significant increase in mRNA expression of Bcl-xl, AR did not alter Bcl-x] mRNA
expression. This result demonstrates that while IL-13 may be responsible for mediating

some of the effects of AP, it also plays a separate role in modulating the cells response
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to stressful stimuli. Further experiments would aim to clarify the exact nature of the
link between Af and IL-1 in AB-mediated neurotoxicity.

In conclusion, the results presented in this chapter demonstrate that Af leads to
increased mRNA expression of pro-apoptotic caspase-3. In addition, A} modulates
neuronal transcription of the cytokine TNF-a, and its associated transcription factor,
NF-kB. These results suggest that neurons, as well as glial cells, can produce an
inflammatory-type response following exposure to Af. Analysis of the effects of IL-1[3
on neuronal cells demonstrates that IL-13 mirrors some of the effects of AP, leading to
increased mRNA expression of caspase-3 and Bax. This suggests the possibility that
some of the apoptotic effects of AP in cultured cortical neurons may be mediated

through IL-1p signalling.
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Chapter 8

Final Discussion




8.1 General Discussion

Alzheimer’s Disease (AD) is the most common neurodegenerative disorder and
the most prevalent cause of dementia with aging. Although a number of
pharmacological treatments for AD have been demonstrated to have some beneficial
effects on cognitive, functional, and behavioural symptoms of AD, there is still no
effective treatment for prevention or cure of this dehabilitating disease. The
pharmacological treatments employed over the last decade largely involve the use of
acetylcholinesterase inhibitors to compensate for cholinergic deficits which occur in
AD (Hirai, 2000). These inhibitors prevent the break down of acetylcholine and
prolong cholinergic transmission at synapses. One of the major pathological hallmarks
of AD is the presence of amyloid plaques throughout the cerebral cortex and
hippocampus of the brain, the main constituent of these plaques is an aggregated form
of AP peptide. Evidence gathered from studies carried out on the inherited form of AD
has demonstrated a central role for this AP peptide in the pathogenesis of AD since all
AD causing mutations identified to date increase the production of AP (Selkoe, 2001).

New therapeutic approaches are targeted more closely to the pathogenesis of
the disease and are based on AP biology. Pharmacological inhibition of B and vy
secretase is one approach which is currently under investigation. Inhibition of (-
secretase is thought to be an ideal therapeutic target as it catalyses the first step of AP
production (Scarpini er al., 2003). B-secretase knockout mice have no clinical
phenotype except for low AP concentration (Luo et al., 2001). However, little is known
about the function of Beta site APP cleaving enzyme 2 (BACE2), the second B-
secretase enzyme identified (Saunders ef al., 1999) and it will be important to elucidate
its physiological role. In the case of y-secretase, potent membrane-permeable inhibitors
have been designed that reduce AP (Hardy and Selkoe, 2002). However, there is
concern that these inhibitors may also effect Notch signalling, a pathway which is
important for cell fate decisions during embryogenesis, hematopoiesis, and neuronal
stem cell differentiation (Haas and Stooper, 1999). A second approach, which has
received much press, is to prevent fibrilisation of AP or to enhance its clearance from

the brain. This approach, termed immunotherapy, involves active or passive Af
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immunisation, in which antibodies to AP decrease cerebral levels of the peptide, by
promoting microglial clearance (Bard, 2000), or by redistributing peptide from the
brain (DeMattos et al., 2001). However, the first clinical trials using an AP, peptide,
coupled with an immune adjuvant, were halted when 17 out of 360 patients developed
signs of brain inflammation (Shenk, 2002). Since then studies are ongoing to develop
modified forms of the vaccine which will not elicit an inflammatory response. Studies
on a new form of the vaccine containing just residues 4-10 of the AP peptide have been
demonstrated to recognise AP plaques in animals without causing inflammation
(Check, 2003). A third approach is to prevent the neurodegenerative effects triggered
by AP accumulation. This approach includes potential intervention using small anti-
apoptotic molecules to prevent A-mediated apoptosis (Waldmeier, 2003).

The mechanisms of AP toxicity have been a major focus of AD research for
the past decade and are likely to involve dysregulation of Ca’>" homeostasis, generation
of reactive oxygen species resulting in oxidative stress and neuroinflammation
(Mattson et al., 1993a; Storey and Cappai, 1999). Indeed, previous findings from this
laboratory have demonstrated the proclivity of A to lead to disruption of intracellular
Ca*" homeostasis in cultured neurons (MacManus et al., 2000).

The primary objective of this study was to investigate the downstream cellular
and molecular signalling events associated with the neurodegeneration observed in
AP _s-treated cultured cortical neurons, with particular emphasis on the role of the
MAPK superfamily of kinases. The application of AP directly to cultured cells
represents an in vitro model for extracellular A3 deposition in the cerebral cortex of the
brain. Several observations lead to the establishment of this project. Firstly, previous
experiments carried out in this system, applying the aggregated form of A4 to
cultured cortical neurons, had established that AP induces degenerative hallmarks
including caspase-3 activity and DNA fragmentation (Boland and Campbell, 2003a). In
addition, the finding that AP;_4 leads to cleavage of the DNA repair enzyme, PARP,
suggests that the observed AP;_s -dependent neurodegeneration is as a result of
apoptotic cell death. Secondly, the MAPK family, which are the principal intracellular
signalling kinases linking activation of cell surface receptors to cytoplasmic and

nuclear effectors, have been demonstrated to play important roles in the regulation of
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neurodegeneration in numerous studies. Specifically, the stress activated protein
kinase, JNK, has been demonstrated as a potent effector of neurodegeneration in
response to a variety of stimuli including oxidative stress and Ca”" signalling (Mielke
and Herdegen 2000; Ko et al., 1998). Furthermore, several JNK substrates including
pS3 and Bax have been demonstrated to be upregulated in AD brain (De la Monte et
al., 1998, Tortosa et al., 1998). It was therefore appropriate to examine the role of
MAPK family members and downstream substrates, as potential effectors in the AB-
mediated neurodegenerative cascade.

The results presented in this study provide a strong case for the involvement of JNK in
AB-mediated neurodegeneration. My finding that JNK activity is increased following
exposure to AP .4 in cortical neurons concurs with the effects of other AP fragments in
neuronal systems (Bozcyzko-Coyne et al., 2001; Troy et al., 2001). However, it is of
note that the time frame for JNK activation varies considerably between the different
JNK isoforms. Maximal activation of JNK1 was found to occur at 1 hr, while maximal
activation of JNK2 did not occur until 24 hours following treatment with Ap_4.
However, AR, failed to have any effect on the brain-specific JNK isoform, JNK3.
These results demonstrate the functional diversity that exists between JNK isoforms.
Since, the commercially available inhibitors of JNK do not differentiate between
specific JNK isoforms, an antisense approach was employed in order to resolve the
respective roles of JNK1 and JNK2 in the AP cascade. The results obtained
demonstrate that JNK1 is the principal JNK isoform involved in AB-mediated neuronal
cell death and place JNK1 upstream of caspase-3 activation and DNA fragmentation in
ApP-treated cortical neurons. In contrast, JNK2 was not found to be involved in Ap-
mediated regulation of these cell-death events. These results may have important
implications in the search for therapeutic approaches to prevent Af-associated
neurodegeneration. JNK can be linked to neuroprotection, as well as neurodegeneration
and plays a role in regulating the final cellular outcome depending on cellular context
and the effects of other signalling pathways acting simultaneously (Herdegen et al.,
2000). Therefore, complete inhibition of JNK may result in a loss of this regulatory
function and result in preserving dysfunctional cells. The results presented herein

suggest that JNKI1 is the principal JNK isoform involved in carrying out the
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neurodegenerative effects of AP. Therefore, a therapeutic strategy targeted specifically
to depletion, or inactivation, of JNK1 may offer an efficient method of preventing
apoptosis of functional cells while retaining activity of the other JNK isoforms
involved in the physiological removal of dysfunctional cells. Antisense technology is
ideally suited to the purpose of selectively blocking the biosynthesis of harmful
proteins in the brain. However, technical limitations which need to be overcome
include sufficient penetration of the blood-brain barrier, which is only permeable to
lipophilic molecules of less than 600 kDa (Boado et al., 1998), and the prevention of
antisense oligonucleotide catabolism in vivo. Some progress has been made in
enhancing stability of oligonucleotides through the introduction of phosphorothioate
oligonucleotides to the phosphate backbone of antisense oligonucleotides (Estibeiro
and Godfray, 2001). However, if antisense oligonucleotides are to be effective
therapeutics for brain in vivo, it is necessary to conjugate antisense oligonucleotides to
specialised delivery systems. Antisense delivery to the brain has been demonstrated to
be enhanced by conjugation to peptides that facilitate transport across the blood-brain
barrier and into cells, for example, conjugation of antisense to a monoclonal antibody

to the rat transferrin receptor (Boado ef al., 1998).

In order to determine whether the JNK and ERK signalling cascades were
simultaneously activated, phosphorylation of ERK was assessed over the same time
frame at which JNK phosphorylation had been assessed. No alteration in ERK activity
was observed at any of the examined time points. This result is in agreement with a
study by Ekinci er al (1999) where it was demonstrated that no change in ERK activity
occurs following AP,.s-treatment, instead the authors observe an Af-dependent
relocation of ERK activity from cytosol to membrane. In addition, that study reports
that the enhanced activity of ERK at the membrane leads to activation of the L-type
Ca’" channel in neurons, proposing a mechanism whereby AP leads to Ca**
dysregulation in neurons through redirection of ERK from cytosolic to membrane
proteins. While the cellular distribution of ERK was not assessed as part of this study,
the possibility that ERK activity may modulate the previously reported dysregulation
of Ca™" homeostasis observed in this system following Af-treatment (Macmanus et al.,

2000) is an appealing prospect which will warrant future experimentation.

161



Analysis of p53 expression in Ap-treated cells revealed an AR-mediated
stabilisation of p53 protein via phosphorylation at residue serine-15 of the protein. This
stabilisation of p53 occurred in a transcription-independent manner and was evident
within 5 minutes and 1 hr of AB-treatment. The evidence of an interaction between AP
and p53 is supported by other studies (Laferla et al., 1996; Culmsee et al., 2001).
Targeted depletion of JNKI1 using specific antisense oligonucleotides demonstrated
that phosphorylation of p53 was JNK1 dependent and therefore provides evidence that
p53 is downstream of JNK1 in AB-mediated signalling events. Analysis of the effects
of APB on the pro-apoptotic Bcl-2 family member, Bax, indicated that AP, .4 increases
mRNA and protein expression of Bax in a time-dependent manner, with significantly
increased Bax expression of mRNA and protein being observed at 6 hours post-
treatment. Application of the pS53 inhibitor, pifithrin-o,, revealed that the AB-mediated
increase in Bax expression was mediated through p53, placing Bax downstream of
JNK1 and p53 in the AP cascade. These findings are consistent with the time frame at
which AP-mediated effects are observed, with JNK1 and p53 being phosphorylated
within 5 minutes and 1 hour of AP-treatment and increased expression of Bax being
observed at the later time point of 6 hours. Furthermore, the proclivity of Af to impact
on markers of the apoptotic cascade — namely caspase-3 activity, PARP cleavage and
DNA fragmentation was significantly attenuated in pifithrin-a-treated cells placing p53
upstream of these apoptotic events. The emerging paradigm from these results is of an
AP pathway involving early activation of INK and p53 and a later increased expression
of Bax (see proposed scheme). The consequences of these AB-mediated alterations in
signalling events include increased caspase-3 activity, PARP cleavage and DNA
fragmentation (see proposed scheme). Pifithrin-a has enormous potential as a drug
therapy for preventing nerve cell death. Its ability to cross the blood-brain barrier,
coupled with the fact that p53-mediated its effects at a pre-mitochondrial stage of the
cell death pathway, makes it a prime candidate for therapeutic intervention. The
findings of this study, along with other studies investigating the effects of AP,
fragments (Culmsee et al., 2001; Tamagno et al., 2003), demonstrate that pifithrin-o

offers protection against Af-mediated neurotoxicity. The prospect of using
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antiapoptotic compounds in the treatment of chronic neurodegenerative diseases, such
as Alzheimer’s disease, while attractive, also may lead to problems such as the
preservation of dysfunctional cells or a shift from apoptosis to necrosis, which could
worsen the target pathology by eliciting inflammatory responses. The potential of
preserving dysfunctional cells or shifting from apoptosis to necrosis is likely to be
greater, the further downstream in the apoptotic cascade this occurs. For this reason,
the results of this study demonstrating an early activation of JNK and p53 in AB;.49
treated cells places them at a proximal point for intervention in the apoptotic cascade.
Having established a role for p5S3 and Bax in AB-mediated signalling events,
the next series of experiments aimed to assess the subcellular distribution of p53 and
Bax following treatment with AP. Bax normally resides in the cytosol of the cell. Upon
activation, Bax translocates to the mitochondria, where it can facilitate release of
cytochrome ¢ through formation of pores in the outer mitochondrial membrane (Gao
and Dou, 2000). Analysis of Bax expression in cytosolic and mitochondrial fractions
demonstrated an AP-mediated reduction in Bax expression in cytosolic fractions. This
coincided with an increase in Bax expression in mitochondrial fractions. However, the
increase in Bax expression in mitochondrial fractions did not reach significance. Closer
inspection of cellular expression of Bax in association with the fluorescent
mitochondrial marker, Mitotracker Red, revealed increased association of Bax with
mitochondria in Af-treated cells. In addition, increased expression of phospho-p53*'"”
was also found to be associated with the mitochondria. The time frame of Bax and p53
association with mitochondria at 6 hours coincides with relocation of the apoptotic-
mediator cytochrome ¢ from the inner mitochondrial space to the cytosol.
Translocation of cytochrome ¢ to the cytosol is a defining characteristic of the cells
commitment to apoptotic cell death (Yang et al., 1997) which is often regulated by
members of the Bcl-2 family, including Bax (Zorig et al., 2001). Additionally,
association of p53 with the mitochondrial membranes has been demonstrated to
precede cytochrome ¢ release and caspase activation (Marchenko et al., 2001). These
results provide evidence that p53, as well as Bax, may be involved in regulation of
mitochondrial membrane stability. The co-localisation analysis of Bax and p53
expression with mitochondria demonstrated that regions remained within the cell

where expression of Bax and p53 did not co-localise with mitochondria. These results
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suggest that AB may evoke translocation of these proteins to other intracellular
organelles.

There is increasing evidence to suggest that lysosomes are involved in the cell
death cascade (Zhao et al., 2001; Wang, 2000). Previous work carried out in this
laboratory has demonstrated an increase in cytosolic activity of the lysosomal protease,
cathepsin-L  (Boland and Campbell, 2003b), suggestive of an AP-mediated
translocation of cathepsin-L from the lysosome to the cytosol. In addition, inhibition of
cathepsin-L prevented the AP-mediated increase in caspase-3 activity, PARP cleavage
and DNA fragmentation. These findings led to the investigation of the cellular location
of Bax and p53 in the present study. Expression of Bax and p53 was assessed in
association with the fluorescent lysosomal marker, Lysotracker Red. At 6 hr post Ap-
treatment, increased expression of Bax was observed at the lysosome. Since Bax is
integral in inducing cytochrome c¢ release from the mitochondria in the apoptotic
process (Zornig et al., 2001), the observation of increased association of Bax with
lysosomes suggests that Bax may play a similar role at the lysosome, destabilising the
lysosomal membrane to promote cathepsin protease release.

Increased expression of phospho-p53°*'"? at the lysosomes was also evident at 6
hrs post Af-treatment. Since pS53 has previously been reported to play a role in
initiation of lysosomal destabilisation (Yuan et al., 2002), the effect of AP on
lysosomal integrity was assessed using the Acridine Orange (AO) technique. A diffuse
pattern of AO staining was observed in AP-treated cells reflective of a compromised
lysosomal membrane. Application of pifithrin-a abolished the AB-mediated increase in
cytosolic cathepsin-L indicating that the AB-mediated increase in cathepsin-L activity
1s p5S3-dependent. These findings indicate a possible mechanism whereby p53 and Bax
contribute to a lysosomal and mitochondrial branch of the apoptotic pathway in Ap-
treated cultured cortical neurons. Since an alteration in neuronal endosomal-lysosomal
systems is an early event in AD and lysosomal leakage is thought to be one of the
earliest detectable event during apoptosis (Cataldo et al., 1996), the finding that pS3 is
involved in destabilisation of the lysosomal membrane offers a target for therapeutic

intervention at an early stage.

164



Previous reports from this laboratory have demonstrated an AP;.4 mediated
increase in [Ca’']; in rat cortical synaptosomes via activation of the L- and N-type of
voltage-dependent Ca*" channels (VDCC; MacManus er al., 2000). Having established
some of the downstream events involved in AB-mediated neurotoxicity, I sought to
identify the potential upstream mechanisms leading to initiation of these degenerative
events. To this end, the role of the L-type VDCC in Af-mediated signalling and
induction of neuronal apoptosis were investigated. The results demonstrate that Af-
promotes as increase in [Ca®"]; in dissociated cortical neurons; an effect that is reversed
by the L-type VDCC blocker, nicardipine. Furthermore, the AB-mediated increases in
JNK1 phosphorylation, p53 stabilisation, cytosolic cathepsin-L activity, caspase-3
activity and DNA fragmentation were attenuated in nicardipine-treated cells.
Previously published data from this laboratory indicate that the Ca’"-activated protease,
calpain, is likely to be involved in this signalling cascade stemming from Ap-mediated
dysregulation of Ca”" (Boland and Campbell, 2003a). The results presented here
implicate the L-type Ca®" channel as a key player involved in the early effects of AP

that ultimately lead to the demise of the cell.

The final set of experiments carried out were aimed at establishing the role of
neuroinflammation in AP-mediated events. In addition, the nature of the pro-and anti-
apoptotic mRNA species regulated by AP and the proinflammatory cytokine, IL-1f3
were assessed. A increased mRNA expression of the pro-apoptotic effector, caspase-
3. This result provides evidence that the Ap-mediated increase in caspase-3 activity
may be attributed to the AB-mediated increase in caspase-3 mRNA. AP also increased
mRNA expression of the pro-inflammatory cytokine, TNF-o. and its associated
transcription factor, NF-kB. These results demonstrate that neurons, as well as glial
cells, can produce cytokines such as TNF-a in response to stressful stimuli. TNF-o—
mediated apoptosis involves activation of the caspase cascade including activation of
caspase-3 and has also been demonstrated to lead to JNK activation (Zornig et al.,
2001, Barbin ef al., 2001). Therefore, TNF-a. -mediated activation of JNK may be a
further upstream event in AP signalling in cultured cortical neurons. The

proinflammatory cytokine, IL-1p, increased mRNA expression of pro-apoptotic Bax
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and caspase-3, and anti-apoptotic, Bel-x1. Since a link between A and IL-1P has been
demonstrated in several studies (Szczepanik e al., 2001; Minogue et al., 2003) the
finding that IL-1pB, as well as AP, leads to increased mRNA expression of caspase-3
and Bax supports the notion that some of the actions of A may be mediated through

IL-1B.

In summary, this study characterised cellular and molecular mechanisms
leading to cell death in AB-treated cultured cortical neurons. Previous results from this
laboratory described the proclivity of AP to disrupt Ca*" homeostasis and the present
study provides evidence that at least some of the effects of AP leading to neuronal
apoptosis stem from Ca’" influx through the L-type Ca’* VDCC (see proposed
scheme). These include JNK activation, pS3 stabilisation, cathepsin-L activity,
caspase-3 activation and DNA fragmentation. Increased activity of the stress activated
protein kinase, JNK, occurred following AP-treatment. Antisense-mediated depletion
of specific JNK isoforms demonstrated that JNK1 was the principal JNK isoform
involved in Af-induced cell death, mediating caspase-3 activation and DNA
fragmentation. Increased stability of p53, mediated by AP, was found to be JNKI1
dependent. AP provoked increased expression of Bax mRNA and protein and this was
abolished by the p53 inhibitor, pifithrin-a,, placing it downstream of p53 in this
pathway. Furthermore, caspase-3 activity, PARP cleavage, and DNA fragmentation
were found to be mediated by p53. On further investigation of the cellular location of
pS3 and Bax, it was found that p53 and Bax associate with the mitochondria in A-
treated cells and that this association coincided with release of cytochrome ¢ from the
mitochondria. One of the most interesting findings of this study is the Ap-mediated
association of p53 and Bax with the lysosomes. Inhibition of p53 attenuated the A-
mediated increase in cytosolic cathepsin-L, supporting a role for p53 in regulating
lysosomal membrane integrity. Evidence is also provided that A} provokes a local
inflammatory response leading to increased mRNA expression of the pro-inflammatory
cytckine TNF-a and it’s associated transcription factor NF-kB. The pro-inflammatory
cytokine, IL-1f3, was found to increase mRNA expression of caspase-3, Bax and Bcl-

x1, suggesting that some of the effects of A} may be mediated by IL-1p.
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This study revealed some of the molecular mechanisms involved in the multi-
faceted nature of the cell-death response mediated by A. It is important to note that it
is likely that several pathways and interactions between these pathways are involved in
AP-mediated signalling and that the final outcome of whether apoptosis will occur
depends on multiple signalling events. Inhibition of the L-type calcium channel, the
stress activated protein kinase, JNKI1, and the transcription factor, p53, protected
neurons from Af-mediated cell death. An understanding of the multiple signalling
pathways involved in AB-induced cell death will allow design of compounds which
will interfere with the cell death process, in a specific manner and will prove to be

beneficial in slowing or preventing the progression of AD.
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8.2 Future Work

Several important questions arise from the data presented in this study. Inhibition of
JNKI1 prevented AP-induced pS53 stabilisation, caspase-3 activity, and DNA
fragmentation. Inhibition of p53 prevented the AP-mediated increase in Bax
expression, cathepsin-L activity, as well as the preventing the later stage markers of
apoptosis, PARP cleavage and DNA fragmentation. Since inhibition of JNKI
prevented the AB-mediated stabilisation of p53, it will be important to assess whether
JNK1 inhibition is capable of preventing the events occurring downstream of p53,
namely increased expression of Bax, and increased activity of cytosolic cathepsin-L
activity. This will establish whether the AB-signalling pathway diverges at the stage of
pS3 or at the level of Bax or whether the AP-mediated signalling events stem from
increased activation of JNK1. Although JNK2 was activated within 24 hours of AP-
treatment, JNK2 did not participate AB-mediated apoptosis. The function of activated
JNK2 in the AP cascade therefore remains to be clarified.

Analysing the effect of p53 inhibition on cytochrome ¢ release will determine
whether the observed association of p53 with mitochondria has a direct role in release
of cytochrome ¢ from the mitochondria. Also, assessment of Bax expression in
association with the mitochondria in p53 inhibited cells will determine whether p53-
mediated inhibition of Bax will prevent the A-mediated increase in Bax expression at
the mitochondria.

One of the most important questions arising from the data presented in this
study is the mechanism by which AP-mediated lysosomal destabilisation occurs,
possibly resulting in release of cathepsin-L to the cytosol. Some clues are provided
from the observation of increased expression of p53 and Bax at the lysosomes.
Analysis of lysosomal membrane stability in pS53-inhibited cells using the AO
relocation technique will be beneficial in determining the exact involvement of p53 in
lysosomal destabilisation. Isolation of lysosomal fractions from cultured cells will aim
to clarify the quantity of increased p53 and Bax expression at these organelles. In
addition, it will be important to determine whether p53 and Bax play a role in

regulating lysosomal membrane proteins. Target proteins for investigation include the
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lysosomal associated membrane proteins (LAMP) proteins, which have been
demonstrated to play an important role in maintaining lysosomal membrane stability
(Andrejewski er al., 1999). To clarify whether the role of Bax at the lysosome is
similar to the documented role of Bax in regulating mitochondrial stability (Z6rnig et
al., 2001), experiments investigating the pore forming ability of Bax at the lysosome
will be necessary. The effects of targeted Bax inhibition on lysosomal stability will
also be useful in determining the role of Bax in APB-mediated destabilisation of the
lysosomes.

The present study demonstrated a role for the L-type VDCC in AB-mediated
neurodegeneration. Studies aimed at determining the mechanism of activation of this
channel will provide an insight into the early events which occur in the AP cascade. It
will be interesting to determine whether ERK plays a role in activation of these
channels since previous work has demonstrated the ability of ERK to relocate from the

cytosol to the membrane and to phosphorylate membrane proteins such as the L-type

VDCC (Ekinci et al., 1999).
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IX Appendix 1 - Solutions

Cell Culture Solutions

70% Ethanol, 100mL
70mL, EtOH; 30mL, H,O.

PBS (cell culture)
10mL Dulbecco’s Modified Phosphate Buffered Saline (DM-PBS, Na,HPO,; (80mM),
NaH,PO, (20mM), NaCl, (100mM)/ 100mL H,O.

Trypsin Solution (cell culture)

0.3mg trypsin/mL PBS.

Trypsin Inhibitor Solution (cell culture)
Soyabean trypsin inhibitor (SBTI; 0.2mg/mL), DNase (0.2mg/mL), MgSO, (0.1M) /mL
PBS.

Supplemented Neurobasal Medium (day 1)
Heat inactivated horse serum (10%, 10mL); Penicillin/Streptomycin (100U/mL; 1mL);
Glutamax; (2mM ; Iml); B27 (1%, ImL) / 100mL Neurobasal Medium.

Antimitotic Neurobasal Medium (day 4)
Heat inactivated horse serum (10mL); Penicillin/Streptomycin, 100U/mL (ImL);
Glutamax; 2mM (1ml); ARA-C (5ng/mL) / 100mL Neurobasal Medium.

Replacement Neurobasal Medium (day 5)
Heat inactivated horse serum (10mL); Penicillin/Streptomycin, 100U/mL (1mL);
Glutamax; 2mM (1ml)/ 100mL Neurobasal Medium.
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Cell Harvesting Solutions

Lysis Buffer, pH 7.4 (Harvesting total protein)
HEPES (20mM), KCI (10mM), EGTA (1mM), MgCl, (1.5mM), EDTA, (1mM), DTT,
(1mM), PMSF, (0.1mM), Leupeptin, (2png/ml), Aprotinin, (2pg/ml), Sucrose, (200mM).

Permeabilisation Buffer pH 7.2 (Harvesting cytosolic extracts)
Sucrose (250mM), KC1 (70mM), NaCl (137mM), Na,HPO, (4.5mM), KH,PO4 (1.4mM),
PMSF (100uM), leupeptin (10pg/mL), aprotinin (2pg/mL), digitonin (200pg/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%),

PMSF (100uM), leupeptin (10pg/mL), aprotinin (2pug/mL).

SDS-PAGE Solutions

Phosphate buffered saline-Tween 20 (PBS-Tween), pH 7.4
Na,HPO4 (80mM), NaH,PO,4 (20mM), NaCl, (100mM), Tween 20 (0.1%).

Tris buffered saline-Tween 20 (TBS-Tween), pH 7.4
Tris-HCl, (20mM), NaCl, (150mM), Tween 20 (0.1%).

Sample buffer (pH 6.8)
Tris-HCI (0.05M), Glycerol 20% (v/v), SDS 2% (w/v), B-Mercaptoethanol 5% (v/v),
bromophenol blue 0.05% (w/v).

Stacking gel (4%, pH 6.8)

Acrylamide/bis-acrylamide (30% stock, 13% (v/v), dH,O 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).
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Separating gel (10%, pH 8.8)

Acrylamide/bis-acrylamide (30% stock, 33% (v/v)), dH,0, 40% (v/v), Tris-HCI, (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)), dH,O, 33% (v/v), Tris-HCI, (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 8.3)
Tris base (25mM), Glycine (192mM), MeOH (20% (v/v)), SDS (0.05% (w/v)).

Polymerase Chain Reaction Gel Electrophoresis solutions

Tris Borate EDTA (TBE) Buffer, pH 8.3
Tris base (0.08M), Boric Acid (0.04 M), EDTA (1 mM).

RNA seperating agarose gel (1 %, pH8.3)
Agarose 1% (w/v), 100 ml TBE Buffer.

PCR products seperating agarose gel (1.5 %, pH8.3)
Agarose 1.5% (w/v), 100 ml TBE Buffer.

Fluorogenic Assay Solutions

Lysis Buffer (Cathepsin-L assay, pH 5)
NaOAc(20mM), EDTA (4mM), DTT (8mM), Urea (4M)
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Incubation Buffer (Cathepsin-L assay, pH 7.4)
Hepes (100mM) DTT (5mM)
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X 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 plc, 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 Srtafe 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, STISOSA, England.

Biognostik GmbH., Gerhard-Gerdes-Str.19, 37079 Géttingen, Germany.

Biometra GmbH, Rudolph-Wissell Straf3e 30, D-37079 Gottingen, Germany.

Bio-Rad Laboratories GmbH., Heidemannstrasse 164, D-80939 Munich, Germany.
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Biosource International, 542 Flynn Road, Camarillo, California USA 93012, U.S.A.

Calbiochem International, Merck KGaA, Frankfurter Str. 250, D-64293 Darmstadt,

Germany.

Cell Signalling Technology, INC, 166B Cummings Center, Beverly, MA 01915

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.

Greiner Bio-One GmbH, Bad Haller Strasse 32, 4550 Kremsmuenster, Austria.

Improvision Software, Viscount Centre II, University of Warwick Science Park, Millburn

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,
WNS8 9SP. England.

Leica Microsystems AG, Ernst-Leitz-Strasse 17-37, Wetzlar, 35578, Germany.
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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.
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hA role for c-Jun N-terminal kinase 1 (JNK1), but not JNK2, in the
B-amyloid-mediated stabilization of protein p53 and induction of
the apoptotic cascade in cultured cortical neurons

\Department of Physiology, Trinity College Institute of Neuroscience, Trinity College, Dublin 2, Ireland

B-Amyloid (AB) peptide has been shown to induce neuronal
apoptosis; however, the mechanisms underlying Ap-induced
neuronal cell death remain to be fully elucidated. The stress-
activated protein kinase, c-Jun N-terminal kinase (JNK),
is activated in response to cellular stress and has been identified as
a proximal mediator of cell death. In the present study, expression
of active JNK was increased in the nucleus and cytoplasm of
ApB-treated cells. Evaluation of the nature of the JNK isoforms
activated by Af revealed a transient increase in JNK 1 activity that
reached its peak at 1 h and a later activation (at 24 h) of INK2. The
tumour suppressor protein, p33, is a substrate for JNK and can
serve as a signalling molecule in apoptosis. In cultured cortical
neurons, we found that AS increased p53 protein expression and
phosphorylation of p53 at Ser'®. Thus it appears that A increases
p53 expression via phosphorylation-mediated stabilization of the
protein. Given the lack of availability of a JNK inhibitor that

can distinguish between JNK1- and INK2-mediated effects, we
employed antisense technology to deplete cells of INK1 or INK2
selectively. Using this strategy, the respective roles of JNK1 and
JNK2 on the AB-mediated activation of the apoptotic cascade (i.e.
p53 stabilization, caspase 3 activation and DNA fragmentation)
were examined. The results obtained demonstrate a role for INK 1
in the AB-induced stabilization of p53, activation of caspase 3
and DNA fragmentation. In contrast, depletion of JNK2 had no
effect on the proclivity of A to activate capase 3 or induce
DNA fragmentation. These results demonstrate a significant role
for INK1 in AB-mediated induction of the apoptotic cascade in
cultured cortical neurons.

Key words: antisense, apoptosis, f-amyloid, c-Jun N-terminal
kinase, p53, caspase-3.

INTRODUCTION

Deposition of B-amyloid (Af) protein around neurons is a feature
of Alzheimer’s disease (AD) [1]. Although the 1-42 fibrillar
form of AB is the most abundant in the AD senile plaque,
the 1-40 peptide also has the proclivity to form fibrils and
is present in the senile plaque, but to a lesser extent than the
1-42 species [2]. In AD brains, neuropathological hallmarks of
apoptosis such as DNA fragmentation have been detected [3]
and AB is assumed to contribute directly to this pathology by
inducing neuronal apoptosis [4]. In support of the hypothesis
that Af deposition drives the neurodegenerative process, both
AP, 4 and AB,_,; have been shown to induce neuronal apoptosis
in vitro [5,6]. There has been a significant interest in identifying
the pathways that underlie neuronal responses to Af in an attempt
to develop novel neuroprotective therapeutic strategies. To date,
many signalling pathways have been proposed as mediators of
Ap-induced neuronal apoptosis and these include reactive oxygen
species [7], Ca’*-sensitive proteases [8] and cysteine proteases
[9]. The stress-activated protein kinase, c-Jun N-terminal kinase
(JNK), has been proposed as a mediator of cell death in response
to a variety of stimuli such as growth factor deprivation [10],
excitotoxicity [11] and oxidative stress [12]. Recent studies
[13—15] have also suggested that JNK plays arole in A-mediated
effects. In sympathetic neurons and PC12 cells, the 1-42 fragment
of A activates JNK and the synthetic JNK inhibitor, CEP-1347,
blocks A 8-mediated neurotoxicity [14]. Three JNK isoforms have
been identified, INK1, JNK2 and JNK3, and these are encoded

by independent genes. Since each of these isoforms is expressed
in the brain [16], AS has the potential to couple with JNKI,
JNK2 or JNK3. Thus although the study of Troy et al. [14]
provides compelling evidence of a role for INK in Af-mediated
neurodegeneration, the synthetic JNK inhibitor used in their study
is unable to distinguish between the different JNK isoforms.
In the present study, we used antisense technology to determine
the respective roles of the JNK isoforms in Af,_,-mediated
neurodegeneration of cultured cortical neurons.

The multifunctional tumour suppressor protein, p53, has been
suggested to play arole in the cell death pathway as well as having
a role in the regulation of the cell cycle and DNA repair [17].
An increase in p53 expression has been reported in the brain of
patients with AD [18] and in transgenic mice that overexpress Af
[19]. cDNA expression of a dominant-negative p53 mutant [20]
and application of a chemical inhibitor of p53 [21] offer protection
against ApB-mediated toxicity. Taken together, these studies
provide compelling evidence of a role for p53 in Ap-mediated
neurodegeneration. However, the mechanisms that underlie A -
mediated activation of p53 remain to be elucidated. p53 has the
proclivity to regulate a variety of functions and this diversity
in function arises from the presence of several phosphorylation
sites on p53 [22]. Thus phosphorylation on Ser" is associated
with the apoptotic effect of p53 [23], whereas phosphorylation
at Ser*”? promotes formation of the p53 tetramer that activates
transcription from several cell-cycle-regulating genes in response
to DNA damage [24]. The stress-activated protein kinase, p38,
has been shown to phosphorylate p53 at Ser' during hypoxic cell

Abbreviations used: AB, g-amyloid; AD, Alzheimer's disease; JNK, c-Jun N-terminal kinase; TUNEL, terminal transferase deoxytidyl uridine end-labelling.

' To whom correspondence should be addressed (e-mail vacmpbll@tcd.ie).
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death [25] and chemical stress-induced apoptosis [26]. pS3 is also
a substrate for INK [27] and there is evidence for a role for INK
signalling in the regulation of p53 stability and apoptotic capacity
[28]. Given that AS can couple with the JNK pathway [13,15],
the aim of the present study was to evaluate the role of the JNK
isoforms, INK1 and JNK2, in the A S-mediated activation of p53
and induction of the apoptotic cascade.

The results from the present study demonstrate a differential
time frame of JNK1 and JNK2 activation by Af in this system
with JNK1 being activated rapidly by Af (within minutes),
whereas JNK2 activation was delayed by 24 h. Af caused an
increase in p53 protein expression and phosphorylation of p53 at
Ser®. Use of JNK antisense demonstrated that the regulation of
pS3 by AB, 4 was mediated via INK1 as was the Af-mediated
activation of caspase 3 and DNA fragmentation. These results
demonstrate that Af has a differential pattern of signalling via
the INK pathway and provide evidence for an interaction between
JNK1 and p53 in this system.

EXPERIMENTAL
Culture of cortical neurons

Primary cortical neurons were established from postnatal 1-day-
old Wistar rats and maintained in neurobasal medium (Gibco
BRL, Paisley, Renfrewshire, Scotland, U.K.). Rats were de-
capitated and cerebral cortices removed. The dissected cortices
were incubated in PBS containing trypsin (0.25 %) for 20 min at
37 °C. The tissue was then triturated (5x ) in PBS containing soya-
bean trypsin inhibitor (0.1 %) and DNase (0.2 mg/ml) and gently
filtered through a sterile mesh filter. After centrifugation (2000 g
for 3 min at 20 °C), the pellet was resuspended in neurobasal
medium, supplemented with heat-inactivated horse serum (10 %,
v/v), penicillin (100 units/ml), streptomycin (100 units/ml) and
glutamax (2 mM). Suspended cells were plated out at a density
0f 0.25x 10° cells on circular 10 mm diameter coverslips, coated
with 60 zeg/ml of poly(L-lysine) and incubated in a humidified
atmosphere containing 5 % CO,/95 % air at 37 °C. After 48 h,
5 ng/ml of cytosine arabinofuranoside was included in the cul-
ture medium to prevent proliferation of non-neuronal cells.
Culture media were exchanged every 3 days and cells were grown
in culture for 12 days before A treatment.

Drug treatment

AB, 4 (BioSource International, U.K.) was made up as a 1| mM
stock solution in PBS and allowed to aggregate for 48 h at
30 °C. For treatment of cortical neurons, Af was diluted to a
final concentration of 2 uM in prewarmed neurobasal medium.
This concentration has been previously used to induce activation
of the apoptotic cascade in these cells [8].

Antisense-mediated depletion of JNK1 and JNK2

20-mer phosphorothioate oligonucleotides were purchased from
Biognostik (Gottingen, Germany), and the sequences used were
complementary with the mRNA encoding rat JNK1 and JNK2
proteins [26]. The sequences used were: JNK1 antisense oligo-
nucleotide, 5S-CTCATGATGGCAAGCAATTA-3'; JNK1 scram-
bled oligonucleotide, 5'-ACTACTACACTAGACTAC-3"; JNK2
antisense oligonucleotide, 5-GCTCAGTGGACATGGATGAG-
3; and JNK2 scrambled oligonucleotide, 5'-GGACTACTAC-
ACTAGACTAC-3". Neurons were incubated with 1.2 uM
oligonucleotide in serum-free prewarmed neurobasal medium
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containing 5 pg/ml of N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium/dioleoyl phosphatidylethanolamine (Life
Technologies, Paisley, Renfrewshire, Scotland, U.K.). After 4 h,
the medium was replaced with supplemented prewarmed neuro-
basal medium containing 1.2 uM oligonucleotide. The cells were
incubated for a further 48 h before treatment with AS.

Western-immunoblot analysis of phospho-JNK
and phospho-p53 expression

After incubation with Ap, cortical neurons were harvested
in lysis buffer (20 mM Hepes, 10 mM KCI, 1.5 mM MgCl,,
I mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, 0.1 mM
PMSF, 5 pg/ml pepstatin A, 2 pg/ml leupeptin and 2 pg/ml
aprotinin; pH 7.4) and left on ice for 20min. The cells
were centrifuged (15000 g for 20 min at 4°C) and the
supernatant was diluted to 50 p¢g of protein/ml with sample
buffer [150 mM Tris/HCl (pH 6.8), 10% (v/v) glycerol,
4% (w/v) SDS, 5% (v/v) 2-mercaptoethanol and 0.002 %
(w/v) Bromophenol Blue]. Samples were then heated to
100 °C for 3 min. Proteins (1 pg/lane) were separated by
electrophoresis on a 10% (v/v) polyacrylamide minigel,
transferred on to a nitrocellulose membrane and immuno-
blotted with an anti-active JNK monoclonal antibody (1 : 1000;
Santa Cruz Biotechnology, CA, U.S.A.) purified from mouse
serum, which recognizes the active forms of INK1 (p46), INK2
(p54) and JNK3 (p57) after phosphorylation on Thr'* and
Tyr'®. To monitor expression of non-phosphorylated JNK, the
blots were stripped and re-probed with an anti-JNK polyclonal
antibody purified from rabbit serum (1 : 1000; Santa Cruz Bio-
technology), which recognizes JNK 1, INK2 and JNK3. To moni-
tor p53 phosphorylation, the anti-[phosphoSer'*]p53 (1 :1000;
Cell Signaling Technology, Beverly, MA, U.S.A.) and anti-
(phosphoSer*?]p53 (Biosource International, Nivelles, Belgium)
polyclonal antibodies purified from rabbit serum, which recognize
p53 phosphorylated on Ser' and Ser* respectively, were used.
Expression of the non-phosphorylated form of p53 was es-
tablished using an anti-p53 polyclonal antibody purified from
rabbit serum (Santa Cruz Biotechnology). Immunoreactive bands
were detected using the horseradish peroxidase-conjugated anti-
mouse IgG (for active JNK) or anti-rabbit IgG (for non-
phosphorylated JNK, active p53 and non-phosphorylated p53)
and enhanced chemiluminescence. Bandwidths were quantified
by densitometry (D-Scan PC software).

p53 mRNA expression

Total RNA was extracted from cortical neurons using TRI Reagent
(Sigma—Aldrich). cDNA synthesis was performed on 1 z¢g of total
RNA using oligo(dT) primer according to the manufacturer’s
instructions (Life Technologies). The RNA was treated with
RNase-free DNase I (Life Technologies) at 1 unit/ug of RNA
for 15 min at 37 °C. Equal amounts of cDNA were used for PCR
amplification for a total of 28 cycles. The cycling conditions were
95 °C for 5 min, followed by cycles of 95 °C for 1 min 15 s, 52 °C
for 1 min 15 sand 72 °C for I min 30 s. A final extension step was
performed at 70 °C for 10 min. Primers were pretested through
an increasing number of amplification cycles to obtain reverse
transcriptase—-PCR products in the exponential range. The PCR
products were analysed by electrophoresis on 1.5 % (w/v) agarose
gels, visualized by ethidium bromide staining, photographed
and quantified using densitometry. Primers used were as
follows: rat p53 sense, 5-GGCCATCTACAAGAAGTCAC-3'
and antisense, 5'-CCAGAAGATTCCCACTGGAG-3'; rat B-actin



l
|

Role of c-Jun N-terminal kinase isoforms in 5-amyloid-mediated induction of apoptotic cascade

791

sense, 5'-GAAATCGTGCGTGACATTAAAGAGAAGCT-3" and
antisense, S'-TCAGGAGGAGCAATGATCTTGA-3" [30]. The

'~ primers generated a p5S3 PCR product of 317 bp and a B-actin
- PCR product of 360 bp. To control for any residual genomic

DNA contamination, f-actin primers were chosen to span an
intron. This meant that any amplification of genomic, rather than
¢DNA, would result in larger products than those expected. This
semi-quantitative technique facilitated estimation of p53 mRNA
expression using B-actin as a reference gene. No observable
change in B-actin mMRNA was observed in any of the treatment
conditions.

Terminal transferase deoxytidyl uridine end-labelling (TUNEL)

Apoptotic cell death was assessed using the DeadEnd colorimetric
apoptosis detection system (Promega, Madison, WI, U.S.A.).
Cells were treated with A for 72 h to evoke maximal DNA
fragmentation [8]. Cells were then fixed with paraformaldehyde
(4 %, w/v), permeabilized with Triton X-100 (0.1 %) and biotin-
ylated nucleotide was incorporated at 3“OH DNA ends using
the enzyme terminal deoxynucleotidyl transferase. Horseradish
peroxidase-labelled  streptavidin  then bound to the bio-
tinylated nucleotide and this was detected using the peroxidase
substrate. H,O, and the chromogen diaminobenzidine. Cells
were then viewed under light microscopy at x40 magnification,
where the nuclei of TUNEL-positive cells stained brown.
Apoptotic cells (TUNEL-positive) were counted and expressed
as a percentage of the total number of cells examined. To
exclude the possibility that the number of living cells present
on the coverslip had an effect on the TUNEL-positive ratio,
the same number of cells (approx. 400) was counted for each
treatment.

Measurement of caspase 3 activity

Caspase 3 activity was assessed by immunocytochemistry using
an anti-active caspase 3 antibody (Promega). Briefly, cells were
treated with AB for 24 h, fixed with 4 % paraformaldehyde,
blocked with 5% (v/v) goat serum in PBS, incubated with anti-
active caspase 3 antibody (1 : 200 dilution, overnight incubation at
4 °C). Immunoreactivity was detected using a biotinylated anti-
rabbit IgG antibody and streptavidin conjugated to horseradish
peroxidase. Immunoreactive cells were visualized with the
chromogen diaminobenzidine, and the number of immunoreactive
cells was counted and expressed as a percentage of the total
number of cells examined (400-500 cells/coverslip).

Fluorescence immunocytoechemistry

Cells were fixed with 4 % paraformaldehyde, permeabilized with
0.1 % Triton X-100 and non-reactive sites were blocked with 5 %
goat serum in PBS. To determine the intracellular distribution of
active JNK, the cells were incubated overnight with an anti-active
JNK antibody (Santa Cruz Biotechnology) purified from mouse
serum. To evaluate the efficacy of the antisense oligonucleotides
in down-regulating JNK expression, immunolocalization of non-
phosphorylated INK1 and JNK2 was assessed using anti-JNK1
or anti-JNK2 monoclonal antibodies purified from mouse serum
antibody (Santa Cruz Biotechnology). Cells were then incubated
with anti-mouse IgG conjugated to FITC (Sigma-Aldrich)
and viewed by fluorescence microscopy at an excitation of
510 nm.

Statistics

Statistical analysis was performed using ANOVA followed by the
post hoc Student-Newman—Keuls test and the significance (at
the 0.05 level) was indicated. When comparisons were being
made between two treatments, a paired Student’s ¢ test was
performed and P < 0.05 or P < 0.01 were considered significant.

RESULTS
Ap activates JNK in cortical neurons

Cortical neurons were exposed to AS (2 uM) for 1 and
24h and JNK activity was examined by fluorescence
immunocytochemistry using an antibody that recognizes
phosphorylated INK (Figure 1A). In control conditions phospho-
JNK immunoreactivity was detected in some cells, demonstrating
a basal level of JNK activation. However, in cells treated with
ApB, a higher intensity of phospho-JNK immunoreactivity was
observed in the cytoplasm and nucleus, a distribution which
indicates that activated JNK has both cytosolic and nuclear
substrates. Potential nuclear substrates of JNK include the
transcription factor, c-Jun [16], which has been shown to be
responsible for regulating gene expression in response to cellular
insults such as AB accumulation [15]. The finding that activated
JNK also localized in the cytosol may reflect the association of
phospho-JNK with cytosolic substrates such as p53 [28].

Time course of Ag-mediated activation of JNK1 and JNK2

Western-immunoblot analysis was employed to characterize the
time course of AB-mediated JNK activation and to determine
the nature of the JNK isoforms activated by A in lysates
prepared from cortical neurons. ApB evoked a rapid increase
in JNK1 activation, as assessed by expression of phosphorylated
JNK1 (Figure 1B). Thus at 5 min, the expression of active JNK1
in control cells was 449 + 36 (mean bandwidth + S.E.M.;
arbitrary units) and this was significantly increased to 541 +
45 in AB-treated cells (P < 0.05, Student’s paired ¢ test, n = 6).
Similarly, a significant increase in JNK1 activity was observed
after AB treatment for 1 and 6 h. At the 1 h time point, JNKI
activity in control cells was 491 + 12 and this was significantly
increased to 593 + 45 by AB (P < 0.01, Student’s paired ¢ test,
n=06). At the 6 h time point, JNK1 activity in control cells was
450 + 15 and this was significantly increased to 522 + 20 by
AB (P < 0.05, Student’s paired ¢ test, n =6). In contrast, cells
treated with Af for 18, 24 and 48 h had no observable increase in
JNKI1 activation. This result demonstrates the temporal nature of
the AB-mediated activation of JNK1. Although JNK1 activation
in response to Af occurs rapidly and is sustained for several
hours, the activation is decreased by 18 h. A sample immunoblot
illustrating the time-dependent activation of INK'1 by Af is shown
in Figure 1(D). Also shown is an immunoblot demonstrating that
total INK'1 protein expression is unaffected by AB.

In contrast, a different pattern of JNK2 activation by A was
observed. AB had no effect on JNK2 activity at the earlier time
points of 5 min—18 h; however, JNK2 activity was significantly
increased by Af at the later time points of 24 and 48 h (P <
0.05, Student’s ¢ test, n = 6; Figure 1C). A sample immunoblot
illustrating the time-dependent activation of INK2 by Af is shown
in Figure 1(D). Also shown is an immunoblot demonstrating that
total INK?2 protein expression is unaffected by AB. Itis to be noted
that significant basal activity of JNK2 is observed in untreated
cells; this is consistent with our immunocytochemical results,

© 2003 Biochemical Society
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Figure 1 Ap activates JNK1 and JNK2 within different time frames

(A) Cortical neurons were exposed to A (2 «M) for 1and 24 hand expression of phospho-JNK
was monitored by immunofluorescence. In untreated cells (i, iii) active JNK immunoreactivity
is apparent in a subpopulation of cells. In cells exposed to A for 1 h (ii) or 24 h (iv) more
intense phospho-JNK immunostaining is observed in the nucleus and in discrete areas within the
cytosol. Arrows indicate cells displaying phospho-JNK immunoreactivity. Scale bar = 20 m
(B) Cells were exposed to Af over a range of time points (5 min to 48 h) and phospho-JNK1
expression was monitored by Western-immunoblot analysis. AB caused a significant increase
in phospho-JNK1 expression at 5 min, 1and 6 h, but not at subsequent time points. Results
are means + S.E.M. from six independent observations. *P < 0.05, **P < 0.01. Statistical
analysis was performed using Student’s paired ¢ test. (C) Cells were incubated with AB over
a range of time points (5 min to 48 h) and phospho-JNK2 expression was monitored by
Western-immunoblot analysis. A caused a significant increase in phospho-JNK2 expression
at24and 48 h, but not at earlier time points. Results are means + S.E.M. from six independent
observations. *P < 0.05. Student's paired ¢ test was used for statistical analysis. (D) Sample
immunoblot demonstrating the AB-mediated increase in phospho-JNK1 expression with no
concomitant change in expression of phospho-JNK2 or non-phosphorylated forms of JNK1 or
JNK2 at (a) 5 min, 1 h, (b)6 hand(c) 24 and 48 h

where phospho-JNK immunoreactivity was detected in some
cells in the absence of Af. Basal JNK activity also has been
observed in other studies [31] and may reflect an endogenous role
for INK2 in regular cell physiology.

Effect of A3 on p53 mRNA and protein expression

Since p53 is a target for modulation by JNK [27], the ecffect
of AB on p53 expression and phosphorylation was examined
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Figure 2 Ap increases p53 expression and phosphorylation at Ser'

(R) Cells were exposed to AB (2 M) for 1 h and p53 expression was assessed by Western-
immunoblot analysis. AB evoked a significant increase in p53 expression. A sample immunablot
demonstrating the AB-mediated increase in p53 expression is shown as an inset. Results are
means + S.E.M. from six independent observations. *P < 0.05. Statistical analysis was
performed using Student's paired t test. (B) Cells were treated with A for a range of time
points (5 min to 18 h), total RNA was extracted and expression of p53 mRNA was examined
by PCR. A representative image of the ethidium bromide-stained gel is shown as an inset
No change in basal (lane 1) p53 mRNA expression was observed after treatment with Ag for
5 min (lane 2), 30 min (lane 3), 1 h (lane 4) or 18 h (lane 5). Results are means + S.EM
from six independent observations. (C) After incubation of the cells with Ag, the expression
of p53 phosphorylated on Ser'® was examined by Western-immunoblot analysis. A caused a
significant increase in phosphorylation of p53 at Ser'® at 5 minand 1 h. A sample immunoblot
demonstrating the AA-mediated increase in [phosphoSer'®Jp53 is shown as an inset. At
5 min, basal expression of [phosphoSer'®]p53 (lane 1) is increased by AS (lane 2). Similarly,
at 1 h, basal expression of [phosphoSer'®]p53 (lane 3) is increased by AS (lane 4). Results
aremeans + S.E.M. from eight independent observations. *P < 0.05, **P < 0.01. Statistical
analysis was performed using Student's paired ¢ test. (D) The effect of AA on phosphorylation of
p53at Ser*® was assessed by Western-immunoblot analysis. A had no effect on the expression
of p53 phosphorylated at Ser*2 at 5 minor 1 h. Asample immunoblot demonstrating the lack of
effect of AB on phosphorylation of p53 at Ser®* is shown as an inset. At 5 min, basal expression
of [phosphoSer*®]p53 (‘phospho-p53%3%2') (lane 1) is unaffected by Ag (lane 2). Similarly, at
1 h basal expression of [phosphoSer'®]p53 (‘phospho-p53*'®) (lane 3) is unaffected by AB
(lane 4). Results are means + S.E.M. from six independent observations

in the present study (Figure 2). Figure 2(A) demonstrates that
AB (2 uM, 1 h) evoked a significant 30 % increase in p53
protein expression from 905 + 78 (means + S.E.M.; arbitrary
units) to 1141 + 88 (P < 0.01, Student’s paired ¢ test, n =6).
This increase in p53 expression was not attributable to a
transcription event, since A had no modulatory effect on p53
mRNA expression at any of the time points examined (5 and
30 min, 1 and 18 h; Figure 2B). There was no time-dependent
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effect on basal levels of p53 mRNA expression and hence the
control data were pooled on the graph for clarity. Since
pS3 phosphorylation at Ser" can stabilize p53 by preventing
ubiquitin-mediated degradation [33], we examined the effect of
ApB on p53 phosphorylation using an antibody that recognizes
phospho-Ser'® on p53 (Figure 2C). AB significantly increased
expression of [phosphoSer'*]p53 from 587 + 55 to 1030 + 116
at S min (P < 0.01, Student’s paired ¢ test, n=8) and from
837 £ 19 to 1265 £ 118 at 1 h (P <0.05, Student’s paired
1 test, n=06). In contrast, A failed to induce phosphorylation
of p53 at Ser*” at these time points. This result suggests that Af
increases pS3 protein expression by stabilizing the p53 protein
via phosphorylation at Ser'*.

Depletion of JNK1 and JNK2 by antisense oligonucleotides

To examine the respective roles of JINK1 and JNK2 in the AB-
mediated modulation of pS3 stabilization, antisense technology
was employed. We first evaluated the effectiveness of the
selected antisense oligonucleotide sequences in down-regulating
expression of the JNK1 or JNK2 proteins using immunocyto-
chemistry and  Western-immunoblot analysis  (Figure 3).
Immunocytochemical analysis of JNK1 (Figure 3A, i and ii)
and JNK2 (Figure 3A, iii and iv) expression revealed intra-
cellular JNK1 and JNK2 immunoreactivity in control cells that
was markedly down-regulated in cells transfected with the re-
spective JNK1 and JNK2 antisense sequences. To quantify the
antisense-mediated depletion of the respective JNK isoforms,
Western-immunoblot analysis was employed. Figure 3(B) dem-
onstrates that there was no difference in JNKI expression in
untreated cells when compared with cells treated with the scram-
bled JNK1 control oligonucleotide. However, in cells treated
with the antisense JNK1 oligonucleotide for 48 h, INK1 expres-
sion was significantly decreased by 80 % (P < 0.01, Student’s
paired 1 test; compared with cells treated with JNK1 scrambled
oligonucleotide n=4). Figure 3(C) demonstrates an identical
result for INK2. However, in cells treated with the antisense JNK2
oligonucleotide for 48 h, INK2 expression was also significantly
attenuated. Sample immunoblots demonstrating the efficacy of
the JNKI and JNK2 antisense oligonucleotides in down-
regulating expression of INK1 and INK2 proteins respectively are
shown as insets in Figures 3(B) and 3(C). We also verified that the
JNK I antisense had no effect on JINK2 expression (Figure 3D) and
that the JNK2 antisense too had no effect on expression of
JNK1 (Figure 3E). These results demonstrate that the JNK1 and
JNK2 antisense sequences evoke a selective down-regulation in
expression of their respective target proteins.

We confirmed that this extent of INK depletion was sufficient to
abrogate AB-mediated JNK activation (Figures 3F and 3G). Since
the maximal activation of JNK1 and JNK2 occurred after 1 and
24 h treatment with AB respectively, the effect of INK depletion
on JNK 1 and JNK2 activation was examined at these time points.
For JNK 1 (Figure 3F) in scrambled oligonucleotide-treated cells,
AB (2 uM, 1 h) evoked a significant increase in expression of
phospho-JNK1 (P < 0.05, ANOVA; compared with cells treated
with JNK1 scrambled oligonucleotide alone, n = 6). However, in
JNK1 antisense oligonucleotide-treated cells, the basal expression
of activated phospho-JNK1 was 613 + 39, and 503 + 57 after
incubation with A (2 uM, 1 h, n=26), demonstrating that
the JNK1 antisense was effective in reducing the ApB-mediated
stimulation of JNK1 phosphorylation. Figure 3(G) demonstrates
that in cells treated with the JNK2 scrambled oligonucleotide,
expression of activated phospho-JNK?2 was significantly increased
by AB (2 uM,24 h; P <0.05, ANOVA; compared with cells
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Figure 3  Determination of the efficacy of the JNK antisense sequences in

down-regulating JNK1/JNK2 expression

() Cells were treated with either JNK1 or JNK2 antisense (2 M) for 48 h and the consequence
on JNK1 and JNK2 expression was examined by fluorescence immunocytochemistry using
monoclonal JNK1 or JNK2 antibodies. (i) In untreated cells, JNK1 expression was localized
throughout the cytoplasm with a high level of immunoreactivity at the inner plasma membrane;
(i) JNK1 immunostaining was significantly decreased in JNK1 antisense-treated cells; (iii) in
untreated cells, JNK2 expression was abundant in the cytosol and inner plasma membrane;
and (iv) JNK2 immunostaining was significantly decreased in JNK2 antisense-treated cells
Cells that have been successfully depleted of JNK are indicated by the arrows. Scale bar =
5 um. (B) Antisense-mediated depletion of JNK1 was quantified by Western-immunablot
analysis. The JNK1 scrambled sequence had no effect on JNK1 expression; however, the JNK1
antisense significantly decreased JNK1 expression by approx. 80 %. A sample immunoblot
demonstrating the JNK1 antisense-mediated depletion of JNK1 is shown as an inset. JNK1
is abundant in JNK1 scrambled-treated cells (lane 1) and JNK1 expression is down-regulated
in JNK1 antisense-treated cells (lane 2). Results are expressed as means + S.E.M. from four
observations. **P < 0.01. Student's paired ¢ test was used for statistical analysis. (C) Antisense-
mediated depletion of JNK2. The procedure is same as in (B). (D) Neither JNK2 scrambled nor
JNK2 antisense oligonucleotides had any effect on JNK1 expression. Results are expressed as
means (arbitrary units) + S.E.M. from four observations. (E) Same as in (D), but with JNK2. (F)
InJNK1 scrambled oligonucleotide-treated cells, AB (2 M, 1 h)retained the ability to stimulate
JNKT activity, as assessed by phospho-JNK1 expression. However, JNK1 antisense abrogated
the AB-mediated increase in JNK1 activity. Results are expressed as means + S.EM. from
six observations. **P < 0.05. Statistical analysis was performed using ANOVA. (G) In JNK2
scrambled oligonucleotide-treated cells, AB (2 M, 24 h) retained the ability to stimulate
JNK2 activity, as assessed by phospho-JNK2 expression. However, JNK2 antisense
abrogated the Ap-mediated increase in JNK2 activity. Results are expressed as
means + S.E.M. from six observations, **P < 0.05. Statistical analysis was performed using
ANOVA
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Figure 4 Depletion of JNK1 prevents the Ag-mediated stimulation of p53
phosphorylation

The consequence of JNK1 depletion on the ability of A to impact on p53 was examined
by Western-immunoblot analysis using an antibody that recognizes p53 phosphorylated
at Ser'. In control scrambled oligonucleotide-treated cells, Ag (2 uM, 1 h) significantly
increased [phosphoSer*®p53 expression. In contrast, JNK1 depletion prevented the AS-
mediated increase in [phosphoSer'®]p53 expression. Results are the means + S.E.M. from six
independent observations. **P < 0.05. Statistical analysis was performed using ANOVA

treated with JNK2 scrambled oligonucleotide alone, n=6).
However, in JNK2 antisense oligonucleotide-treated cells the
expression of activated phospho-JNK2 was unaffected by Ap
(2 uM, 24 h, n =6) and this result demonstrates that the JNK2
antisense had the capacity to reduce the A 8-mediated stimulation
of phospho-JNK2.

Having established the efficacy of the INK 1 and JNK2 antisense
sequences in depleting expression of their respective target
proteins and abrogating the stimulatory effect of A on JNKI
and JNK2 phosphorylation, we used the antisense approach to
determine the role of the JNK isoforms in A S-mediated activation
of p53 and induction of the apoptotic cascade.

JNK1 is involved in Ag-mediated phosphorylation of p53

Since JNK2 activation by A was only observed at the later time
point of 24 h, it seemed unlikely that JNK2 was involved in p53
phosphorylation, since the impact of Af on p53 occurred within
60 min. In contrast, Af-mediated activation of JNKI1 was an
earlier event that could potentially be upstream of p53 phos-
phorylation. Therefore the antisense approach was used to exam-
ine the role of INK I in the A8-mediated phosphorylation of p53 at
Ser'® (Figure 4). After treatment with A (2 uM, 1 h), phospho-
p53 expression is significantly increased from 84 + 1 (means +
S.E.M.; arbitrary units) to 109 + 8 (P <0.05, ANOVA; com-
pared with control cells, n = 8). Although the JNKI antisense
oligonucleotide alone had no effect on p53 phosphorylation, it
abolished the stimulatory effect of A on p53 phosphorylation
at Ser'. A sample immunoblot demonstrating that JNK1 anti-
sense abrogates the ApB-mediated increase in phospho-p53 ex-
pression in shown as an inset in Figure 4.

Thus this result provides evidence of a role for INKI in the
Ap-mediated phosphorylation of p33 at Ser'.

Role of JNK1 and JNK2 in Ag-mediated activation of apoptotic
cascade

A downstream consequence of JNK activation and p53
phosphorylation at Ser" is acommitment to the cell death pathway
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Figure 5 Consequences of JNK1 and JNK2 depletion on Ap-induced
activation on caspase 3 activation

() The percentage of cells displaying anti-active caspase 3 immunoreactivity was assessed
by immunocytochemistry. In cells that had not been treated with oligonucleotide (untreated),
AB (2 uM, 24 h) significantly increased the percentage of cells displaying active caspase 3
immunostaining by 40 %. In JNK1 scrambled oligonucleotide-treated cells, AS also evoked a
significant increase in active caspase 3 immunoreactivity. However, this effect was abrogated in
JNK1 antisense-treated cells. In contrast, neither the JNK2 scrambled nor the JNK2 antisense
oligonucleotide had any effect on the proclivity of AB to evoke the increase in active caspase 3
immunoreactivity. Results are the means + S.E.M. from six independent observations. **P <
0.05; * P < 0.05. (B) The effect of JNK1 and JNK2 depletion on the AB-mediated activation of
caspase 3 at 48 hwas assessed. Other details are the same asin (A). **P < 0.05; *+P < 0.06
All statistical analyses were performed using ANOVA.

[17,32]. Since ApB activates both JNK1 and JNK2 in cortical
neurons, the respective roles of INK1 and JNK2 in coupling Af8
with activation of the apoptotic cascade were examined using the
JNK1 and JNK2 antisense oligonucleotides. The components of
the apoptotic cascade that were examined in the present study
were activation of the caspase 3 and DNA fragmentation.
Caspase 3 activity was examined by immunocytochemistry
using an anti-active caspase 3 antibody. Figure 5(A) demonstrates
that in untreated cells, the percentage of cells displaying active
caspase 3 immunoreactivity was 18 + 2% (means = S.E.M.)
and this was significantly increased to 45 + 4 % after treat-
ment with AB for 24 h (P <0.05, ANOVA; compared with
untreated cells, n =6 coverslips). After transfection with the
JNK I scrambled oligonucleotide, the A 8-mediated stimulation of
caspase 3 was retained (P <0.05, ANOVA, n =06 coverslips).
In contrast, the JNKI antisense oligonucleotide significantly
decreased the ApB-mediated stimulation of caspase 3 activity
(P <0.05, ANOVA; compared with cells treated with Af +
JNK1 scrambled oligonucleotide, n =6 coverslips). Thus in
cells transfected with JNK1 antisense alone, the percentage of
cells with active caspase 3 immunostaining was 21 4 3 % and,
in cells treated with AB in the presence of JNKI antisense
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oligonucleotide, 24 + 4 % of cells displayed active caspase 3
immunoreactivity (n =6 coverslips). This result demonstrates
that JNK1 is pertinent in the Af-mediated activation of caspase
3 in cultured cortical neurons. In contrast, depletion of JNK2
had no effect on AfS-mediated activation of caspase 3 at 24 h.

Thus in cells treated with JNK2 antisense alone, 25 + 3% of

cells displayed active caspase 3 immunoreactivity and this was
significantly increased to 38 + 4% in JNK2-depleted cells
treated with AB for 24 h (P <0.05, ANOVA; compared with
cells treated with JNK2 antisense alone, n = 6). Since the Af-

mediated stimulation of JNK2 was retained after depletion of

JNK2, we conclude that INK2 is not involved in the A 8-mediated
activation of caspase 3 that is found to occur at the 24 h time point.

Since cells had to be incubated with AB for 24 h before
JNK2 activation was detected, our finding that JNK2 was not
involved in the Af-mediated activation of caspase 3 at 24 h is
not surprising. To determine whether JNK2 was involved in
caspase 3 activation at later time points, we repeated the
experiment by monitoring the effect of JNKI and JNK2
antisense on Apf-mediated activation of caspase 3 at 48 h, a
time point that would be downstream of JNK2 activation.
Figure 5(B) demonstrates that in untreated cells, the
percentage of cells displaying active caspase 3 immunoreactivity
was 13 + 3% (means + S.EIM.) and this was significantly
increased to 45 + 8% after treatment with AS for 48 h
(P <0.05, ANOVA; compared with untreated cells, n=6
coverslips). After transfection with the JNKI scrambled
oligonucleotide, the Af-mediated stimulation of caspase 3 was
retained (P < 0.05, ANOVA; n =6 coverslips). In contrast, the
JNK1 antisense oligonucleotide significantly decreased the AfS-
mediated stimulation of caspase 3 activity (P < 0.05, ANOVA;
compared with cells treated with Af + JNKI scrambled
oligonucleotide, n = 6 coverslips). Thus in cells transfected with
JNK antisense alone, the percentage of cells with active caspase 3
immunostaining was 19 + 4 % and, in cells treated with A in the
presence of INK1 antisense oligonucleotide, 25 + 4 % of cells
displayed active caspase 3 immunoreactivity (n =6 coverslips).
This result demonstrates that JNK1 is pertinent in the ApB-
mediated activation of caspase 3 in cultured cortical neurons
at 48 h. In contrast, depletion of JNK2 had no effect on AB-
mediated activation of caspase 3 at 48 h. Thus in cells treated
with JNK2 antisense alone, 13 + 6 % of cells displayed active
caspase 3 immunoreactivity and this was significantly increased
to 46 + 6 % in JNK2-depleted cells treated with Af for 48 h
(P < 0.05, ANOVA; compared with cells treated with JNK2
antisense, n=6). These results demonstrate that JNKI, and
not JNK2, is involved in the coupling of A with caspase 3
activation.

Role of JNK1 and JNK2 in Ag-mediated DNA fragmentation

One of the later stages in apoptosis is the fragmentation of
nuclear DNA. We have previously shown that A, 4, has no
effect on DNA fragmentation before 48 h, but a maximal 35 %
increase in DNA fragmentation is observed after exposure of
cortical neurons to Af, 4 for 72 h [8]; we therefore chose to use
that time point in the present study. The effect of Af on DNA
fragmentation was analysed by TUNEL and the roles of INK1 and
JNK2 in AB-mediated DNA fragmentation were assessed after
antisense-mediated depletion of the JNK1 and JNK2 isoforms
(Figure 6). In untreated cortical neurons, the percentage of cells
with fragmented DNA (TUNEL-positive cells) was 21 + 2%
(means + S.E.M.) and this was maximally increased to 52 +
8% by AB (72 h, 2 uM) (P < 0.05, ANOVA, n = 6 coverslips)

>

757
.
)
8 =
o
-Z 50
2
-l
Z
= 25+
=
R

3 con
0- W AR
untreated scrambled antisense scrambled antisense
JNK1 JNK2
1 il 11
N ERe—
» 5
¥ ¢l
_..t
v ¥y - Vi -
r. - —-— B
g .
-

Figure 6 Effect of JNK1 and JNK2 depletion on Apg-induced DNA
fragmentation

() The effect of JNK1 and JNK2 depletion on the ability of AB ('AB') to induce DNA fragmentation
(TUNEL-positive) was assessed. In untreated cells, AS significantly increased the percentage
of TUNEL-positive cells by 40 %. For JNK1 scrambled oligonucleotide, AS also evoked a signifi-
cant increase in TUNEL-positive cells; however, this effect was significantly decreased in JNK1
antisense-treated cells. Neither the JNK2 scrambled nor the JNK2 antisense oligonucleotides had
any effect on the proclivity of AA to evoke an increase in active DNA fragmentation. Results are
the means + S.E.M. from six independent observations. **P < 0.05; ** P < 0.05. Statistical
analysis was performed using ANOVA. con, control. (B) Representative TUNEL staining for cells
treated with (i) JNK1 scrambled oligonucleotide, (i) A8 + JNK1 scrambled oligonucleotide,
(iliyAB + JNK1 antisense oligonucleotide, (iv) JNK2 scrambled oligonucleotide, (v) A +
JNK2 scrambled oligonucleotide and (vi) AB + JNK2 antisense oligonucleotide. Scale
bar =20 um

as has been previously reported [5]. After transfection with the
JNK1 scrambled control oligonucleotide, the AfS-induced DNA
fragmentation was retained (P < 0.05, ANOVA, n = 6 coverslips).
In contrast, the JNK1 antisense oligonucleotide abolished the
Ap-mediated stimulation in DNA fragmentation. Thus in cells
transfected with JNK1 antisense oligonucleotide, the percentage
of cells with DNA fragmentation was 20 + 2 % in control cells
and 28 + 3 % in AB-treated cells. This result demonstrates that
JNKI is pertinent in the induction of DNA fragmentation by Af.
Since JNK1 was also found to have a role in the Af-mediated
activation of caspase 3, a key executioner of apoptosis, the INK1-
dependent DNA fragmentation probably involves caspase 3 as
an upstream component of this pathway. To determine the role
of JNK2 in Af-mediated DNA fragmentation, the cells were
transfected with the JNK2 antisense oligonucleotide. Figure 6
demonstrates that after depletion of INK2, A retained the ability
to evoke a significant increase in DNA fragmentation (P < 0.05,
ANOVA, n = 6). Thus JNK1 is the principal isoform involved in
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coupling A8 with activation of caspase 3 and DNA fragmentation
in cortical neurons.

DISCUSSION

The aim of the present study was to examine the roles of
JNK1 and JNK2 in Ap-mediated induction of the apoptotic
cascade in cultured cortical neurons. In the absence of a suitable
pharmacological inhibitor to distinguish between JNKI1- and
JNK2-mediated effects, antisense technology was employed to
cause a selective down-regulation in expression of JNK1 and
JNK2 to examine their respective roles in the apoptotic pathway.
Ap increased phospho-JNK expression in isolated cortical
neurons with activated JNK immunoreactivity being localized
to discrete regions within the nucleus and cytosol. This pattern
of distribution is consistent with the distribution of phospho-
JNK in response to other stress stimuli, where nuclear staining
may reflect the ability of JNK to regulate transcription of stress-
induced genes [33]. The punctate distribution of phospho-JNK
that we detect in the cytosol after exposure to Af may represent
mitochondrial targeting of JNK [34] or association of JNK
with cytosolic substrates such as p53 [28]. The results obtained
from Western-immunoblot analysis of cell lysates demonstrate a
differential temporal activation of JINK1 and JNK2 in cultured
cortical neurons. JNK1 was activated rapidly (within 5 min) by
AB and sustained for several hours. By 18 h, the AfB-mediated
activation of INK 1 had returned to basal levels, demonstrating the
temporal effectiveness of this signalling cascade. In contrast, Af
failed to induce an early activation of JNK2 but JNK2 activity was
increased by AB at the later time points of 24 and 48 h. The finding
that Af activates JINK1 and JNK2 within dissimilar time frames
suggests that INK1 and JNK2 may have distinct roles in cellular
stress responses to AS. Expression of p53 and phosphorylation
of pS3 at Ser' were increased by Ap. Phosphorylation of p53 at
Ser' has been reported as a proximal event in cellular apoptosis
[23] and the ability of Af to phosphorylate p53 was abolished in
JNK I-depleted cells. The effect of A on downstream apoptotic
events, namely caspase 3 activation and DNA fragmentation, was
also significantly attenuated after JNK1 antisense treatment. In
contrast, depletion of JINK2 had no effect on the ability of Af to
activate caspase 3 or induce DNA fragmentation.

Our finding that AB, 4 increases phospho-JNK expression
in cortical neurons agrees closely with the effects of other Ap
fragments in neuronal systems. A, ,, and Af,s 55 have been
reported to increase JNK activity in cortical neurons [13] and
AP, _s increases JNK phosphorylation in sympathetic neurons
and PC12 cells [14]. Although there are similarities in the effects
of different A peptides on the JNK pathway, it is to be noted that
the time frame for JNK activation varies considerably between
different AB peptide species. In the present study, we have
demonstrated that JNK1 is activated within 5 min of exposure
to AB, ., Whereas the Af-mediated activation of JNK2 is not
apparent until 24 h. In contrast, Af,s_ss increases JNK1 activity
at 4 h, but not at earlier time points [13], and Af,_,, causes peak
activation of both INK 1 and JNK2 within 2-6 hin PC12 cells [ 14].
It is therefore probable that temporal variations in JNK activation
may depend on the nature of the A fragment and cell type.

There has been much interest in the signalling events that
underliec AB-mediated induction of the apoptotic cascade. The
present study and the work of other groups [13,15] provide
evidence for AS impinging on the JNK signalling pathway.
Induction of the apoptotic cascade has been attributed to activation
of INK in several systems [32]. In support of a role for INK in A -
mediated cell death, synthetic inhibitors of JNK protect against

© 2003 Biochemical Society

ApB-mediated cell [13], although the exact nature of the JNK
isoforms that mediate the AS neurodegeneration remains to be
established. In the present study, we have successfully employed
antisense technology to cause a selective down-regulation in
expression of INK1 and JNK2 proteins. After antisense-mediated
down-regulation of INK1 and JNK2, the ability of Af to induce
phosphorylation of JNK1 and JNK2 was selectively abolished.
However, it was surprising that the antisense-mediated down-
regulation in JNK1/2 protein expression was not accompanied by
a reduction in basal phospho-JNK expression. This may reflect
endogenous activity of the residual JNK that remained after
antisense treatment or may be due to an enhanced stability of
the phosphorylated form of JNK. Since the selected antisense
oligonucleotides blocked ApB-mediated activation of each of the
JNK isoforms, this approach was used to elucidate the respective
roles of JNKI and JNK2 in the ApB-mediated induction of
apoptotic events such as phosphorylation of p53, caspase 3
activation and DNA fragmentation.

Our results demonstrate that Af,_y, increases p53 expression
and phosphorylation of p53 at Ser' in cortical neurons. Af
had no effect on p53 mRNA expression, although other
Ap fragments (i.e. ABs _35) have been found to increase p53
mRNA expression within 1-3 h of exposure to Af in murine
neurons [35]. Thus in the rat cortex, the increase in p53 expression
occurs in a transcription-independent manner. p53 has a short
half-life, which is prolonged in response to cellular stress [22].
Stress-mediated phosphorylation of p53 at residue 15 disrupts its
association with the oncoprotein, Mdm-2, preventing ubiquitin-
mediated degradation of p53 and thus stabilizing the p53 protein
[36]. The finding that AB rapidly phosphorylates p53 at Ser'
provides a mechanism for the Af-mediated increase in p53
expression. In contrast with the ability of AB to phosphorylate
p53 at Ser within 5-60 min, no phosphorylation of the
Ser*? epitope was observed at this time point. Phosphorylation
at Ser’®? occurs in response to DNA damage [37], but since Af
does not induce DNA damage until 48-96 h [8], phosphorylation
at Ser*”? would be unlikely to occur within the time frame (5-
60 min) used here. Thus phosphorylation of p53 at Ser' is an
carly event in A signalling that may serve to act as an upstream
event in the degenerative pathway. The evidence from the present
study and by others [16,21], supports an interaction between Af8
and p53. However, the mechanism of Ap-induced stabilization
of p53 remains to be elucidated. Several mechanisms for p53
stabilization have been proposed and these include caesin kinase
[38], DNA-activated kinase [39] and JNK [27,40]. Since we have
demonstrated that JNK1 is activated rapidly by A in cortical
neurons, we used selective antisense oligonucleotides to down-
regulate JNK1 expression to elucidate the role of JNK1 in Af-
mediated activation of p53. Depletion of JNK1 prevented the
Ap-mediated phosphorylation of p53 at Ser' and this result
demonstrates that INK 1 is upstream of p53. In non-neuronal cells,
JNK1 has also been shown to bind to and phosphorylate p53 [41],
although there is also evidence for activation of p53 in response
to DNA damage being upstream of JNK activation [42]. Thus
the interrelationship between JNK and p53 signalling probably
depends on the type of stress stimulus and status of the cell.
JNK2 and JNK3 can also serve as p53 N-terminal Ser** kinases in
response to cellular stress [40]. However, since the INK1 antisense
completely abrogated the AfS-mediated phosphorylation of p53
and Ap-mediated activation of JNK2 was only detected at the
later time points of 24—48 h, which was much later than the time
required to stabilize pS3, we conclude that INK2 was not pertinent
in the ApB-mediated activation of p53.

After phosphorylation at Ser'®, p53 can contribute to apoptosis
by inducing transcription of proapoptotic genes such as bax,
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leading to release of mitochondrial cytochrome ¢ and activation
of caspase 3, a key executioner of apoptosis [23]. Alternatively,
p53 may target directly to the mitochondria to induce a
transcription-independent apoptotic signal [43]. Thus potential
downstream consequences of JNK1-mediated activation of p53
include induction of caspase 3 and the appearance of apoptotic
hallmarks such as DNA fragmentation. After depletion of INKI,
the proclivity of Af to activate caspase 3 and induce DNA
fragmentation was significantly attenuated. JNK2 depletion had
no effect on the AfS-mediated activation of caspase 3 or increase
in DNA fragmentation and this suggests that INK1 is the principal
JNK isoform involved in A 8-mediated activation of the apoptotic
cascade. Although Af induced caspase 3 cleavage in this system,
it is important to note that the role of caspase 3 in Af-mediated
neurodegeneration remains a matter of debate. In cortical neurons,
a caspase 3 inhibitor has been found to protect neurons against
some aspects of Af-mediated cell death [44], whereas caspase 3
has been found to have no role in Af-mediated hippocampal
cell death [S]. The role of caspase 3 in A neurodegeneration
has therefore been proposed to be brain-region-specific [45]. Our
findings that JNK1 and JNK2 have distinct activation profiles
and different roles in the AB-mediated induction of the apoptotic
cascade highlights the complexity of INK signalling. In ischaemic
death, differential roles of JNKI and JNK2 have also been
reported [29] and there is evidence that the profile of JNK
activation is dependent on neuronal cell type and the applied
stress paradigm [46]. Furthermore, the use of jnk3 knockout mice
has identified a role for INK3 in Af-mediated neurotoxicity [15],
whereas in the present study, we found no evidence of JNK3
activation by Af, 4 (results not shown) and our result suggests a
prominent role for JNK1 in Af-mediated DNA fragmentation in
this system. This lends further support for the idea that the patterns
of INK signalling utilized by A are diverse and may be subject to
developmental factors. cell type and animal species. The present
study provides evidence for the 1-40 fragment of AS coupling
with JNK 1 upstream of cell death in the cortex and this is relevant
since AB,_4 1s detected in the mature senile plaque [2]. However,
the nature of the JNK isoform responsible for evoking cell death
by AB, ., the principal component of the plaque, remains to be
resolved.

In conclusion, Af induces phosphorylation of INK1 and JNK2
in cortical neurons with a distinct temporal pattern. Although
JNKI1 is pertinent in the Ap-mediated stabilization of p53,
activation of caspase 3 and induction of DNA fragmentation,
JNK2 is not involved in coupling Af with these apoptotic events.
An increase in phospho-JNK expression in the AD brain has been
reported [47] and our study indicates that JNK1 may contribute
to the pathology of the disease by activating p53 and inducing the
apoptotic cascade.
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Amyloid-B (Ap) is a major constituent of the neuritic
plaque found in the brain of Alzheimer’s disease pa-
tients, and a great deal of evidence suggests that the
neuronal loss that is associated with the disease is a
consequence of the actions of Ap. In the past few years,
it has become apparent that activation of c-Jun N-ter-
minal kinase (JNK) mediates some of the effects of A on
cultured cells; in particular, the evidence suggests that
Ap-triggered JNK activation leads to cell death. In this
study, we investigated the effect of intracerebroven-
tricular injection of AB,_,, on signaling events in the
hippocampus and on long term potentiation in Schaffer
collateral CA1 pyramidal cell synapses in vivo. We re-
port that AB,_,,, induced activation of JNK in CAl and
that this was coupled with expression of the proapo-
ptotic protein, Bax, cytosolic cytochrome ¢, poly-(ADP-
ribose) polymerase cleavage, and Fas ligand expression
in the hippocampus. These data indicate that A _,
inhibited expression of long term potentiation, and this
effect was abrogated by administration of the JNK in-
hibitor peptide, D-JNKI1. In parallel with these find-
ings, we observed that Ap-induced changes in caspase-3
activation and TdT-mediated dUTP nick-end labeling
staining in neuronal cultured cells were inhibited by
D-JNKI1. We present evidence suggesting that interleu-
kin (IL)-13 plays a significant role in mediating the ef-
fects of AB,_,0, because AB,_,,, increased hippocampal
IL-1p and because several effects of AB,_,,, were inhib-
ited by the caspase-1 inhibitor Ac-YVAD-CMK. On the
basis of our findings, we propose that Ap-induced
changes in hippocampal plasticity are likely to be de-
pendent upon IL-1p-triggered activation of JNK.

One of the pathological hallmarks of Alzheimer’s disease
(AD)! is an accumulation of plaques consisting predominately
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of amyloid-B (AB) peptide, which is processed from amyloid
precursor protein by the action of 8- and y-secretase (1). Neu-
ronal cell loss is one feature of AD, and evidence from analysis
of changes in cultured cells suggests that AB acts as the exe-
cutioner. Thus, neuronal cultures exposed to AB demonstrate
signs of apoptosis (2—4), and previous evidence from this labo-
ratory has revealed that cultured cortical neurons exposed to
AB,,_ 40, exhibited increased expression of the tumor suppres-
sor pb3; increased activation of caspase-3, a marker of apo-
ptotic cell death; and increased TUNEL reactivity (5). The
evidence is consistent with the idea that activation of the
stress-activated protein kinase, c-Jun N-terminal kinase (JNK)
played a significant role, because depletion of JNK1 following
exposure to antisense oligonucleotide prevented the effects of
AB (5). Similarly, Morishima et al. (6) reported that AS in-
creased phosphorylation of JNK and c-Jun in cultured cortical
neurons and that these changes were associated with expres-
sion of the death inducer Fas ligand (FasL). Others have re-
ported findings that support a role for JNK activation in me-
diating at least certain effects of AB. For instance, AB-induced
parallel increases in JNK activation and TUNEL reactivity in
PC12 cells (7), whereas activation of JNK was shown to be
localized to amyloid deposits in 7- and 12-month-old mice that
overexpress amyloid precursor protein (8).

It has emerged in several experimental models that in-
creased JNK phosphorylation is associated with deficits in
synaptic function; for instance, increased activation of JNK has
been reported in the hippocampi of aged rats (9, 10), rats
exposed to whole body irradiation (11), and rats injected with
the proinflammatory cytokine, interleukin (IL)-18 (12) or li-
popolysaccharide (13), and in all cases glutamate release was
decreased. In each of these experimental conditions, long term
potentiation (LTP), a model of synaptic plasticity, was mark-
edly impaired, and this impairment was coupled with an in-
creased hippecampal cencentration of IL-1p3.

A number of groups have reported that Ag administration
exerts an inhibitory effect on LTP. For instance, AB peptides
(14-16) and naturally secreted AB oligomers (17) inhibited
LTP in the CA1 region in vivo, and AB peptides also inhibit
LTP in dentate gyrus and the CA1 in vitro (18-21). Similarly,
a deficit in LTP was reported in aged mice that overexpress
amyloid precursor protein and in which deposition of Ap was
observed (22). In this study, we investigated the signaling

albumin; PBS, phosphate-buffered saline; HFS, high frequency stimuli;
EPSP, base-line excitatory postsynaptic potential; TUNEL, TdT-medi-
ated dUTP nick-end labeling; ANOVA, analysis of variance.
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events induced by AB,_,,, that might explain its impact on
LTP and report that activation of JNK is a pivotal event in
AB-induced inhibition of LTP and in Ag-induced cell death.

EXPERIMENTAL PROCEDURES

Preparation of AB—AB,,_ 4, (BioSource International) was made up
as a 1 mM stock solution in sterile water and allowed to aggregate for
48 h at 30°C as described previously (5). For treatment of cortical
neurons, aggregated ApB,_,,, was diluted to a final concentration of 2
uM in prewarmed neurobasal medium (NBM; Invitrogen). For analysis
of signaling events stimulated by AB, aggregated AB,_,,, at 37 °C was
injected intracerebroventricularly (5 ul; Inmol in sterile water). This
Ap preparation (and concentration) was adopted because it was shown
to produce consistent, reliable, and reproducible results in a number of
markers, suggesting that cell death occurred in cultured cells (5).

Animals—Groups of young male Wistar rats (200-300 g; Bio Re-
sources Unit, Trinity College, Dublin 2, Ireland), maintained at an
ambient temperature of 22-23 °C under a 12 h light-dark schedule,
were used in this experiment. The rats were anesthetized by intrap-
eritoneal administration of urethane (1.5 mg/kg) and were injected
intracerebroventricularly with either sterile water (5 ul) or AB_40).
6 h post-injection, the rats were killed by decapitation, the brains
were rapidly removed on ice, and area CAl was dissected free. The
tissue was cross-chopped (350 X 350 um) and frozen in Krebs solution
containing 10% Me,SO as previously described (23) until required for
analysis.

Analysis of JNK Phosphorylation, c-Jun Phosphorylation, Cytosolic
Cytochrome ¢ Expression, Bax Expression, FasL Expression, and PARP
Cleavage—JNK phosphorylation, c-Jun phosphorylation, and expres-
sion of Bax, cytosolic cytochrome ¢, PARP, and FasL were analyzed in
samples prepared from CA1 tissue using a method previously described
(13). In the case of JNK, c-Jun, FasL, and PARP, tissue homogenates
were diluted to equalize for protein concentration, and aliquots (100 ul,
2 mg/ml) were added to 100 ul of sample buffer (0.5 mm Tris-HCl, pH
6.8, 10% glycerol, 10% SDS, 5% B-mercaptoethanol, 0.05% bromphenol
blue (w/v)), boiled for 5 min, and loaded onto 10% SDS-PAGE gels. In
the case of cytochrome ¢, cytosolic fraction was prepared by homogeniz-
ing slices of hippocampus in lysis buffer (20 mm HEPES, pH 7.4, 10 mum
KCl, 1.5 mm MgCl,, 1 mm EDTA, 1 mm EGTA, 1 mu dithiothreitol, 0.1
mM phenylmethylsulfonyl fluoride, 5 pg/ml pepstatin A, 2 pg/ml leu-
peptin, 2 ug/ml aprotinin), incubating for 20 min on ice, and centrifug-
ing (15,000 % g for 10 min at 4 °C). The supernatant (i.e. cytosolic
fraction) was suspended in sample buffer to a final concentration of 300
ug/ml, boiled for 3 min, and loaded (6 pg/lane) onto 12% SDS-PAGE
gels. The pellet (i.e. mitochondrial fraction) was resuspended in sample
buffer to a final concentration of 300 wg/ml, boiled for 3 min, and loaded
(6 pg/lane) onto 12% SDS-PAGE gels. Bax expression was assessed in
the mitochondrial fraction. In all experiments the proteins were sepa-
rated by application of 32 mA constant current for 25-30 min, trans-
ferred onto nitrocellulose strips (225 mA for 90 min), and immuno-
blotted with the appropriate antibody. For JNK phosphorylation, the
proteins were immunoblotted with an antibody that specifically targets
phosphorylated JNK (1:300 in Tris-buffered saline (TBS)-Tween (0.05%
Tween 20) containing 0.1% BSA; Santa Cruz Biotechnology Inc.) for 2 h
at room temperature. The blots were stripped and stained for total
JNK. Nitrocellulose strips were probed with a mouse monoclonal IgG,
antibody (1:200; Santa Cruz Biotechnology Inc.) raised against a recom-
binant protein corresponding to amino acids 1-384 representing full-
length JNK1 of human origin. To assess phosphorylation of c-Jun, we
immunoblotted with a mouse monoclonal IgG, antibody (1:400 in PBS-
Tween (0.1% Tween 20) containing 2% nonfat dried milk) raised against
the peptide corresponding to a short amino acid sequence of phospho-
rylated c-Jun of human origin (Santa Cruz Biotechnology Inc.). To
assess cytoplasmic cytochrome ¢, a rabbit polyclonal antibody (1:250 in
PBS-Tween containing 2% nonfat dried milk; Santa Cruz Biotechnology
Inc.) raised against recombinant protein corresponding to amino acids
1-104 of cytochrome ¢ was used. In the case of FasL, we immunoblotted
with a rabbit polyclonal antibody (1:500 in TBS-Tween containing 1%
BSA; Santa Cruz Biotechnology Inc.) raised against a peptide corre-
sponding to a short amino acid sequence at the N terminus of FasL of
human origin. Bax expression was assessed in the mitochondrial frac-
tion using a mouse monoclonal IgG, antibody (1:200 in TBS-Tween
containing 1% BSA; Santa Cruz Biotechnology Inc.). To assess the
cleavage of PARP, we immunoblotted with an antibody (1:500 in PBS-
Tween (0.1% Tween 20) containing 2% nonfat dried milk) raised against
the epitope corresponding to amino acids 764-1014 of PARP of human
origin (Santa Cruz Biotechnology Inc.). All of the nitrocellulose strips
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were reprobed for actin expression to ensure equal loading of protein on
all SDS-PAGE gels. Actin expression was assessed using a mouse
monoclonal IgG, antibody (1:300 in PBS-Tween containing 2% nonfat
dried milk) corresponding to an amino acid sequence mapping at the C
terminus of actin of human origin (Santa Cruz Biotechnology Inc.).
Immunoreactive bands were detected as follows: peroxidase-conjugated
anti-mouse IgG (Sigma) and Supersignal chemiluminescence (Pierce)
for JNK, c-Jun, Bax, and actin and peroxidase-conjugated anti-rabbit
IgG (Sigma) and Supersignal (Pierce) for cytochrome ¢, FasL, and
PARP.

Induction of LTP in CAl in Vivo—Male Wistar rats (175-200 g;
Biomedical Facility, University College, Dublin, Ireland) were anesthe-
tized with urethane (1.5 mg/kg), placed in a stereotaxic frame, and
assessed for LTP as described previously (16). Small holes were drilled
in the skull to allow insertion of a guide cannula to facilitate intracere-
broventricular injection and to allow insertion of the reference, stimu-
lating, and recording electrodes. The recording electrode was positioned
in the stratum radiatum of area CA1 (3 mm posterior and 2 mm lateral
to bregma), and a bipolar stimulating electrode was placed in the
Schaffer collateral/commissural pathway distal to the recording elec-
trode (4 mm posterior and 3 mm lateral to bregma). The cannula was
positioned above the lateral ventricle in the opposite hemisphere to that
of the electrodes (1 mm posterior and 1.2 mm lateral to bregma). Test
shocks (0.033 Hz) were delivered to the Schaffer collateral/commissural
pathway, and base-line excitatory postsynaptic potentials (EPSPs), re-
corded at 35-40% of maximal response, were sampled for at least 30
min to allow the response to stabilize. Rats were then injected intrac-
erebroventricularly with either AB,_,,, (Inmol in 5 pl), the membrane
soluble JNK inhibitor D-JNKI1 (1 nmol in 5 ul), combined AB,_,,, and
D-JNKI1 (1nmol of each in 5 ul) or vehicle (5 ul sterile water); and
base-line recordings were monitored for a further 60 min before delivery
of a series of high frequency stimuli (HFS; 3 x 10 trains of 10 stimuli at
200Hz; intertrain interval, 20 s). Responses to test shock stimulation
were recorded for a further 5 h post-HFS, and deep body temperature
was maintained at 36.5 * 0.5 °C using heating pads. Paired pulse
facilitation with an interstimulus interval of 50 ms was also examined
preinjection, 1 h post-injection of drug/vehicle (prior to HFS), and 5 h
following HFS. Deep body temperature was maintained at 36.5 = 0.5 °C
using heating pads. Extracellular field potentials were amplified
(%100), filtered at 5 kHz, digitized, and recorded using MacLab soft-
ware. The EPSP slope was used to measure synaptic efficacy. EPSPs
are expressed as percentages of the mean initial slope measured during
the first 10 min of the base-line recording period.

Analysis of IL-1B Concentration—IL-1 concentration was analyzed
in homogenate prepared from CAl by enzyme-linked immunosorbent
assay (R & D Systems) and in supernatants prepared from cultured
cells as described below. Antibody-coated (100 ul; final concentration,
1.0 pg/ml; diluted in PBS, pH 7.3; goat anti-rat IL-1p antibody) 96-well
plates were incubated overnight at room temperature, washed several
times with PBS containing 0.05% Tween 20, blocked for 1 h at room
temperature with 300 ul of blocking buffer (PBS, pH 7.3, containing 5%
sucrose, 1% BSA, and 0.05% NaNj), and washed. IL-1p standards (100
ul; 0-1000 pg/ml in PBS containing 1% BSA) or samples (homogenized
in Krebs solution containing 2 mm CaCl,) were added, and incubation
proceeded for 2 h at room temperature. Secondary antibody (100 wl;
final concentration, 350 ng/ml in PBS containing 1% BSA and 2%
normal goat serum; biotinylated goat anti-rat IL-1B antibody) was
added and incubated for 2 h at room temperature. The wells were
washed, and detection agent (100 ul; horseradish peroxidase-conju-
gated streptavidin; 1:200 dilution in PBS containing 1% BSA) was
added and incubated continued for 20 min at room temperature. Sub-
strate solution (100 ul; 1:1 mixture of H,0, and tetramethylbenzidine)
was added and incubated at room temperature in the dark for 1 h, after
which time the reaction was stopped using 50 ul of 1 M H,SO,. Absorb-
ance was read at 450 nm, and the values were corrected for protein (24)
and expressed as pg IL-18/mg protein.

Preparation of Cultured Cortical Neurons—Primary cortical neurons
were isolated and prepared from 1-day-old Wistar rats (BioResources
Unit, Trinity College, Dublin 2, Ireland) and maintained in NBM as
previously described (5). The rats were decapitated, the cerebral corti-
ces were dissected, and the meninges were removed. The cortices were
incubated in PBS with trypsin (0.25 pg/ml) for 25 min at 37 °C. The
cortical tissue was then triturated in PBS containing soy bean trypsin
inhibitor (0.2 pg/ml) and DNase (0.2 mg/ml) and gently filtered through
a sterile mesh filter (40 wm). The suspension was centrifuged at 2000 X
g for 3 min at 20 °C, and the pellet was resuspended in warm NBM,
supplemented with heat inactivated horse serum (10%), penicillin (100
units/ml), streptomycin (100 units/ml), and glutamax (2 mm). The sus-
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pended cells were plated at a density of 0.25 % 10° cells on circular
10-mm diameter coverslips, coated with poly-L-lysine (60 pg/ml), and
incubated in a humidified atmosphere containing 5% CO,:95% air at
37 °C for 2 h prior to being flooded with prewarmed NBM. After 48 h, 5
ng/ml cytosine-arabinofuranoside was added to the culture medium to
suppress the proliferation of non-neuronal cells. The media were ex-
changed for fresh media every 3 days, and the cells were grown in
culture for up to 7 days prior to treatment. In one set of experiments the
neurons were incubated in the absence/presence of AB,_,, (2 uM in
NBM) for 72 h with or without caspase-1 inhibitor (100 nM in NBM;
Ac-YVAD-CMK; Calbiochem) or D-JNKI1 (1 uM in NBM; Alexis Bio-
chemicals). In the case of AB-treated neurones, the supernatant was
removed at 20 h, and IL-18 concentration was assessed. At 72 h, the
cells were rinsed in TBS and fixed in 4% paraformaldehyde in TBS for
immunohistochemical assessment of JNK phosphorylation, caspase-3
activation, and DNA fragmentation. The cells were incubated in
AB1_40, (2 uM) for 18 h for analysis of changes in gene expression. In a
second series of experiments, the neurons were incubated in the
absence/presence of IL-14 (5 ng/ml in NBM) with or without D-JNKI1
(1 umin NBM) for 18 h and harvested in lysis buffer (20 mm HEPES, pH
7.4, 10 mm KCl, 1.5 mm MgCl,, 1 mm EDTA, 1 mm EGTA, 1 mm
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 5 pg/ml pepstatin
A, 2 pg/ml leupeptin, 2 pg/ml aprotinin) for assessment of c-Jun phos-
phorylation and FasL expression.

Analysis of Bax mRNA and caspase-3 mRNA—Total RNA was ex-
tracted from cortical neurones using TRI reagent (Sigma). cDNA syn-
thesis was performed on 1 ug of total RNA using oligo(dT) primer as per
the manufacturer’s instructions (Superscript reverse transcriptase; In-
vitrogen). The RNA was treated with RNase-free DNase I (Invitrogen)
at 1 unit/ug of RNA for 15 min at 30 °C. Equal amounts of cDNA were
used for PCR amplification for a total of 28 cycles. Primers were pre-
tested through an increasing number of amplification cycles to obtain
reverse transcriptase-PCR products in the exponential range. In the
case of Bax mRNA expression following AB treatment primers used
were as follows: rat Bax, sense 5'-GCAGAGAGGATGGCTGGGGAGA-
3’, and antisense 5-TCCAGACAAGCAGCCGCTCACG-3' (25); rat
B-actin, sense 5'-GAAATCGTGCGTGACATTAAAGAGAAGCT and an-
tisense 5'-TCAGGAGGAGCAATGATGATCTTGA-3'". The cycling condi-
tions were 95 °C for 5 min followed by cycles of 95 C for 75 s, 52 °C for
75 s, and 72 'C for 90 s. A final extension step was carried out at 70 °C
for 10 min. These primers generated Bax PCR products of 352 base
pairs and B-actin PCR product of 360 base pairs. In the case of
caspase-3 mRNA expression following treatment with AB,_,, and Bax
mRNA expression following treatment with IL-13, multiplex PCR was
performed using the Quantitative PCR Cytopress detection kit (Rat
Apoptosis Set 2; BioSource International) generating caspase-3 PCR
products of 320 base pairs, Bax PCR products of 352 base pairs and
glyceraldehyde-3-phosphate dehydrogenase PCR product of 532 base
pairs. The cycling conditions were 94 °C for 1 min and 58 °C for 2 min.
A final extension step was carried out at 70 °C for 10 min. The PCR
products were analyzed by electrophoresis on 1.5% agarose gels, pho-
tographed, and quantified using densitometry. The target genes were
normalized to expression of p-actin or glyceraldehyde-3-phosphate de-
hydrogenase housekeeping genes. No observable change in B-actin or
glyceraldehyde-3-phosphate dehydrogenase mRNA was observed in
any of the treatment conditions

TUNEL Staining—Apoptotic cell death was assessed using the
DeadEnd colorimetric apoptosis detection system (Promega) according
to the manufacturer’s instructions. Briefly, cultured cortical neurones
were prepared from neonatal rats as described above and maintained in
NBM for 12 days before incubating in the absence/presence of A, 4,
(1 uM in NBM) for 72 h with or without caspase-1 inhibitor (100 n in
NBM) or D-JNKI1 (1 pm in NBM). Biotinylated nucleotide was incor-
porated at 3'-OH DNA ends by incubating cells with terminal de-
oxynucleotidyl transferase for 30 min at 37 °C. The washed cells were
incubated in horseradish peroxidase-labeled streptavidin and then in-
cubated in diaminobenzidine chromogen solution, and TUNEL-positive
cells were calculated as a proportion of the total cell number.

Immunohistochemical Staining for Phosphorylated JNK and Acti-
vated Caspase-3—Cultured cortical neurones were prepared from neo-
natal rats as described previously (5) and maintained in NBM for 12
days before incubating in the absence/presence of AB,,_,, (1 uM in
NBM) for 72 h with or without caspase-1 inhibitor (100 nM in NBM) or
D-JNKI1 (1 um in NBM). The cells were fixed in 4% paraformaldehyde
in TBS, permeabilized in 0.1% Triton containing 0.2% proteinase K,
washed in TBS, and refixed in 4% paraformaldehyde. The cells were
incubated with 2.5% (v/v) normal goat serum (Vector Laboratories) in
TBS. The blocking serum was removed, and the cells were incubated
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Fic. 1. Effect of AB on phosphorylation of JNK and c-Jun. JNK
(@) and c-Jun (¢) phosphorylation were significantly increased in hip-
pocampal tissue prepared from AB-treated rats compared with control
rats (*** p < 0.001; *, p < 0.05; Student’s ¢ test for independent means;
n = 5 for JNK and c-Jun, respectively (compare lanes 2 with lanes 1)).
Total JNK (b) was assessed to ensure equal protein loading, and no
significant difference was observed between groups. c-Jun blots were
stripped and reprobed for actin to ensure equal protein loading (see
second sample immunoblot in ¢).

overnight with either antiactive p-JNK (1:200 in TBS containing 2.5%
normal goat serum; Santa Cruz Biotechnology Inc.) or antiactive
caspase-3 (1:250 in TBS containing 2.5% (v/v) normal goat serum;
Promega) in a humidified chamber. The cells were washed in TBS and
incubated in the dark for 2 h at room temperature in either fluorescein
isothiocyanate-labeled goat anti-mouse IgG or IgM (1:100; Biosource) to
immunolabel p-JNK or L-rhodamine-labeled goat anti-rabbit IgG (1:
100; Biosource) to immunolabel active caspase-3. The cells were washed
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Fic. 2. Effect of D-JNKI1 on Ap-in-
duced impairment of LTP. a, LTP re-
corded up to 5 h post-HFS in two groups of 50

animals either injected intracerebroven-

tricularly with sterile water/vehicle as a
control () or with D-JNKI1 (@). The
black arrow indicates the time of intrac-
erebroventricular injection, and the open
arrow indicates the time of delivery of
HFS. The insets above show examples of
the corresponding EPSPs recorded prior
to HFS and 5 h post-HFS in control ani-
mals (1 + 3) and those receiving D-JNKI1
(2 + 4). b, LTP recorded 5 h post-HFS in
control animals ([J) and those injected in-
tracercbroventricularly with either Ap
(@) or AB+D-JNKI1 (A). The black arrow
indicates the time of intracercbroven-
tricular injection, and the open arrow in-
dicates the delivery of HFS. The insets
show EPSPs recorded prior to HFS and
5 h post-HFS in animals injected with AR
(5 + 7) or AB+D-JNKI1 (6 + 8).
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in TBS, mounted with an aqueous mounting medium (Vectastain; Vec-
tor Laboratories), and sealed. The slides were examined under a Zeiss
fluorescence microscope with the appropriate filter (fluorescein isothio-
cyanate: excitation, 495 nm, and emission, 525 nm; L-rhodamine: exci-
tation, 540 and 574 nm, and emission, 602 nm).

Statistical Analysis—The data are expressed as the means + S.E. A
one-way analysis of variance (ANOVA) was performed to determine
whether there were significant differences between conditions. When
this analysis indicated significance (at the 0.05 level), post hoc Student
Newmann-Keuls test analysis was used to determine which conditions
were significantly different from each other. A repeated measures
ANOVA was used to compare mean EPSP slopes at different time
points in the electrophysiological experiments. When comparisons were

6.5

Time (hours)

being made between two treatments, an unpaired Student’s ¢ test for
independent means was performed.

RESULTS

Fig. la shows a sample immunoblot in which a marked
increase in p-JNK was observed following intracerebroven-
tricular injection of AB;_,; assessment of the mean data
obtained from densitometric analysis revealed a statistically
significant increase in JNK phosphorylation induced by Ap
(p < 0.001; Student’s ¢ test for independent means; n = 5). In
contrast to the change in JNK phosphorylation, total JNK
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Fic. 3. D-JNKI1 reverses the Ap-induced inhibition of LTP. Mean percentage EPSP slopes in the 5-min period immediately following
tetanic stimulation (a) and in the first 5-min periods in each subsequent hour (b-f) were significantly lower in Ap-treated rats compared with
controls (*** p < 0.001; ANOVA). This inhibition was reversed by D-JNKI1 treatment from 2 h so that there was a significant difference between
mean EPSP slopes in Ap-treated and AB+D-JNKI1-treated rats (+++, p < 0.001; ANOVA).

expression was similar in Ap-treated and control rats as dem-  sample immunoblot shown in Fig. 1c¢ and the mean data ob-
onstrated in the sample immunoblot and the mean data (Fig. tained from densitometric analysis indicated that AB,_,, in-
1b). The Ap-induced increase in JNK phosphorylation was duced a marked increase in c-Jun phosphorylation (p < 0.05;
paralleled by the change in c-Jun phosphorylation; thus, the  Student’s ¢ test for independent means; n = 5). Protein loading
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was checked by reprobing immunoblots for actin, and the data
indicate that its expression was similar in samples prepared
from control and Ag-treated rats.

We argued that this Ag-induced increase in JNK activation
may contribute to the previously reported Ag-induced inhibi-
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Fic. 4. Effect of A on IL-18 concentration in hippocampus.
IL-18 concentration was significantly increased in hippocampus of AB-
treated rats compared with control (Con) rats (***, p < 0.001; Student’s
t test for independent means; n = 5).
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tion of LTP (16), and to assess this, rats were injected intrac-
erebroventricularly with AB,_,(, alone or in combination with
the peptide inhibitor, D-JNKI1. Fig. 2a shows that, in control
rats tetanic stimulation led to an immediate and persistent
increase in EPSP slope (p < 0.001; ANOVA); treatment with
D-JNKI1 (Inmol) did not significantly affect this change. In
contrast, intracerebroventricular injection of AB,_,,, inhibited
LTP (p < 0.001; ANOVA, Fig. 2b); the effect was observed
immediately such that the mean percentage change in the
EPSP slope in the 5 min immediately following tetanic stimu-
lation was significantly reduced in AB-treated compared with
control rats (p < 0.01; ANOVA; Fig. 3a). The AB-associated
change persisted so that the mean percentage changes in EPSP
slopes in the final 5-min period of each hour were also signifi-
cantly reduced in Ap-treated rats compared with control ani-
mals (*** p < 0.001 in all cases; ANOVA; Fig. 3, b-f). Co-
injection of D-JNKI1 and AB,_,, reversed the inhibitory effect
of AB(;_40) (Fig. 2b), but this effect was not apparent until 2 h
after tetanic stimulation (+++, p < 0.001; ANOVA; Fig. 3, b-).
The mean percentage EPSP slopes at 05 min post-tetanus were
significantly reduced in rats treated with Ag and D-JNKI1 com-
pared with control rats (p < 0.001; ANOVA; Fig. 2b). The results
from paired pulse facilitation experiments found that there was
no significant change in paired pulse facilitation observed either
between groups of animals or preinjection compared with 1 h
post-injection or 5 h following HFS. This indicates that at the
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Fic. 5. Effects of Ap on Bax, cytochrome ¢, and FasL expression and PARP cleavage. A induced a significant increase in mitochondrial
Bax expression, cytosolic cytochrome ¢ expression, cleavage of PARP, and FasL expression (*, p < 0.05; **, p < 0.01; Student’s ¢ test for independent
means; n = 5, compare [ane 2 with lane 1 in all cases). All of the blots were stripped and reprobed with actin to ensure equal protein loading (see
second sample immunoblots in a-d). Con, control.
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Fic. 6. Effects of A and IL-18 on Bax and caspase-3 mRNA in
vitro. The cells were treated with Ag (2 uM), total RNA was extracted,
and expression of Bax (a) and caspase-3 (b) mRNA was examined by
PCR. AB evoked a significant increase in Bax and caspase-3 mRNA
expression. Representative images of the ethidium bromide-stained
gels are shown in the insets. The results are the means = S.E. for six
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doses used here, AB,_4,, and D-JNKI1 do not alter neurotrans-
mitter release, suggesting a postsynaptic site for the modulation
of LTP observed in our experiments.

The findings of several studies have indicated that enhanced
JNK phosphorylation in the hippocampus is coupled with en-
hanced IL-1B concentration and impaired LTP (9, 12, 25);
therefore we considered that the effect of AB,_,,, might be
mediated by IL-1p. Fig. 4 shows that the concentration of IL-13
in hippocampus was significantly increased in hippocampus of
Ap-treated rats compared with control rats (p < 0.001; Stu-
dent’s ¢ test for independent means; n = 5).

Our findings from a previous study (11) linked activation of
JNK with translocation of cytochrome ¢ from mitochondria,
suggesting that the patency of the mitochondrial membrane
was affected by JNK activation. In an effort to address this
question, we assessed expression of the pro-apoptotic protein
Bax in a mitochondrial fraction and cytochrome ¢ in a cytosolic
preparation obtained from control and Ap-treated rats. The
sample immunoblot shown in Fig. 5a indicates that AB_,0,
increased expression of Bax, and densitometric analysis re-
vealed that the mean value in samples prepared from ApB-
treated rats was significantly enhanced compared with that in
control rats (p < 0.05; Student’s ¢ test for independent means;
n = 5). The sample immunoblot and mean data in Fig. 5b
indicate that cytochrome ¢ expression in cytosolic samples pre-
pared from AB-treated rats was enhanced compared with sam-
ples from control rats; comparison of mean values indicated
that the difference was statistically significant (p < 0.05; Stu-
dent’s ¢ test for independent means; n = 5). A similar pattern
was observed in terms of expression of the intact fragment (116
kDa) of PARP; Fig. 5¢ shows one sample immunoblot and the
mean data indicating that AB,_,., significantly decreased ex-
pression of 116-kDa PARP in hippocampal tissue prepared
from AB-treated rats (p < 0.05; Student’s ¢ test for independent
means; n = 5). It is considered that, in addition to increased
Bax expression, cytosolic cytochrome ¢ expression, and PARP
cleavage, expression of FasL is indicative of apoptotic cell
death, and, in parallel with the increases in Bax expression,
cytosolic cytochrome ¢ expression and PARP cleavage, AB(,_40,
significantly enhanced expression of FasL (p < 0.01; Student’s
t test for independent means; n = 5; Fig. 5d), and in the case of
Bax, cytochrome ¢, PARP, and FasL, equal protein loading was
confirmed by reprobing for actin.

The AB-associated increase in Bax protein was mirrored by
an AB-induced increase in Bax mRNA in cultured cortical neu-
rons as shown by the sample gel and by analysis of the mean
data indicating that the difference between expression in Ag-
treated and control cultured cells reached statistical signifi-
cance (p < 0.05; Student’s ¢ test for independent means; n = 5;
Fig. 6a). Fig. 6¢ shows that IL-18 induced a similar increase in
Bax mRNA; the increase shown in the sample gel reflected the
mean changes, which revealed a significant IL-1B-induced in-
crease (p < 0.05; Student’s ¢ test for independent means; n = 5).
Consistent with the evidence that A ,_,,, induces cell death is
the finding that it also increased caspase-3 mRNA in cortical
cells (Fig. 6b).

We addressed the question of whether IL-18 might mediate
some of the actions of AB by investigating the effect of AB,_,,
on IL-1B concentration and also on JNK phosphorylation,
caspase-3 activation, and TUNEL staining in cortical neuronal
cells in the presence or absence of the caspase-1 inhibitor,

independent observations. In cells treated with IL-18 (5 ng/ml) (¢), a
significant increase in Bax mRNA expression was observed. A repre-
sentative image of the ethidium bromide-stained gel is shown as an
inset. The results are the means = S.E. for six independent observations
(*, p < 0.05). Con, control.
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Fic. 7. Effects of Ac-YVAD-CMK and D-JNKI1 on Ap-induced increases in IL-1B concentration and activation of JNK, caspase-3,
and DNA fragmentation. IL-13 concentration was assessed in supernatant from cells incubated in the absence/presence of A with or without
caspase-1 inhibitor (Ac-YVAD-CMK) 20 h post-treatment. The mean values for IL-18 concentration (a) show a significant increase in Ap-treated
cells compared with control (Con) cells (*, p < 0.05; ANOVA; n = 4). Pretreatment with Ac-YVAD-CMK reversed the AB-induced increase in IL-18
concentration so that values were similar to those in control groups. JNK phosphorylation (b), caspase-3 activation (c), and TUNEL reactivity (d)
were significantly increased in Ap-treated cells compared with control cells. Ac-YVAD-CMK reversed the AB-induced increase in all of these.
D-JNKI1 reversed the Ap-induced increase in caspase-3 activation and TUNEL reactivity.

Ac-YVAD-CMK. Fig. 7a indicates that incubation of cells in the
presence of AB,_,, significantly increased IL-18 in superna-
tant (p < 0.05; ANOVA; n = 4), and this effect was inhibited by
co-incubation in the presence of Ac-YVAD-CMK. The cultured
cells were stained with an antibody that identified the phos-
phorylated form of JNK, and Fig. 7b shows that AB,_,, in-
duced a marked increase in the number of cells staining posi-
tively for phosphorylated JNK; significantly,
AB(;_40) wWas abolished by co-incubation of cultures in the
presence of AB,_,, and the caspase-1 inhibitor. Similarly,
AB,_40) markedly increased the number of cells that stained
positively for activated caspase-3 (Fig. 7c¢) and for TUNEL (Fig.
7d), and these changes were abolished by co-incubation of cells
in the presence of AB.,_,, and the caspase-1 inhibitor,
Ac-YVAD-CMK. In an effort to establish whether JNK activa-
tion contributed to the effects induced by AB,_,,, neuronal
cells were treated with AB,_,,, alone or in combination with

this effect of

D-JNKII1. Fig. 7 (¢ and d) indicates that inhibition of JNK
abolished the AB-associated increase in the number of cells
that stained positively for activated caspase-3 and TUNEL.

To confirm the finding that IL-18 mimics at least some of the
effects of AB;_,0), cultured cortical neurons were incubated
with IL-1B in the presence or absence of D-JNKI1 and the cell
lysates assessed for activation of c¢-Jun and for expression of
FasL. Fig. 8« indicates that IL-18 enhanced c¢-Jun phosphoryl-
ation, and analysis of the mean data indicated that the IL-1p8-
induced effect was statistically significant (p < 0.05; ANOVA;
n = 2); the increase in c-Jun phosphorylation was abrogated by
co-incubation in the presence of D-JNKI1. Similarly, IL-18
significantly increased expression of FasL (Fig. 8b; p < 0.05;
ANOVA; n = 4), and this effect was also abrogated by co-
incubation in the presence of D-JNKI1. In both cases, equal
protein loading was confirmed by reprobing blots for actin
expression.
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Fic. 8. Effect of D-JNKI1 on IL-1g-induced activation of c-Jun
and FasL expression. The IL-18-induced increases in c-Jun phospho-
rylation (a) and FasL expression (b) were abrogated by D-JNKI1. IL-18
(5 ng/ml) significantly increased c-Jun phosphorylation (*, p < 0.05;
ANOVA; n = 2) and FasL expression (*, p < 0.05; ANOVA; n = 4;
compare lanes 2 and I in sample immunoblots), and these effects were
blocked by D-JNKI1 (compare lanes 3 and 1), which alone exerted no
effect (compare lanes 4 and 1). The blots were stripped and reprobed for
actin to ensure equal protein loading, and no significant differences in
actin expression among the groups were observed (second sample im-
munoblot in a and b). Con, control.

DISCUSSION

We report that AB,_,, induces an increase in IL-18 in
hippocampal tissue and in neuronal cell cultures and that this
increase, in combination with enhanced activation of JNK,
mediates the inhibitory effects of AB,_,o, on LTP in CA1 and
the Ap-induced activation of cell death events. Intracerebro-
ventricular injection of AB,_,, led to a marked increase in
phosphorylation of JNK in the hippocampus, coupled with a
parallel increase in c-Jun phosphorylation. These observations,
which we believe are the first such findings in vivo, bear a
marked similarity to those described by Morishima et al. (6),
who reported that AB induced activation of JNK and c-Jun in
cortical neurons. A number of previous studies have indicated
that an inverse correlation exists between JNK phosphoryla-
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tion and LTP expression; for example impaired LTP is coupled
with JNK phosphorylation in the hippocampus of aged rats (9),
rats treated with lipopolysaccharide (13, 26) or IL-18 (12), and
rats exposed to y-irradiation (11). Consistently, LTP is restored
when the increase in JNK phosphorylation is blocked, for ex-
ample by IL-10 (26), by inhibition of caspase-1 (13), or by
treatment with eicosapentaenoic acid (11). The present find-
ings demonstrate that LTP in area CAl of the hippocampus
was profoundly inhibited by AB,_,,, administration and that
this inhibition was abrogated by D-JNKI1, providing another
example of the inverse correlation between JNK activation and
LTP. The Ap-induced inhibition of LTP supports previous re-
ports in CA1 in vivo (15-17) and in dentate gyrus in vitro (20,
21, 27) but provides the first demonstration of an effect of
AB_40) on LTP that is dependent on JNK activation. The
evidence presented indicates that the effect of D-JNKI1 is not
immediate but rather becomes evident after 2 h. The mecha-
nism by which A inhibits LTP may derive from the ability of
AB to induce cell death in hippocampus, and this is supported
by the finding that DJNKI1 inhibits these changes and, in
parallel, suppresses Ap-induced inhibition of LTP. These find-
ings also indicate a pivotal role for JNK activation in the events
triggered by AB. Thus, we present several findings indicating
that the AB-stimulated increase in JNK phosphorylation is
paralleled by several changes that are hallmarks of cell death.
For example, AB treatment enhanced phosphorylation of ¢-Jun
in the hippocampus, which is a downstream consequence of
JNK activation and which has been shown to play a significant
role in triggering neuronal apoptosis in a variety of cells in vitro
(28-30). Similarly, increased Bax expression, cytosolic expres-
sion of cytochrome ¢ and PARP cleavage, as well as caspase-3
activation and Fas ligand expression were observed in tissue
treated with AB, whereas DJNKI1 prevented all of these ac-
tions, suggesting that sequential activation of JNK and c-Jun
triggers apoptotic changes in hippocampus. Increased Bax
translocation to mitochondria has been identified as an impor-
tant factor in triggering AB-induced changes (31-34), because
it reduces the patency of the mitochondrial membrane and
leads to the release of proteins normally contained within the
intermembrane space, like cytochrome ¢ (35, 36); in turn, the
presence of cytochrome ¢ in cytoplasm initiates caspase-3 acti-
vation, which results in apoptosis (37). Interestingly cell death
induced by treatment of neuroblastoma cell lines with AB,;_49,
was associated with activation of JNK and caspase-3, and
because the apoptotic changes were attenuated by caspase-3
inhibition or by overexpression of a dominant-negative mutant
of SEK1, it was concluded that activation of both caspase-3 and
JNK significantly contributed to AB-induced apoptosis in these
cells (38). The present findings concur with these data because
D-JNKI1 prevented all AB-induced apoptotic changes investi-
gated, and they are also consistent with several findings indi-
cating that JNK phosphorylation is a pivotal event in the
induction of AB-stimulated cell death (6, 7, 39).

Several observations have contributed to the development of
the idea that FasL expression and consequently Fas activation
play a role in neurodegeneration, and we report that increased
hippocampal expression of FasL accompanied the Ag-induced
increases in JNK phosphorylation, cytochrome ¢ translocation,
PARP cleavage, and caspase-3 activation and that these
changes were abrogated by D-JNKI1. These data suggest that
in the hippocampus a causal relationship between these factors
exists that has been shown previously in experimental ische-
mic injury (28, 40, 41), Parkinson’s disease, and Down’s syn-
drome (42-44). Specifically, activation of the JNK cascade has
been shown to play a significant role in FasL expression that
mediates cell death in cortical neurons (6), PC12 cells (30), and
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epithelial and lymphoid cells (45, 46), whereas Fas-Fc, which
prevents Fas binding to FasL, protects cells from apoptotic cell
death (47, 48). Significantly, increases in JNK and c-Jun phos-
phorylation and expression of FasL are found in association
with apoptotic neurons that are detected in the AD brain (2,
42-44, 49, 50), suggesting that activation of the JNK-c-Jun-
FasL signaling cascade may mediate AB-induced neuronal cell
death. Indeed the finding that JNK activation is detected in
degenerating neurons in AD brains has led to the hypothesis
that JNK activation plays a key role in neuronal loss in AD
(51, 52).

We demonstrate that AB treatment increased in IL-18 con-
centration in hippocampus in vivo and cortical neurons in vitro.
Interestingly the AB-induced increase in IL-18 concentration
observed in cortical neurons was blocked by co-incubation of
cells in the presence of the caspase-1 inhibitor Ac-YVAD-CMK.
The AB-induced increases in activation of JNK and caspase-3
and in TUNEL staining were also inhibited by Ac-YVAD-CMK,
consolidating a role for IL-18 in AB-induced changes. A link
between AB and IL-13 has been described in other studies; for
example, AB has been shown to stimulate production of proin-
flammatory cytokines, like IL-18 from differentiated human
monocytes and from a microglial cell line (53), whereas IL-13
was induced in reactive astrocytes surrounding Ag-containing
deposits in 14-month-old transgenic mice that overexpress hu-
man amyloid precursor protein (54). Interestingly, astrocytic
overexpression of S1008, a component of Ap-containing
plaques, has been reported to be triggered by IL-18 (55). Con-
sistently, several reports have provided evidence demonstrat-
ing a role for [L-1p in the etiology of AD based largely on the
finding that IL-18 expression in different brain areas in AD
and also in the cerebrospinal fluid of AD patients (56 -58), and
it has been shown that a common polymorphism in IL-1B (the
gene encoding IL-1B) is associated with a 4-fold increase in
IL-18 production and an associated increased risk of the dis-
ease (55). Of particular significance are our observations that
the inhibitory effect of Ac-YVAD-CMK on Ap-induced changes
is closely paralleled by similar effects of D-JNKI1 and that
D-JNKI1 also inhibited IL-1p-triggered changes in c-Jun phos-
phorylation and Fasl. expression.

Several studies have revealed that increased hippocampal
[L-1B concentration, paralleled by increased JNK activation,
exerts an inhibitory effect on LTP (9, 12), and these changes,
both of which are induced by A, undoubtedly contribute to the
deficit in LTP observed here. Coupled with these changes are
the downstream consequences of enhanced IL-18 and JNK
activation on cell viability, and we therefore conclude that the
Ap-induced deficit in LTP is a consequence of activation of
cellular cascades induced by IL-18 and JNK that lead to cell
death.
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Tetrahydrocannabinol-induced neurotoxicity depends on CB,
receptor-mediated c-Jun N-terminal kinase activation in cultured

cortical neurons

'"Eric J. Downer, "Marie P. Fogarty & *'Veronica A. Campbell
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1 A’-Tetrahydrocannabinol (THC), the main psychoactive ingredient of marijuana, induces
apoptosis in cultured cortical neurons. THC exerts its apoptotic effects in cortical neurons by
binding to the CB, cannabinoid receptor. The CB, receptor has been shown to couple to the stress-
activated protein kinase, c-Jun N-terminal kinase (JNK). However, the involvement of specific JNK
isoforms in the neurotoxic properties of THC remains to be established.

2 The present study involved treatment of rat cultured cortical neurons with THC (0.005-50 uM),
and combinations of THC with the CB, receptor antagonist, AM 251 (10 uM) and pertussis toxin
(PTX; 200 ngml™"). Antisense oligonucleotides (AS) were used to deplete neurons of INK 1 and JNK2
in order to elucidate their respective roles in THC signalling.

3 Here we report that THC induces the activation of JNK via the CB, receptor and its associated G-
protein, G;,,. Treatment of cultured cortical neurons with THC resulted in a differential timeframe of
activation of the JNK1 and JNK2 isoforms.

4 Use of specific INK I and JNK2 AS identified activation of caspase-3 and DNA fragmentation as
downstream consequences of JNK1 and JNK2 activation.

5 The results from this study demonstrate that activation of the CB, receptor induces JNK and
caspase-3 activation, an increase in Bax expression and DNA fragmentation. The data demonstrate
that the activation of both JNK1 and JNK2 isoforms is central to the THC-induced activation of the

apoptotic pathway in cortical neurons.
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Keywords: A’-Tetrahydrocannabinol; antisense; c-Jun N-terminal kinase; apoptosis; caspase-3; bax
Abbreviations: AS, antisense oligonucleotides; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; SC,
scrambled control oligonucleotides; THC, A’-tetrahydrocannabinol; TUNEL, terminal deoxynucleotidyltransfer-
ase-mediated biotinylated UTP nick end labelling
Introduction

A’-Tetrahydrocannabinol (THC), the predominant psychoac-
tive ingredient in preparations of marijuana (Cannabis saliva),
exerts a broad spectrum of central effects, such as alterations
in cognition (Howlett, 1990) and impairment of short-term
memory consolidation (Abood & Martin, 1992). THC exerts
these effects by binding to G-protein-coupled receptors
(Howlett, 1995). While two different subtypes of cannabinoid
receptor have been characterised from mammalian tissues, CB,
(Matsuda et al., 1990) and CB, (Munro et al., 1993), the CB,
receptor 1s associated with brain regions responsible for
mediating the psychoactive effects of THC, such as the cortex
and hippocampus (Twitchell et al., 1997; Tsou et al., 1998).
At a cellular level, THC has been shown to modulate a
number of neuronal functions, including ion channel activity
(Turkanis et al., 1991; Mackie er al., 1995; Twitchell et al.,
1997) and neurotransmitter release (Shen er al., 1996; Gessa
et al., 1998; Jentsch er al., 1998), and there is increasing
evidence suggesting a role for THC in the regulation of
neuronal viability. THC has a toxic effect on cultured

*Author for correspondence; E-mail: vacmpbll@ ted.ic

hippocampal neurons (Chan er al, 1998), glioma cells
(Sanchez et al., 1998) and cortical neurons (Campbell, 2001),
and inhibits glioma cell growth in vivo (Galve-Roperh et al.,
2000). In contrast, there is also evidence that THC and other
cannabinoids act as neuroprotectants in certain systems.
Cannabinoid receptor agonists are neuroprotective in excito-
toxic cell death in vivo (Panikashvili er al., 2001; van der Stelt
et al., 2001) and in vitro (Shen & Thayer, 1998; Abood et al.,
2001), which is dependent on CB, receptor activation.
Furthermore, cannabinoids have been shown to protect
cultured neurons against glutamate-induced toxicity (Hamp-
son et al., 1998) and in vitro hypoxia and glucose deprivation
(Nagayama er al., 1999). However, the precise role of the
cannabinoid receptors in regulating neuronal viability is
poorly understood, although some of the in vitro protective
effects of cannabinoids (Hampson et al., 1998; Nagayama
et al., 1999) are receptor-independent while the neurotoxic
effects of THC on cortical (Campbell, 2001) and hippocampal
(Chan et al., 1998) cultures are blocked by CB, receptor
antagonists.

We have recently reported that THC activates the caspase-3
cell death pathway in cultured cortical neurons, resulting in
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DNA fragmentation and programmed cell death (Campbell,
2001). Furthermore, we have shown that the activation of the
central CB, cannabinoid receptor is vital in the execution of
this cell death cascade (Downer er al., 2001). It has been
established that the CB, receptor couples to several signal
transduction pathways (Dill & Howlett, 1988; Bouaboula et al.,
1995; Bouaboula er al., 1996; Sanchez er al., 1998; Gomez del
Pulgar et al., 2000; Derkinderen et al., 2001) including the
stress-activated protein kinase pathway (Rueda er al., 2000).
While there is growing evidence that the c-Jun N-terminal
kinase (JNK) pathway is central to cell death in the nervous
system (Mielke & Herdegen, 2000), the role of JNK in the CB,
receptor-dependent induction of neuronal apoptosis remains
to be established. The present work was therefore undertaken
to examine the nature of the link between the CB, receptor,
activation of JNK and downstream apoptotic consequences in
cultured cortical neurons. Furthermore, three JNK isoforms,
JNKI1, JNK2 and JNK3, have been identified in the
mammalian brain (Gupta et al., 1996), and current commer-
cially available JNK inhibitors are unable to distinguish
between JNKI-, JNK2- and JNK3-mediated effects. We
therefore treated neurons with specific antisense oligonucleo-
tides (AS) that target rat JNK1 or JINK2 mRNA in order to
investigate the upstream roles of these JNK isoforms in the
THC-induced activation of caspase-3 and subsequent DNA
fragmentation.

Methods
Culture of cortical neurons

Primary cortical neurons were prepared from 1-day-old Wistar
rats and maintained in neurobasal medium (Gibco BRL,
Paisley, U.K.). Rats were decapitated, the cerebral cortices
dissected and the meninges removed. The cortices were
incubated in phosphate-buffered saline (PBS) with trypsin
(0.25 ugml™") for 25min at 37°C. The cortical tissue was then
triturated ( x 5) in PBS containing soyabean trypsin inhibitor
(0.2ugml™") and DNAse (0.2mgml ') and gently filtered
through a sterile mesh filter (40 um). The suspension was
centrifuged at 2000 x g for 3min at 20°C and the pellet
resuspended in warm neurobasal medium, supplemented with
heat-inactivated horse serum (10%), penicillin (100 Uml™"),
streptomycin (100 Uml™") and glutamax (2mM). Suspended
cells were plated at a density of 0.25 x 10° cells on circular
10mm diameter coverslips, coated with  poly-L-lysine
(60 ugml™"), and incubated in a humidified atmosphere
containing 5% CO,:95% air at 37°C for 2h prior to being
flooded with prewarmed neurobasal medium. After 48h,
Sngml ' cytosine-arabino-furanoside was added to the culture
medium to suppress the proliferation of non-neuronal cells and
maintain the purity of the cortical neuronal culture. This
ensures that microglia and astrocyte contamination is less than
5% in culture preparations. Medium was exchanged for fresh
medium every 3 days and cells were grown in culture for up to
14 days.

Oligonucleotide treatment

JNK antisense (AS) and scrambled control (SC) phosphor-
othioated oligonucleotides were synthesized by Biognostik

(Gottingen, Germany). The sequences used were according to
previously published work (Hreniuk er al., 2001) and are
complementary to the mRNA encoding rat JNK1 and JNK2
protein: JNKI1 AS, 5-CTCATGATGGCAAGCAATTA-3;
JNK1 SC, 5-ACTACTACACTAGACTAC-3; JNK2 AS,
5-GCTCAGTGGACATGGATGAG-3' and JNK2 SC, 5-
GGACTACTACACTAGACTAC-3'. Neurons were main-
tained in supplemented media in the presence of the
oligonucleotides for 48 h prior to treatment with THC. N-[1-
(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium/dioleoyl-
phosphatidylethanolamine (DOTMA/DOPE Spugml™'; Life
Technologies, Paisley, U.K.) was incorporated into serum-free
media for the first 4h of oligonucleotide treatment to ensure
sufficient oligonucleotide uptake. Downregulation of JNKI
and JNK2 protein expression was achieved by using JNK1 AS
and JNK2 AS at a final concentration of 2 uM.

Terminal deoxynucleotidyltransferase-mediated
biotinylated UTP nick end labelling (TUNEL)

Apoptotic cell death was determined in cultures using TUNEL
staining according to the manufacturer’s instructions (Dead-
End Colorimetric Apoptosis Detection System; Promega
Corporation, Madison, MD, U.S.A.). Following treatment
with THC (5uM) for 3 h, cells were fixed with paraformalde-
hyde (4%) for 30 min at room temperature. Neurons were
permeabilised with Triton X-100 (0.2%) and Proteinase K
(0.2%) and biotinylated nucleotide was incorporated at the 3'-
OH DNA ends using the enzyme terminal deoxynucleotidyl
transferase (TdT). Endogenous peroxidases were blocked
using 0.3% H,0,, and horseradish-peroxidase-labelled strep-
tavidin was bound to the biotinylated nucleotides. Apoptotic
cells (TUNEL-positive) were detected using diaminobenzidine,
a stable chromagen that stains the apoptotic nuclei of
TUNEL-positive cells dark brown. After mounting coverslips
on slides, the neurons were viewed under light microscopy at
x 100 magnification. Cells displaying apoptotic nuclei were
counted and expressed as a percentage of the total number of
cells examined (400-500 cells coverslip™").

Western blot analysis

Cortical neurons were harvested in lysis buffer (25mM
HEPES, 5mM MgCl,, SmM dithiothreitol, SmM EDTA,
2mM PMSF, Sugml™" leupeptin, Sugml™' pepstatin,
5pugml~" aprotinin, pH 7.4) and homogenised on ice. Lysates
were then centrifuged (13,000 x g for 15min at 4°C) and the
supernatant containing the cytosolic fraction was prepared for
SDS-polyacrylamide gel electrophoresis. The cytosolic frac-
tion was diluted to 50ugml™' protein concentration with
sodium dodecyl sulphate (SDS) sample buffer (150 mM Tris-
HCI pH 7.4, 10% wv~" glycerol, 4% wv™' SDS, 5% vv~' -
mercaptoethanol, 0.002% wv~' bromophenol blue) and
samples heated to 100°C for Smin. Samples were separated
by electrophoresis on 10 and 12% polyacrylamide minigels and
cytosolic proteins were transferred from the gel onto nitro-
cellulose membrane (Sigma, U.K.). The blots were blocked
with 2% BSA for 1h at 37°C and then incubated with the
primary antibody overnight at 4°C. The blots were washed
thoroughly with Tris-buffered saline (TBS) containing 0.05%
Tween and immunoreactive bands detected using horseradish-
peroxidase-conjugated anti-mouse IgG (Sigma, U.K.) or
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anti-rabbit 1gG (Sigma, U.K.) and an enhanced chemilumi-
nescence (ECL) system (Amersham, U.K.). Primary antibodies
used were: monoclonal JNK1 and JNK2 antibodies (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.) purified
from mouse serum that recognise JNK1 (46 kDa) and JNK2
(54 kDa) protein expression; monoclonal anti-phospho-specific
JNK antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, US.A) purified from mouse serum that recognises
phosphorylated JINK1, JNK2 and JNK3 isoforms; polyclonal
Bax antibody (DAKO Corporation, Carpinteria, CA, U.S.A.)
purified from rabbit serum that recognises amino acids 43-61
of human Bax. Molecular weight markers were used to
confirm the molecular weight of protein bands. Bandwidths
were quantified using densitometric analysis (D-Scan PC
software).

Measurement of caspase-3 activity

Cleavage of the fluorogenic caspase-3 substrate (Ac-DEVD-7-
amino-4-trifluoromethylcoumarin peptide (AFC); Alexis Cor-
poration, U.S.A.) to its fluorescent product was used as a
measure of caspase-3 activity. Following treatment with THC
(5uM) for 2h, cells were harvested in lysis buffer (25mMm
HEPES, 5 mM MgCl,, SmM dithiothreitol, SmM EDTA, 2 mM
PMSF, 10 ugml~" leupeptin, 10 ugml™" pepstatin, 10 ugml™'
aprotinin, pH 7.4) and homogenised on ice. Samples of
supernatant (50 ul) were incubated with the DEVD peptide
(10 uM; 4 pl) or incubation buffer (50 ul; S0 mm HEPES, 10 mM
dithiothreitol, 20% wv ™" glycerol, pH 7.4) for 1 h at 37°C and
the fluorescence (excitation, 400nm; emission,
505nm) using a Fluoroscan Ascent FL plate reader (MSC
Medical Supply Co. Ltd, U.K.).

assessed

Drug treatment

THC was obtained from Sigma-Aldrich Company Ltd
(Dorset, U.K.). The drug was initially dissolved in methanol
and stored at —20°C as an 80 mM stock solution. For use, the
stock drug was diluted to a final concentration of 5SuM in
prewarmed culture media and 0.007% methanol was used as
vehicle control. The selective CB, receptor antagonist AM 251
(Tocris Cookson Ltd, Bristol, U.K.) was stored as a 10mM
stock solution in dimethylsulphoxide (DMSO) and diluted to a
final concentration of 10uM in warm culture media for
addition to cultures; 0.0001% DMSO was used as a vehicle
control for AM 251. Neurons were preincubated with AM 251
for 30 min before treating with THC. Pertussis toxin (PTX;
Sigma, Dorset, U.K.) was reconstituted in PBS and neurons
were incubated with 200 ngml~" PTX for 24 h prior to THC
treatment.

Statistical analysis

Data are reported as the mean+ts.e.m. of the number of
experiments indicated in every case. Statistical analysis was
performed by Student’s r-tests and a one-way ANOVA. A post
hoc analysis was made by the Student—Neumann—Keuls test.
Our criterion for significance was P<0.05. Extreme signifi-
cance differences were expressed by probability values of
P<0.01 and P<0.001.

Results

THC activates JNK1 and JNK?2 isoforms within a
differential timeframe

Exposure of cultured cortical neurons to THC (5 uM) resulted
in the activation of the JNK protein within the cytosol in a
time-dependent manner (Figure 1). Cytosolic expression levels
of the phosphorylated (active) forms of JNK1 and JNK2 were
measured by Western immunoblot and bandwidths were
quantified using densitometry. Interestingly, there was a
differential timeframe of activation for JNKI1 and JNK2. In
terms of the JNKI time course of activation (Figure la), in
control cells phospho-JNK1 expression was 7.28 +0.80 (arbi-
trary units; mean bandwidth+s.e.m.) and this was signifi-
cantly increased to 13.41 4 1.63 following treatment with THC
for Smin (P<0.001, ANOVA; n=7). However, no change in
phospho-JNK1 expression was observed at subsequent time
points, and phospho-JNK1 expression was in fact significantly
reduced to 4.2140.40 following treatment with THC for 2h
(P<0.05, ANOVA, n=17, Figure la).

In contrast, Figure Ib demonstrates that expression of
phospho-JNK2 in control neurons was 21.44 +3.89 (arbitrary
units; mean bandwidth+s.e.m.) and this was significantly
increased to 38.79+6.25 when neurons were cultured in media
containing THC (5 uM) for 2h (P<0.001, ANOVA; n=7). At
earlier time points, treatment with THC had no effect on
phospho-JNK2 expression. A sample immunoblot demon-
strating the THC-induced activation of JNKI at Smin and
JNK2 at 2h is shown in Figure lc.

Total JNK1 and JNK2 expression was unaffected by THC
(5 uM; sample immunoblots shown). In vehicle-treated cells,
JNKI1 total protein expression was 46.53+1.15 (arbitrary
units; mean bandwidth+s.e.m.) and exposure of neurons to
THC for 5min had no effect on total JNK1 expression
(46.92+2.66, n=>5; Figure 1d). In neurons treated with vehicle
alone for 2h, mean total JNK2 expression was 56.32+7.31
and this was unaffected by exposure to THC for 2h
(56.26 +9.09; n = 5; Figure le). Thus, the increase in expression
of phosphorylated JNK1 (Figure la) and phosphorylated
JNK2 (Figure 1b) is not attributable to a THC-induced
increase in total JNK protein expression. Furthermore, in our
cell culture model, JNK3 expression was very moderate
(Figure 1f), hence the relative contribution of JNKI and
JNK?2 to the apoptotic cascade was assessed.

Since we have previously shown that 5 uM is the concentra-
tion of THC required to induce maximal neuronal degenera-
tion in a CB, receptor-dependent manner (Downer et al.,
2001), we performed a dose-response analysis of THC-
induced JNK activation. Figure 1(g and h) represents sample
immunoblots which demonstrate that treatment of cells with
THC (0.005-50 uM) evoked a dose-dependent increase in
phospho-JNK 1 (Figure 1g) and phospho-JNK2 (Figure lh)
expression at S and 120 min, respectively.

AM 251 pretreatment prevents THC-induced JNK
activation

To determine whether THC-induced JNK activation was
dependent on the CB, receptor, we employed the use of the
selective CB, receptor antagonist AM 251 (10 uM). Figure 2
demonstrates that AM 251 prevented the THC-induced
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Figure 1 Time course of THC-induced activation of JNK. Cortical neurons were exposed to THC for 5—120 min, then cells were
harvested and the cytosolic fractions analysed for the expression levels of the phosphorylated active forms of JNK 1 and JNK2 using
Western immunoblot. (a) A significant increase in phospho-JNK|1 expression was found following treatment with THC (5 uM) for

5min. Exposure to THC for 30 and 60 min had no effect on phospho-JNK 1 expression. However, treatment with THC for 120 min
significantly decreased phospho-JNKI1 expression. Results are expressed as mean+s.e.m. for seven observations, ***P <0.001,
*P<0.05. (b) Phospho-JNK2 expression was significantly increased when neurons were treated with THC (5uM) for 120 min.
Exposure to THC for 5, 30 and 60 min had no effect on phospho-JNK2 expression. Results are expressed as mean +s.e.m. for seven
observations, ***P <(0.001. (c) A sample Western immunoblot demonstrating the increase in phospho-JNK 1 expression at 5 min of
THC treatment and the corresponding increase in phospho-JNK2 expression following treatment with THC for 120 min. (d)
Neurons were treated with THC (5 um) for 5Smin, then cells were harvested in lysis buffer and the cytosolic fractions analysed for
total INK 1 protein expression using Western immunoblot. THC had no effect on JNK 1 protein expression at 5 min. Inset: A sample
Western immunoblot showing that THC treatment for Smin had no effect on JNK1 protein expression as compared to vehicle-
treated neurons. (e) Cortical neurons were treated with THC (5 uM) for 2 h, then cells were harvested and analysed for total INK2
protein expression by Western blot analysis. Incubation of cells with THC for 2 h did not affect JNK2 protein expression. Inset: A
sample Western immunoblot demonstrating total JNK2 protein expression in vehicle-treated neurons and neurons treated with
THC for 2h. (f) Untreated cortical neurons were harvested and analysed for phosphorylated JNK1, JNK2 and JNK3 expression.
JNK3 expression was moderate compared to JNK1/2 expression. (g) A sample Western immunoblot showing that a 5 min treatment
with THC increases phospho-JNK1 expression in a dose-dependent manner. Similar results were observed in five separate
experiments. (h) A sample Western immunoblot showing that a 120 min treatment with THC increases phospho-JNK2 expression in

a dose-dependent manner. Similar results were observed in five separate experiments.

activation of JNK1 and JNK2. Thus, in neurons treated with
vehicle for Smin, phosphorylated JNKI expression was
44.9544.86 (arbitrary units; mean bandwidth+s.e.m.) and
this was significantly increased following THC treatment
(5uM; Smin) to 58.67+3.59 (P<0.05, ANOVA, n=6;
Figure 2a). While pretreatment with AM 251 alone had no
effect on phosphorylated JNK1 expression (37.35+43.43), it
prevented the THC-induced increase in phospho-JNKI
expression (38.1445.99). Although it has been shown that
AM 251 behaves as an inverse agonist (New & Wong, 2003),
we were unable to detect any effect of AM 251 on basal INK
activity (Figure 2).

Figure 2b demonstrates that phosphorylated JNK?2 expres-
sion was significantly increased from 12.83+40.54 (arbitrary
units; mean bandwidth+s.e.m.) to 15.72+0.34 following
treatment with THC (SuMm) for 2h (P<0.01, Student’s r-test,
n=06). Exposure to AM 251 (10 uM) alone had no effect on
basal phosphorylated JNK2 expression (11.55+1.75) and it
prevented the THC-induced increase in phosphorylated JNK2
expression (12.55+0.52; Figure 2b). Sample immunoblots
demonstrating the activation of JNKI and JNK2 following
THC treatment, and the abolition of these effects in AM 251-

treated cells are shown as insets in Figure 2a and b. This result
provides evidence of a role for the CB, cannabinoid receptor in
the THC-induced activation of both JNK1 and JNK2.

PTX abrogates THC-induced JNK1/2 activation

The central CB, cannabinoid receptor is coupled to G-
proteins (Howlett, 1995). The involvement of G;, in coupling
the CB, receptor to JNK activation in this system was assessed
using PTX (200ngml~'). As shown in Figure 3a, PTX
pretreatment prior to THC (SuM) treatment for 5min
(31.9245.59 arbitrary units; mean bandwidth+s.e.m.) pre-
vented THC-induced JNK1 activation at Smin (55.98 +4.74;
P<0.05, ANOVA, n=35). Incubation of neurons with
methanol vehicle for 5min (41.4442.72) or PTX alone for
24 h (35.0643.71) had no effect on JINK1 activity (Figure 3a).

Similarly, Figure 3b demonstrates that phospho-JNK2
expression was significantly increased from 13.90+0.54 to
22.34+2.75 (arbitrary units; mean bandwidth +s.e.m.) follow-
ing treatment with THC (5uM) for 2h (P<0.05, ANOVA,
n=>5). Treatment with PTX (200 ngml ') alone had no effect
on phosphorylated JNK2 expression (16.0541.99), but it
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Figure 2 THC-induced activation of JNK is mediated by the CB,
receptor. (a) Treatment of neurons with THC (5um) for 5min
evoked a significant increase in phospho-JNKI1 expression. Pre-
incubation of cortical neurons with the CB, receptor antagonist AM
251 (10uM) for 30min abolished the THC-induced increase in
phospho-JNK1 expression. Results are expressed as meants.e.m.
for six observations, * P <0.05. Inset: A sample Western immunoblot
demonstrating the increase in phospho-JNK1 expression after 5 min
of THC treatment (lane 2) compared to control cells (lane 1). While
AM 251 had no effect on phospho-JNKI expression (lane 3), it
abolished the ability of THC to increase phospho-JNK | expression
(lane 4). (b) Treatment of neurons with THC (5 uM) for 120 min
evoked a significant increase in phospho-JNK2 expression. Pre-
incubation of cortical neurons with the CB, receptor antagonist AM
251 (10uM) for 30min abolished the THC-induced increase in
phospho-JNK2 expression. Results are expressed as mean+s.e.m.
for six observations, **P<0.01. Inset: A sample Western immuno-
blot demonstrating the increase in phospho-JNK2 expression after
Smin of THC treatment (lane 2) compared to control cells (lane 1).
While AM 251 had no effect on phospho-JNK2 expression (lane 3),
it abolished the ability of THC to increase phospho-JNK2
expression (lane 4).

prevented the THC-induced increase in JNK2 activity at 2h
(14.65+2.12; Figure 3b). These data suggest that the coupling
of the CB, receptor to G-protein subtypes G; , facilitates THC-
induced JNK 1 and JNK2 activation.

AM 251 prevents THC-induced Bax expression

JNK kinases have been linked to neuronal apoptosis by
altering the expression of the Bel family of mitochondrial-
associated proteins (Mielke & Herdegen, 2000). In this study,
expression levels of the proapoptotic protein Bax were
measured by Western immunoblot in cells treated with THC
(5uM) for 2h and the effect of the CB, antagonist AM 251
(10 M) was assessed. Figure 4 demonstrates that Bax
expression in control cells was 23.82+4.89 (arbitrary units;
mean+s.e.m.) and this was significantly increased following
THC treatment for 2h to 50.18+6.43 (P<0.01, ANOVA,
n=5). AM 251 alone had no effect on Bax expression
(15.3944.96): however, it prevented the THC-induced increase

Figure 3 THC-induced JNK activation is mediated by G-protein
subtypes G;,. (a) THC (5uM; Smin) significantly increased
phospho-JNK1 expression and this was prevented by pretreatment
with PTX (200 ngml~"; 24 h). Results are expressed as mean +s.e.m.
for five observations, *P<0.05. (b) THC (5uM; 120 min) signifi-
cantly increased phospho-JNK2 expression and this was prevented
by pretreatment with PTX (200 ngml~'; 24 h). Results are expressed
as mean+s.e.m. for five observations, *P <0.05.
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Figure 4 THC increases Bax expression via the CB, receptor.
Neurons were preincubated with AM 251 (10 um) for 30 min, treated
with THC (5uM) for 2h and analysed for the expression levels of
Bax using Western immunoblotting. THC significantly increased
Bax expression and this was abolished by AM 251. Results are
expressed as mean +s.e.m. for five observations, **P <0.01. Inset: A
sample Western immunoblot showing that THC increases Bax
expression (lane 2) compared to vehicle-treated neurons (lane I).
The stimulatory effect of THC on Bax expression was prevented by
AM 251 (lane 4). Exposure of cells to AM 251 alone had no effect on
Bax expression (lane 3).

in Bax expression (22.6746.01). A sample Western immuno-
blot demonstrating the CB,-dependent increase in Bax
expression is shown as an inset in Figure 4.

JNK AS downregulates JNK protein expression

Since JNK activation was observed following THC treatment,
we employed the use of antisense technology to analyse
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whether JNK has an upstream role in the regulation of
apoptotic effectors. Cells were exposed to 2 uM of either INK 1
AS or JNK2 AS to downregulate JNK1 and JNK2 protein
expression in order to delineate the specific role of each
isoform in the cell death pathway. Upon treatment with JNK1
and JNK2 AS, cellular levels of INK 1 and JNK2 protein were
markedly reduced (Figure Sa, b). In cells treated with JNKI1
SC, JNKI1 expression was 19.204+2.89 (arbitrary units;
mean+s.e.m.) and this was significantly decreased by 79%
when JNKI1 AS was incorporated into the media for 48h
(P<0.05, Student’s r-test, n=4; Figure 5a). Similarly, JNK2
AS significantly decreased JNK2 protein expression by 70%,
compared to the cells treated with JNK2 SC for 48 h (P <0.05,
Student’s r-test, n=135; Figure Sb). The antisense-mediated
depletion of INK1 and JNK2 was specific since JNK2 AS had
no effect on JNKI protein expression (Figure Sa) and,
similarly, JNK1 AS had no effect on JNK?2 protein expression
(Figure 5b). Sample immunoblots demonstrating the anti-
sense-mediated downregulation of JNK1 and JNK2 protein
expression are shown as insets in Figure 5a and b.
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Figure 5 JNK AS effectively reduces JNK protein expression.

Neurons were incubated with 2 umM JNK1/JNK2 antisense (AS) or
JNKI1/INK2 scrambled control (SC) for 48 h. Cells were harvested
in lysis buffer and the total expression of JNKI and JNK2 protein
was examined by Western blot analysis. (a) Treatment with JNK1
AS significantly decreased JNKI protein expression in comparison
to untreated cells and cells treated with INK1 SC. JNK2 AS had no
effect on JNKI protein expression. Results are expressed as
mean+s.e.m. for four experiments, *P<0.05. Inset: A sample
immunoblot demonstrating that JNK1 AS significantly reduces
JNKI protein expression (lane 2) compared to JNKI1 SC-treated
neurons (lane 1). (b) JINK2 AS significantly reduced JNK2 protein
expression. JNK1 AS had no effect on JNK2 protein expression.
Results are expressed as mean+s.e.m. for four experiments,
*P<0.05. Inset: A sample immunoblot demonstrating the signifi-
cant reduction in JNK2 protein expression in JNK2 AS-treated
neurons (lane 2) compared to JNK2 SC-treated cells (lane 1).

JNK AS prevents THC-induced caspase-3 activation

Apoptotic cell death is typically accompanied by the activation
of the cysteine protease caspase-3 (Janicke er al., 1998). Our
lab has previously shown the pivotal role of this enzyme in the
cell death pathway triggered by THC within the rat cortex
(Campbell, 2001; Downer et al., 2001). Here we analysed
whether JNK1 or JNK2 is involved in the THC-induced
activation of caspase-3. Following downregulation of each of
the JINK isoforms using appropriate AS, the role of JNK1 and
JNK2 in THC-induced caspase-3 activation was assessed
(Figure 6a, b).

The data presented in Figure 6a indicate that treatment with
THC (5uMm) for 2h significantly increased caspase-3 activity
from 22.50+1.67 (mean+s.e.m.) to 50.66+6.86 pmol AFC
produced (mg protein) ' min~' (P<0.05, ANOVA; n=38). In
cells treated with JNK1 SC (2 uM) alone for 48 h, caspase-3
activity was comparable to control values (25.09 +5.80 pmol
AFC produced (mg protein) ' min~'). Pretreatment with
JNK1 AS (2 uM) for 48 h prior to THC treatment prevented
the THC-induced increase in caspase-3 activity (31.79+6.53
pmol AFC produced (mg protein)™' min™'; Figure 6a).

Similarly, Figure 6b demonstrates that a 2h exposure of
cortical neurons to THC (5uM) significantly increased
caspase-3 activity from 22.05+1.48 (mean+s.e.m.) to
63.05+11.10pmol  AFC  produced (mg protein)”' min~'
(P<0.05, ANOVA, n=17). Neurons incubated with JNK2
SC (2 uM) for 48 h showed a level of caspase-3 activity similar
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Figure 6 JNK is required for caspase-3 activity in THC-induced
apoptosis. (a) Treatment of cortical neurons with THC (5 um) for 2h
significantly increased caspase-3 activity, as assessed by the cleavage
of the fluorogenic DEVD substrate. The stimulatory effect of THC
on caspase-3 activity was prevented by pretreatment with JINK1 AS
(2uM; 48h). Results are expressed as mean+s.e.m. for eight
observations, *P<0.05. (b) Similarly, pretreatment of cells with
JNK2 AS (2uM; 48h) prior to THC treatment abolished the
stimulatory effect of THC on caspase-3 activity. Results are
expressed as mean+s.e.m. for seven observations, *P<0.05.
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to that measured in vehicle-treated neurons (32.73 +8.74 pmol
AFC produced (mg protein) 'min~'). Pretreatment with
JNK2 AS (2 uM) for 48 h prior to THC treatment prevented
the  THC-induced increase in  caspase-3  activity
(26.06+5.20pmol  AFC produced (mg protein)~' (min)';
Figure 6b). These results demonstrate a role for both JNKI
and JNK2 in the THC-induced activation of caspase-3.

JNK AS prevents THC-induced DNA fragmentation

The TUNEL technique was used to demonstrate that the
THC-induced DNA fragmentation that we have previously
reported (Campbell, 2001) involves JNKI1 and JNK2
(Figure 7). In control cells, 19+2% (mean+s.e.m.) of cells
displayed fragmented DNA (TUNEL-positive), and this was

75 =
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JNK1AS JNK1SC
+ THC (5uM)

Con THC

Figure 7 JNK activity is required for THC-induced DNA frag-
mentation. (a) Exposure of neurons to THC (5um) for 3h
significantly increased the percentage of cells with DNA fragmenta-
tion. Treatment with JNK1 AS or JNK2 AS (2 uM; 48 h) prior to
THC treatment prevented the THC-induced increase in DNA
fragmentation. In contrast, in neurons treated with JNKI SC or
JNK2 SC (2uMm; 48 h), THC still evoked a significant increase in
DNA fragmentation. Results are expressed as mean +s.e.m. for five
observations, ***P<0.001. (b) Representative images of (i) control,
(11) THC-treated and (iii) THC/JNK 1 AS-treated cortical neurons
following  TUNEL staining for DNA fragmentation. Arrows
indicate TUNEL-negative (—ve) and TUNEL-positive (+ ve) cells.

Scale bar is 50 uM. (¢) Representative images of TUNEL staining of

(i) control, (i1) THC-treated and (iii) THC/JNK2 AS-treated cortical
neurons. Scale bar is 50 pM.

significantly increased to 504+6% in cells treated with THC
(5 uMm) for 3h (P<0.001, ANOVA, n=5 coverslips; Figure 7a).
AS-mediated depletion of INK 1 or JNK2 prevented the THC-
induced increase in DNA fragmentation. Thus, exposure of
cells to INK1 AS (2uM) for 48h prior to THC treatment
prevented the THC-induced increase in TUNEL staining
(26 +7% TUNEL-positive cells; Figure 7a, b). In contrast, in
cells pretreated with JNK1 SC (2uM), the THC-induced
increase in DNA fragmentation was retained (46+6%
TUNEL-positive cells, P<0.001, ANOVA, n=35 coverslips;
Figure 7a). Treatment with JNK1 AS (2 uM) alone for 48 h had
no effect of the percentage of neurons displaying fragmented
DNA (26 £6% TUNEL-positive cells.

Similarly, in cells pretreated with JNK2 AS (2 uM) for 48 h
before THC (5 uM) treatment, 20+ 3% of cells were TUNEL-
positive (Figure 7a, c). In contrast, cells preincubated with
JNK2 SC oligonucleotides (2 uM) for 48 h prior to treatment
with THC showed a significant increase in DNA fragmenta-
tion (56+3% TUNEL-positive cells, P<0.001, ANOVA,
n=15 coverslips; Figure 7a). Treatment of neurons with
JNK2 AS (2uM) alone for 48h did not have a neurotoxic
effect (20+3% TUNEL-positive cells.

These results demonstrate that depletion of either JNKI1 or
JNK2 prevents the THC-induced DNA fragmentation. These
data are consistent with the caspase-3 result and suggest that
both JNK 1 and JNK2 are intricately involved in regulating the
THC-induced activation of caspase-3 and resultant DNA
fragmentation in the apoptotic pathway.

JNKI AS pretreatment has no effect on THC-induced
JNK2 activity

Since THC was found to increase JNK1 activity (at 5Smin)
prior to JNK2 activity (at 2h), we employed the use of
antisense technology to analyse whether JNKI is involved
upstream in the regulation of JNK2 activity (Figure 8).
Neurons were treated with JNK1 AS (2 uM; 48h) to down-
regulate JNK1 protein expression prior to exposure to THC
(5uMm) for 2 h. Treatment of cells with THC for 2 h significantly
increased phospho-JNK2 expression from 21.87+2.38 (arbi-
trary units; mean bandwidth+s.e.m.) to 31.14 +2.85 (P <0.05,
ANOVA, n=4). Neurons treated with JNK1 AS alone for
48 h showed a level of INK?2 activity comparable to that found
in vehicle-treated neurons (23.99+42.31, n=4) and JNK1 AS
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Figure 8 JNKI is not upstream of JNK2 in THC-induced
apoptosis. Neurons were preincubated with JNK1 AS (2uMm) for
48 h, treated with THC (5uM) for 2h and analysed for phosphory-
lated JNK2 expression using Western immunoblot. THC evoked a
significant increase in phospho-JNK2 expression. In cells exposed to
JNK1 AS, THC was still capable of inducing a significant increase in
phospho-JNK2. Results are expressed as mean+s.e.m. for four
observations, *P <0.05.
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failed to prevent the THC-induced increase in phospho-JNK?2
expression (32.49 +1.90, P<0.05, ANOVA, n=4). These data
suggest that JNK1 does not occupy an upstream role in the
regulation of JNK2 activity, despite the differential time
course of activation of these JNK isoforms.

Discussion

The aim of this study was to examine the ability of the CB,
cannabinoid receptor to couple to the JNK signalling pathway,
and to assess the role of JNK in THC-induced neurotoxicity in
cultured cortical neurons. THC was found to induce the
activation of JNKI1 and JNK2 within Smin and 2h,
respectively. The ability of THC to induce activation of both
JNK isoforms was blocked by AM 251 and PTX. THC
significantly increased Bax expression in an AM 251-sensitive
manner. Treatment of cortical neurons with specific AS
targeted to rat JNKI or JNK2 mRNA effectively reduced
the protein expression of the respective JNK isoform. AS-
mediated reduction of JNK1 and JNK2 protein expression
prevented the THC-induced activation of caspase-3 and
downstream DNA fragmentation. Data herein suggest that
the CB, cannabinoid receptor is coupled to JNK in cortical
neurons, and that both JNK1 and JNK2 are involved in the
regulation of the downstream effectors that are pertinent in the
THC-induced apoptotic pathway.

Recently, there has been a growing interest in the proclivity
of cannabinoids to control the cell survival/death decision,
particularly in neurons. Several studies have revealed that
THC can induce neurotoxic effects in a number of cultured cell
systems. Specifically, THC has a toxic effect on cultured
hippocampal neurons (Chan er al., 1998), cultured cortical
neurons (Campbell, 2001) and glioma cells (Sanchez er al.,
1998). THC has also been shown to inhibit neuronal cell
growth in vivo (Galve-Roperh et al., 2000), in addition to its
antiproliferative action in neuronal cultures. Furthermore,
anandamide, an endogenous ligand of cannabinoid receptors
(Devane et al., 1992), induces apoptosis in PC12 cells (Sarker
et al., 2003) and lymphocytes (Schwarz et al., 1994). THC-
induced apoptosis in hippocampal (Chan er al., 1998) and
cortical (Downer et al., 2001) cultures is CB, receptor-
dependent. Proposed mechanisms of cannabinoid-induced
neurotoxicity have included the generation of reactive oxygen
species (Chan er al., 1998), activation of the caspase-3 cell
death pathway (Campbell, 2001; Downer et al, 2001),
sphingomyelin hydrolysis (Sanchez er al., 1998), sustained
ceramide accumulation (Galve-Roperh et al,, 2000) and
activation of the JNK cascade (Sarker et al., 2003).

It should be considered that in contrast to the data
supporting cannabinoid-induced neurodegeneration, the bulk
of the experimental evidence indicates that cannabinoids may
protect neurons from toxic insults. However, it is not clear if
this is a CB, receptor-dependent process. Nagayama et al.
(1999) have shown that synthetic cannabinoid receptor
agonists decrease hippocampal loss following transient global
cerebral ischaemia via the CB, receptor, and increase cell
viability in cerebral cortical cultures subjected to 8h of
hypoxia and glucose deprivation in a CB; receptor-indepen-
dent manner. Cannabinoid receptor agonists are neuroprotec-
tive against excitotoxicity in vivo (Panikashvili er al., 2001; van
der Stelt er al., 2001) and in vitro (Shen & Thayer, 1998; Abood

et al, 2001), which is prevented by CB, antagonists.
Furthermore, THC and nonpsychotropic cannabinoids de-
crease glutamate toxicity in rat cortical neuronal cultures in a
receptor-independent process that is not blocked by CB,
receptor antagonists (Hampson er al, 1998). Overall, it
appears that neurotoxic and neuroprotective effects of
cannabinoids can be observed, and these differences are likely
to depend on a variety of influences, including the nature of
the toxic insult, the cell type under study and the particular
cannabinoid used.

The cannabinoid CB, receptor is distributed mainly in the
central nervous system and is localised in brain regions most
likely involved in contributing to the psychoactive effects of
THC (Twitchell er al., 1997). The rat cortex shows an intense
pattern of CB, receptor expression, in particular in frontal
regions where the CB, receptor subtype is found in cortical
axons, cell bodies and dendrites (Tsou er al., 1998).

The JNK protein kinases belong to the family of mitogen-
activated protein kinases (MAPK) and represent a group of
enzymes that are activated by cytokines and environmental
stresses (Ip & Davis, 1998). The function of these kinases is to
convert extracellular stimuli to intracellular signals that, in
turn, control the expression of genes that are essential for
many cellular responses, including cell growth and death
(Marshall, 1995). These widely distributed kinases are acti-
vated by dual phosphorylation on threonine and tyrosine
residues by upstream kinases as part of the cellular response to
stress (Derkinderen et al., 1999). JNKs are encoded by three
different genes jnkl, jnk2 and jnk3, and the products of each
gene reveal isoforms with approximate molecular weights of 46
(JNK1), 54 (JNK2) and 57kDa (JNK3), all of which are found
in the mammalian brain (Gupta et al., 1996). Although it is
recognised that the JNK3 isoform is distributed throughout
the rat cerebral cortex (Carboni et al., 1998), INK3 protein
expression was moderate in our cell culture model, hence the
relative contribution of the JNK1 and JNK2 isoforms to the
apoptotic process was investigated.

In this study, the time course of THC-induced activation of
JNKI1 and JNK2 in cultured cortical neurons was assessed.
JNK activity was assessed up to the 2h time point as this is
within the timeframe at which we have found significant levels
of THC toxicity in cortical neuronal cultures (Campbell, 2001).
It was found that THC increases JNK1 and JNK2 activity
after Smin and 2h of treatment, respectively. Half-maximal
stimulation of JNK1 occurred at a lower dose of THC than
JNK2, indicating that THC-induced JNK2 activation was
more reluctant than JNK 1 activation in our cell culture model.
It has been established that JNK activation may occur early
(Xia et al., 1995) or late (Virdie er al., 1997) in apoptosis, and
the finding that THC activates JNKI1 and JNK2 within
dissimilar timeframes suggests that the JNK isoforms may
mediate different signals in cultured cortical neurons. A
potential function of JNK may be to initiate programmed cell
death (Johnson et al., 1996), and our data demonstrating the
carly activation of JNK1 (within 5Smin), may reflect a role for
JNKI1 in regulating downstream apoptotic effectors. However,
our finding that THC activates JNK2 at 2h of treatment is
consistent with the time point at which maximal neuronal cell
death has been previously shown in cortical neurons (Camp-
bell, 2001). It is therefore possible that JNK2 activation may
have occurred in response to DNA fragmentation, which is
consistent with other studies (Ghahremani er al., 2002).
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Furthermore, considering that JNK activity may be regulated
by caspase-3 (Ozaki er al., 1999; Hatai er al., 2000), it is
possible that JNK?2 activity is modulated by caspase-3 in this
system. In refute of these hypotheses, antisense-mediated
downregulation of JNK2 prevented the THC-induced increase
in caspase-3 activation and DNA fragmentation, suggesting
that JNK2 is upstream of these components of the apoptotic
cascade. It is possible that an early cellular redistribution of
JNK2, as opposed to an increase in overall INK2 activity, may
be involved in the apoptotic process. It is of note that although
JNK2 activity was increased at 2h, a concomitant decline in
JNK1 activity was observed at this time point. This suggests a
functional interaction between JNK1 and JNK2 isoforms and
this is supported by evidence that JNK2 negatively regulates
JNK 1 phosphorylation (Hochedlinger er al., 2002). However,
our finding that AS-induced depletion of JNKI failed to
prevent the THC-induced increase in JNK2 activity suggests
that JNK1 does not occupy an upstream role in regulating
JNK2.

The involvement of JNK cascades in the regulation of
cell proliferation via G-protein-coupled receptors has been
demonstrated (Coso et al., 1996). Our previous studies
have demonstrated that the toxic effects of THC involve
a  PTX-sensitive G-protein  (Campbell, 2001). This is
consistent with evidence that links the central CB, receptor
to activation of G-protein subtypes G;,, (Howlett, 1995). To
date, the role of G-proteins in neuronal cell death has not been
completely clarified since PTX-sensitive G-proteins have been
found to exert both proapoptotic (Farkas er al., 1998) and
antiapoptotic effects (Jakob & Kreiglsten, 1997). However,
data presented here demonstrate that coupling of the
CB, receptor to PTX-sensitive G-proteins facilitates JNK
activation.

INK has the proclivity to phosphorylate a variety of nuclear
and cytoplasmic substrates, some of which are vital for the
apoptotic actions of JNK. It has been reported that JNK
promotes cell death by promoting cytochrome ¢ release from
the mitochondria (Tournier er al., 2000). In the nervous
system, the proapoptotic mitochondrial-associated protein
Bax acts downstream of JNK in regulating the translocation
of mitochondrial cytochrome ¢ into the cytosol (Kang er al.,
1998), and several studies have demonstrated an interaction
between JNK and Bax in the cell death cascade (Lei er al.,
2002). The apoptotic events that are evoked by THC in cortical
neurons include the release of mitochondrial cytochrome ¢ into
the cytosol following CB, receptor activation (Downer et al.,
2001), and our finding that THC induces Bax expression
following CB, activation is a likely mechanism for this
event.

Once in the cytosol, cytochrome ¢ complexes with a
cytosolic factor designated as apoptotic protease activating
factor-1 (APAF-1), which in turn triggers the activation
of the cysteine protease caspase-3, which contributes to the
drastic morphological changes associated with apoptosis by
disabling a number of key substrates (Zou et al., 1997). We
have previously shown that caspase-3 is central to the
apoptotic cascade triggered by THC in cortical neurons
(Campbell, 2001; Downer et al., 2001). To elucidate the
respective roles of JINK 1 and JNK?2 in THC-induced caspase-3
activation, we employed antisense technology to down-
regulate temporarily JNK1 and JNK2 expression. In neurons
treated with JNKI and JNK2 AS, JNKI and JNK2

protein expression was selectively downregulated. Depletion
of JNK1 and JNK2 prevented the THC-induced activation of
caspase-3, indicating that both JNKI and JNK2 isoforms
are upstream of caspase-3 in the THC-induced apoptotic
cascade.

We have recently shown that THC promotes degeneration
of cultured cortical neurons in a time-dependent manner,
with  a maximal effect occurring 3h post-treatment
(Campbell, 2001). The evidence presented here and by others
(Rueda er al., 2000) supports an early interaction between
THC and JNK, indicating that JNK activation is an
upstream event in the degenerative pathway. The finding that
the downregulation of JNKI and JNK2 using antisense
technology effectively blocked THC-induced activation of
caspase-3 and downstream DNA fragmentation indicates that
both JNKI1 and JNK2 are intricately involved in the
transduction of THC-induced apoptotic signals. It is of
particular note that depletion of either JNKI or JNK2
isoforms completely abrogated the THC-induced caspase-3
activation and DNA fragmentation. It may be expected that,
since THC has the proclivity to couple to both JNKI and
JNK2, depletion of one isoform may result in THC coupling to
the remaining isoform to evoke caspase-3 activation and
resultant DNA fragmentation. This clearly was not the case
and our result may reflect an interaction between JNKI1 and
JNK?2 with respect to the regulation of upstream effectors
involved in caspase-3 activation. Indeed, a requirement for
both JNK1 and JNK2 has been implicated in the phosphor-
ylation of the pS53 tumour suppressor protein (Buschmann
et al., 2001), a potential upstream event in the regulation of
caspase-3 activity. Furthermore, it has been shown that
inhibition of the active forms of both JNKI and JNK2
prevents cytochrome ¢ release from the mitochondria and
activation of enzymes upstream of caspase-3 (Bozyczko-Coyne
et al., 2001). This study provides evidence of a requirement for
both JNKI and JNK2 in the THC-induced activation of
caspase-3 and DNA fragmentation, and may reflect coopera-
tivity between JNK1 and JNK2 in relation to these aspects of
the cell death cascade.

To date, little is known about the role of JNK in THC
signalling. Rueda er al. (2000) have found that JNKI/2
are activated within Smin of THC treatment and that
sustained JNK activation over 3 days of THC insult is
required to induce cell death in glioma cells. This suggests
that the duration of JNK induction may be the determining
factor in the cell death/survival decision. These differences
may reflect differential cellular responses of neuronal popula-
tions to THC, with cortical neurons being susceptible to early
insult of cannabinoid exposure due to the differential
activation of the JNK1/2 signalling cascades. We are aware
that in the same study of Rueda er al. (2000), rat cortical
primary neurons were not susceptible to a 3-day exposure to
THC, which may reflect the lower dose of THC used in that
study. It has recently been found that the endogenous
cannabinoid, anandamide, induces apoptosis in PCI2, and
this is accompanied by the activation of the JNK pathway
(Sarker et al., 2003). Furthermore, JNK activity is not affected
by THC in hippocampal slices prepared from the adult rat
brain (Derkinderen et al., 2001). Thus, the effects of
cannabinoids may be dependent on neuronal maturity, with
neonatal cultures being susceptible to JNK activation follow-
ing cannabinoid challenge.
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The dose of THC used in the present study to induce the
activation of JNK1 and JNK2 was within the concentration
range we have previously shown to be neurotoxic to cultured
cortical neurons (Campbell, 2001) and is also consistent with
the human plasma concentrations of THC (low uM; Chiang &
Barnett, 1984). Furthermore, the data demonstrate that THC
is toxic for cortical cultures obtained from neonatal rats.
Interestingly to date, there is no evidence to suggest that THC
is neurotoxic in the adult rat central nervous system (Galve-
Roperh et al., 2000). Our findings support the proposal that
the apoptotic effects of THC may be operative early during
development and may play a modulatory role in neural
development (Fernandez-Ruiz et al., 1999). Indeed the
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Among the several changes that occur in the aged
brain is an increase in the concentration of the proin-
flammatory cytokine interleukin-1p that is coupled with
a deterioration in cell function. This study investigated
the possibility that treatment with the polyunsaturated
fatty acid eicosapentaenoic acid might prevent interleu-
kin-1B-induced deterioration in neuronal function.
Assessment of four markers of apoptotic cell death, cy-
tochrome ¢ translocation, caspase-3 activation, poly-
(ADP-ribose) polymerase cleavage, and terminal dUTP
nick-end staining, revealed an age-related increase in
each of these measures, and the evidence presented in-
dicates that treatment of aged rats with eicosapentaeno-
ate reversed these changes as well as the accompanying
increases in interleukin-18 concentration and p38 acti-
vation. The data are consistent with the idea that acti-
vation of p38 plays a significant role in inducing the
changes described since interleukin-1p-induced activa-
tion of cytochrome ¢ translocation and caspase-3 activa-
tion in cortical tissue in vitro were reversed by the p38
inhibitor SB203580. The age-related increases in inter-
leukin-1B concentration and p38 activation in cortex
were mirrored by similar changes in hippocampus.
These changes were coupled with an age-related deficit
in long term potentiation in perforant path-granule cell
synapses, while eicosapentaenoate treatment was asso-
ciated with reversal of age-related changes in interleu-
kin-1 and p38 and with restoration of long term
potentiation.

Increased expression of the proinflammatory cytokine inter-
leukin-13 (IL-18)" has been linked with neurodegenerative dis-
orders like Down’s syndrome, Alzheimer’s disease, and Parkin-
son’s disease (1, 2). Consistent with the view that IL-18 plays a
role in deterioration of cell function are the findings that IL-18
expression is increased, in parallel with cell damage, in exper-
imental models of ischemia (3), excitotoxicity (4), and traumatic
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lesions (5). Indeed, IL-1B has been shown to trigger cell death
in primary cultures of human fetal neurons (6) and inhibition of
caspase-1, which leads to formation of active IL-18, and blocks
lipopolysaccharide-induced changes in cell morphology, which
are consistent with cell death (7).

IL-18 has been shown to stimulate the mitogen-activated
protein kinases p38 and c-Jun NH,-terminal kinase (8, 9), and
activation of both c-Jun NH,-terminal kinase (10, 11) and p38
(10, 12-16) has been closely linked with apoptotic cell death.
Significantly, an increase in p38 activity has been coupled with
apoptotic changes in Alzheimer’s disease (17, 18). Concomitant
increases in IL-1f concentration and p38 activity have been
reported in the aged rat brain (19-21); in hippocampus these
changes are correlated with compromised synaptic function
and with an age-related impairment in long term potentiation
(LTP) (19-22), while consistent with the high expression of
IL-18 and IL-1RI in hippocampus is the finding that the cyto-
kine depresses LTP in dentate gyrus (8, 19, 20, 23, 24). Signif-
icantly, we have recently reported that the age-related in-
creases in IL-15 concentration and c-Jun NH,-terminal kinase
activity, as well as the decrease in LTP, are reversed by treat-
ment with the n-3 polyunsaturated fatty acid docosahexaenoic
acid (22).

In this study we have attempted to identify the downstream
consequences of the coupled age-related increases in IL-18
concentration and p38 activation in neuronal tissue. In partic-
ular, we have focused on assessing whether these changes
might trigger apoptotic changes in neuronal tissue as it does in
other tissues and have analyzed the effect of the ethyl ester of
the w-3 fatty acid eicosapentaenoic acid (EPA) on age-related
changes in cortex and hippocampus. The data indicate that
dietary manipulation reversed several changes in the aged
cortex that are indicative of apoptotic cell death as well as
age-related changes in IL-1 concentration, p38 activation, and
LTP in hippocampus.

EXPERIMENTAL PROCEDURES

Animals—Groups of young and aged male Wistar rats (300-350 g),
maintained at an ambient temperature of 22-23 °C under a 12-h light-
dark schedule, were subdivided into those that were fed on a diet
enriched in eicosapentaenoic acid (ethyl eicosapentaenoate, 10 mg/rat/
day for 3 weeks and 20 mg/rat/day for 5 weeks; Laxdale Research Ltd.)
or standard laboratory chow for 8 weeks. Daily food intake was assessed
for 2 weeks prior to commencement of the treatment: mean values
(+S.E.) were 21.25 + 1.4 and 18.55 *+ 0.6 g/day for 4- and 22-month-old
rats, respectively. At this time the mean body weights of young rats
assigned to control and experimental groups were 265.6 * 9.1 and
250.2 = 11.7 g, respectively; corresponding values in aged rats were
483.6 = 9.8 and 481.2 * 7.9 g, respectively. Diet was prepared fresh
cach day, and rats were offered 100% of their daily intake. Mean daily
food intake in all groups remained unchanged throughout the 8-week
treatment period, and at the end of this time mean body weights of
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young rats assigned to control and experimental groups were 366.4 *
13.4 and 354.5 = 19.4 g, respectively; corresponding values in aged rats
were 473.7 = 11.4 and 462.9 + 6.3 g, respectively. At this time rats were
4 and 22 months old. Rats were maintained under veterinary supervi-
sion for the duration of this experiment.

Induction of LTP in Perforant Path-Granule Cell Synapses in
Vivo—At the end of the 8-week treatment, LTP was induced as de-
scribed previously (19). Rats were anesthetized by intraperitoneal in-
jection of urethane (1.5g/kg), recording and stimulating electrodes were
placed in the molecular layer of the dentate gyrus (2.5 mm lateral and
3.9 mm posterior to bregma) and perforant path, respectively (angular
bundle, 4.4 mm lateral to lambda), and stable baseline recordings were
made before electrophysiological recording at test shock frequency (1/30
s) commenced for 10 min before and 40 min after tetanic stimulation
(three trains of stimuli; 250 Hz for 200 ms; intertrain interval, 30 s).
Rats were then killed by decapitation, and the hippocampus and cortex
were removed, cross-chopped into slices (350 X 350 um), and frozen
separately in 1 ml of Krebs’ solution (136 mum NaCl, 2.54 mm KCl, 1.18
mM KH,PO,, 1.18 mm MgSO,7H,0, 16 my NaHCO,, 10 mum glucose,
1.13 mm CaCl,) containing 10% dimethyl sulfoxide (22). For analysis,
thawed slices were rinsed three times in fresh buffer and used as
described below.

Analysis of IL-1B Concentration—IL-18 concentration was analyzed
in homogenate prepared from cortex and hippocampus by enzyme-
linked immunosorbent assay (R&D Systems). Antibody-coated (100 pl;
1.0 pg/ml final concentration diluted in phosphate-buffered saline
(PBS), pH 7.3; goat anti-rat IL-18 antibody) 96-well plates were incu-
bated overnight at room temperature, washed several times with PBS
containing 0.05% Tween 20, blocked for 1 h at room temperature with
300 pl of blocking buffer (PBS, pH 7.3 containing 5% sucrose, 1% bovine
serum albumin, and 0.05% NaN,), and washed. IL-13 standards (100
ul; 0-1,000 pg/ml in PBS containing 1% bovine serum albumin) or
samples (homogenized in Krebs’ solution containing 2 mym CaCl,) were
added, and incubation proceeded for 2 h at room temperature. Second-
ary antibody (100 ul; final concentration, 350 ng/ml in PBS containing
1% bovine serum albumin and 2% normal goat serum; biotinylated goat
anti-rat IL-18 antibody) was added and incubated for 2 h at room
temperature. Wells were washed, detection agent (100 ul; horseradish
peroxidase-conjugated streptavidin; 1:200 dilution in PBS containing
1% bovine serum albumin) was added, and incubation continued for 20
min at room temperature. Substrate solution (100 pl; 1:1 mixture of
H,0, and tetramethylbenzidine) was added and incubated at room
temperature in the dark for 1 h after which time the reaction was
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stopped using 50 ul of 1 M H,SO,. Absorbance was read at 450 nm, and
values were corrected for protein (25) and expressed as pg of IL-18/mg
of protein.

Analysis of p38 Phosphorylation, Cytochrome ¢ Translocation, and
PARP Cleavage—p38 phosphorylation was analyzed in samples of ho-
mogenate prepared from hippocampus and cortex; cytosolic cytochrome
¢ and expression of 116-kDa PARP were analyzed in cortical tissue. p38
activity was also assessed in freshly prepared hippocampal and cortical
tissue that was incubated for 20 min in the absence or presence of IL-18
(3.5 ng/ml), while cytochrome ¢ translocation was assessed in vitro
following incubation of slices of cortex with IL-18 (3.5 ng/ml) in the
presence or absence of IL-1ra (350 ng/ml) or SB203580 (50 um). For
analysis of p38 in all experiments and also for PARP, homogenate was
diluted to equalize for protein concentration, and aliquots (10 ul, 1
mg/ml) were added to 10 ul of sample buffer (0.5 mm Tris-HCI, pH 6.8,
10% glycerol, 10% SDS, 5% B-mercaptoethanol, 0.05% (w/v) bromphenol
blue), boiled for 5 min, and loaded onto 10% SDS gels. In the case of
cytochrome ¢, cytosolic fractions were prepared by homogenizing slices
of cortex in lysis buffer (20 mm HEPES, pH 7.4, 10 mm KCI, 1.5 mM
MgCl,, 1 mm EGTA, 1 mm EDTA, 1 mM dithiothreitol, 0.1 mM phenyl-
methylsulfonyl fluoride, 5 ug/ml pepstatin A, 2 ug/ml leupeptin, 2 pg/ml
aprotinin), incubating for 20 min on ice, and centrifuging (15,000 X g for
10 min at 4 °C). The supernatant (i.e. cytosolic fraction) was suspended
in sample buffer (150 mm Tris-HCI, pH 6.8, 10% (v/v) glycerol, 4% (w/v)
SDS, 5% (v/v) B-mercaptoethanol, 0.002% (w/v) bromphenol blue) to a
final concentration of 300 wg/ml, boiled for 3 min, and loaded (6 ug/lane)
onto 12% gels. In all cases proteins were separated by application of 30
mA constant current for 25-30 min, transferred onto nitrocellulose
strips (225 mA for 75 min), and immunoblotted with the appropriate
primary and secondary antibodies. In the case of p38, anti-phospho-p38
(Santa Cruz Biotechnology; 1:500 in phosphate-buffered saline-Tween
(0.1% Tween 20) containing 2% nonfat dried milk) and peroxidase-
linked anti-mouse IgM (1:1,000; Amersham Biosciences) were used. In
the case of PARP, we immunoblotted with an antibody (1:2,000) raised
against the epitope corresponding to amino acids 764-1014 of poly-
(ADP-ribose) polymerase of human origin (Santa Cruz Biotechnology),
and immunoreactive bands were detected using peroxidase-conjugated
anti-rabbit IgG (Sigma) and ECL (Amersham Biosciences). To assess
cytochrome ¢, a rabbit polyclonal antibody raised against recombinant
protein corresponding to amino acids 1-104 of cytochrome ¢ (Santa Cruz
Biotechnology) was used. In addition to loading equal amounts of pro-
tein, some blots were reprobed for analysis of total (rather than phos-
phorylated) p38, and in other cases blots were probed with an anti-actin
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FiG. 2. The age-related increase in cytochrome c translocation
is abolished by EPA and mimicked by IL-1B. a, cytochrome ¢
translocation was significantly enhanced in cortical tissue prepared
from aged rats fed on the control diet compared with young rats fed on
control diet (*, p < 0.05, ANOVA; compare lane 3 with lane 1), but this
change was not evident in tissue prepared from aged rats fed on the
EPA-enriched diet (lane 4). b, incubation of cortical tissue in the pres-
ence of 1L-1p (lane 2) significantly increased cytochrome ¢ translocation
(*, p < 0.05, ANOVA), but this effect was inhibited by IL-1ra (lane 4)
and by SB203580 (lane 6); neither IL-1ra (lane 3) nor SB203580 (lane 5)
affected cytochrome ¢ translocation (n = 6 in each group). Con, control;
SB, SB203580.

antibody to confirm equal loading. Data from these experiments showed
no differences between treatment groups. In all experiments, immuno-
reactive bands were detected using peroxidase-conjugated anti-rabbit
antibody (Sigma) and ECL (Amersham Biosciences). Quantification of
protein bands was achieved by densitometric analysis using two soft-
ware packages, Grab It (Grab It Annotating Grabber, Version 2.04.7,
Synotics, UVP Ltd.) and Gelworks (Gelworks ID, Version 2.51, UVP
Ltd.) for photography and densitometry, respectively.

Analysis of Caspase-3 Activity—Slices of cortical tissue prepared
from young and aged rats were washed, homogenized in lysis buffer
(400 pl; 25 mm HEPES, 5 mm MgCl,, 5 mum dithiothreitol, 5 mm EDTA,
2 mM phenylmethylsulfonyl fluoride, 10 pg/ml leupeptin, 10 pg/ml
pepstatin, pH 7.4), incubated on ice for 20 min, analyzed for protein
concentration, and diluted to equalize for protein concentration. In
some experiments, slices prepared from control young rats were incu-
bated for 60 min at 37 °C in the presence or absence of IL-14 (3.5 ng/ml)
to which IL-1ra (350 ng/ml) or SB203580 (50 uM) was added; these
samples were treated as described above. All samples (98 ul) were
added to 2 ul of caspase-3 substrate (Ac-DEVD-AFC peptide, Alexis
Corp.; 5 puMm), transferred to a 96-well plate, and incubated for 1 h at
37 °C. Fluorescence was assessed (excitation, 390 nm; emission, 510
nm), and enzyme activity was calculated with reference to a standard
curve of AFC (0-10 uM) concentration versus absorbance.

Analysis of Caspase-3 mRNA—Total RNA was extracted from corti-
cal neurons (26) using TRI reagent (Sigma). cDNA synthesis was per-
formed on 1 ug of total RNA using oligo(dT) primer (Superscript reverse
transcriptase, Invitrogen). Equal amounts of cDNA were used for PCR
amplification for a total of 30 cycles at 94 °C for 1 min and 58 °C for 2
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min. A final extension step was carried out at 70 °C for 10 min. Multi-
plex PCR was performed using the Quantitative PCR Cytopress Detec-
tion kit (Rat Apoptosis Set 2; BioSource International, Camarillo, CA)
generating caspase-3 PCR products of 320 bp and glyceraldehyde-3-
phosphate dehydrogenase PCR products of 532 bp. The PCR products
were analyzed by electrophoresis on 2% agarose gels, photographed,
and quantified using densitometry. Expression of glyceraldehyde-3-
phosphate dehydrogenase mRNA was used as a standard to quantify
the relative expression of caspase-3 mRNA.

Preparation of Dissociated Cells and Colocalization of p38 and
Caspase-3—Cortical slices (350 X 350 um) were incubated at 37 °C for
30 min in HEPES-buffered Krebs’ solution (145 my NaCl, 5 mm KCI, 1
mum MgCl, 2 mm CaCl,, 1 mm Mg,SO,, 1 mm KH,PO,, 10 mm glucose,
30 mv HEPES at pH 7.4) containing trypsin (1 mg/ml), DNase (1,600
kilounits/liter), protease X (1 mg/ml), and protease XIV (1 mg/ml). Slices
were washed, triturated, and passed through a nylon mesh filter. Cells
were centrifuged (1,000 rpm for 1 min), resuspended in HEPES-buff-
ered Krebs’ solution, plated onto coverslips, fixed in 4% paraformalde-
hyde in PBS (w/v) for 30 min, and permeabilized in 0.1% Triton in PBS
(v/v) for 15 min. Cells were incubated in normal goat serum in PBS (v/v)
to block nonspecific binding, treated with anti-phosphospecific p38 an-
tibody (1:100; Santa Cruz Biotechnology) or anti-caspase-3 (1:500; Bio-
Source), and incubated overnight at 4 °C. Cells were washed and incu-
bated in the dark for 2 h in either fluorescein isothiocyanate-labeled
goat anti-mouse IgG and IgM (1:100; BioSource) or R-phycoerythrin-
labeled goat anti-rabbit IgG (1:100; BioSource) to visualize labeling
with p38 and caspase-3, respectively. Following a further wash, slides
were mounted using 2 mg/ml p-phenylenediamine in 50% glycerol in
PBS (v/v) and sealed. Fluorescence was analyzed using the Bio-Rad
MRC-1024 laser scanning confocal imaging system in which the fluo-
rochromes were excited by laser light emitted at 565 and 494 nm and
detected at 578 and 520 nm, which measured bound R-phycoerythrin
and fluorescein isothiocyanate, respectively. Cells were analyzed at
*x63 magnification under oil immersion with the laser at 100% power.
The images were analyzed using the Bio-Rad software, and the Kalman
filter was used to decrease background. In this system R-phycoerythrin-
labeled cells are stained red, and fluorescein isothiocyanate-labeled
cells are stained green. In a separate series of experiments, groups of
aged and young rats were killed and brains were rapidly removed,
coated in OCT compound, immersed in an isopentane bath over liquid
nitrogen, and used to prepare sections for analysis of phosphorylated
p38 as described above.

TUNEL Staining—Apoptotic cell death was assessed using the
DeadEnd colorimetric apoptosis detection system (Promega). Cells were
permeabilized and fixed in paraformaldehyde as described above. In
separate experiments cultured cortical neurons were prepared from
neonatal rats as described previously (26) and maintained in neuro-
basal medium for 12 days before incubating in the absence or presence
of IL-1p (5 ng/ml) for 72 h. Biotinylated nucleotide was incorporated at
3'-OH DNA ends by incubating cells with terminal deoxynucleotidyl-
transferase for 30 min at 37 °C. Washed cells were incubated in horse-
radish peroxidase-labeled streptavidin and then incubated in 3,3'-dia-
minobenzidine chromogen solution, and TUNEL-positive cells were
calculated as a proportion of the total cell number.

RESULTS

IL-1B concentration and p38 activity were both significantly
increased in cortical tissue prepared from aged rats fed on the
control diet compared with young rats (p < 0.05, ANOVA; Fig. 1,
a and b), but EPA suppressed these age-related changes so that
the values in tissue prepared from EPA-treated rats were not
significantly different from control values. In vitro analysis re-
vealed that IL-1p significantly enhanced p38 activity in cortical
tissue (Fig. 1c). In parallel with this observation, we found that
cytochrome ¢ translocation was significantly increased in cortical
tissue prepared from aged rats fed on the control diet compared
with tissue prepared from either group of young rats (p < 0.05,
ANOVA; Fig. 2a). A causal relationship between the age-related
changes in cytochrome ¢ translocation and IL-1p is suggested by
the finding that cytochrome ¢ translocation was significantly
enhanced by IL-18 (p < 0.05, ANOVA; Fig. 2b) and that this
action relied on IL-1RI activation since the IL-1B-induced change
was inhibited by IL-1ra. Fig. 2b also demonstrates that the IL-
1B-induced change was inhibited by SB203580 suggesting that
the effect was mediated by activation of p38.
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i. 3. The age-related increase in caspase-3 activity is mimicked by IL-1B: evidence for a role for p38 activation. a, caspase-3

activity was significantly enhanced in cortical tissue prepared from aged rats fed on the control diet compared with young rats fed on either diet
(*,p <2 0.05, ANOVA), but this change was not evident in tissue prepared from aged rats fed on the EPA-enriched diet. b, in vitro analysis indicated

that I'L-14 significantly increased enzyme activity (*, p <

0.05, ANOVA; n = 6) but that the IL-1p-induced effect was inhibited by IL-1ra and also

by SBi203580. ¢, incubation of cultured cortical neurons in IL-18 (lane 2) for 72 h significantly increased caspase-3 mRNA (*, p < 0.05, Student’s
t test for paired means); values were normalized with reference to expression of glyceraldehyde-3-phosphate dehydrogenase (lower bands). d,
colocatlization of activated p38 and caspase-3 was observed in several cells obtained from aged rats that were fed on the control diet but in none
of the cells obtained from young rats fed on either diet. There was some evidence of p38 staining in aged rats fed on the experimental diet but no

evidence of colocalization with caspase-3. Con, control; SB, SB203580.
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Fic. 4. Attenuation of the age-related increase in PARP cleav-
age by EPA. PARP (116 kDa) expression was significantly reduced in
cortical tissue prepared from aged rats fed on the control diet (lane 3)
compared with tissue prepared from young rats fed on the control (lane
1) or EPA-enriched (lane 2) diet (*, p < 0.05, ANOVA). EPA reversed
this effect (lane 4). Con, control.

One downstream consequence of cytochrome ¢ translocation
is activation of caspase-3, therefore we analyzed enzyme activ-
ity in tissue prepared from aged and young rats fed on either
the control or experimental diet. Fig. 3a demonstrates that
there was a significant age-related increase in caspase-3 activ-
ity; thus the mean value in cortical tissue prepared from aged

rats fed on the control diet was significantly increased com-
pared with the value in tissue prepared from young rats (p <
0.05, ANOVA), but EPA suppressed this change. In an effort to
establish whether the change in caspase-3 activation was cou-
pled with the increases in IL-13 concentration and p38 activa-
tion, a series of in vitro experiments were undertaken that
revealed that IL-18 significantly enhanced caspase-3 activity
in cortical tissue (p < 0.05, ANOVA; Fig. 3b); this effect was
blocked by IL-1ra, suggesting that the action of IL-18 was
dependent on receptor interaction, and by SB203580, indicat-
ing that the action of IL-18 also required activation of p38.
Cells prepared from cortex of young and aged rats fed on both
diets were stained for phosphorylated p38 and caspase-3, and
staining was assessed using confocal microscopy. We found no
cell in preparations obtained from young rats in which there
was evidence of colocalization of activated p38 and caspase-3.
In contrast, several cells prepared from aged rats fed on the
control diet stained positively for both; an example is shown in
Fig. 3d. However, while some cells prepared from aged EPA-
treated rats stained positively for p38, there was little staining
for caspase-3, and we found no evidence of colocalization. These
findings support the idea that caspase-3 activation is closely
coupled with p38 activation. In addition to the stimulatory
effect of IL-1B3 on caspase-3 activity, we observed that IL-1p3
significantly increased caspase-3 mRNA in cultured cortical
cells (Fig. 3c).

In an effort to consolidate these findings, which suggested
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Fi6. 5. The increase in TUNEL staining with age is blocked by
EPA and mimicked by IL-1B. a, the number of cells that stained
positively for TUNEL was significantly enhanced in cortex of aged rats
fed on the control diet (e.g. left-hand picture) compared with that in
young rats fed on either diet (*, p < 0.05, ANOVA); dietary manipula-
tion with EPA reversed this effect. b, incubation of cultured cortical
neurons in the presence of IL-1p significantly increased the number of
TUNEL-positive cells (*, p < 0.05, Student’s ¢ test for independent
means; n = 5). Con, control; +ve, positive.

that there was significant evidence of cell death in the aged
cortex, we investigated cleavage of PARP by assessing expres-
sion of the 116-kDa form of the enzyme. Fig. 4 indicates, in a
sample immunoblot and by analysis of the mean data obtained
from densitometric analysis, that there was a significant de-
crease in expression of 116-kDa PARP in cortical tissue pre-
pared from aged rats fed on the control diet compared with
young rats (p < 0.05, ANOVA) but that this effect was reversed
in tissue prepared from aged rats treated with EPA. These data
were paralleled by changes in TUNEL staining; thus a signif-
icantly greater number of cells stained positively for TUNEL in
preparations obtained from aged rats fed on the control diet
compared with young rats fed on either diet (p < 0.05, ANOVA;
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Fig. 5a). The number of TUNEL-positive cells in preparations
obtained from aged rats fed on the EPA-enriched diet was
similar to that in tissue prepared from young rats. Fig. 5b
shows that exposure of cultured cortical neurons to IL-13 for
72 h also significantly increased the number of TUNEL-posi-
tive cells (p < 0.05, Student’s ¢ test for independent means).

In an effort to explore the synaptic changes that might occur
as a consequence of IL-1B-induced cell death, we turned to
analysis of changes in hippocampus and first assessed age- and
diet-related changes in IL-18 concentration and p38 activation.
Fig. 6a shows that, in parallel with the age-related findings in
cortical tissue, IL-1B concentration was significantly increased
in hippocampal tissue prepared from aged rats fed on the
control diet compared with young rats fed on either diet (p <
0.05, ANOVA). There was no evidence of a similar age-related
increase in aged rats fed on the EPA-enriched diet. Analysis of
p38 activation revealed a similar pattern; thus there was a
significant age-related increase in p38 activity (p < 0.05,
ANOVA, aged rats fed on the control diet versus young rats;
Fig. 6b), which was not observed in tissue prepared from aged
rats fed on the EPA-enriched diet. A likely causal relationship
between IL-18 concentration and p38 activation is suggested
by the finding that IL-1p significantly increased p38 activity in
hippocampus in vitro (Fig. 6¢). In a separate series of experi-
ments, in which no dietary manipulation was made, cryostat
sections of tissue were prepared from young and aged rats. We
observed that there was a marked increase in p38 staining in
hippocampus of aged compared with young rats; sample sec-
tions are demonstrated in Fig. 6d.

Analysis of LTP in dentate gyrus was undertaken in the
same rats in which biochemical analyses were performed. Fig.
7 demonstrates that LTP was successfully induced in both
groups of young rats (Fig. 7a) but was impaired in aged rats fed
on the control diet (Fig. 7b); in the latter group of rats the mean
percent changes in population excitatory postsynaptic potential
slope in the 2 min immediately following tetanic stimulation
(Fig. 7c) and in the last 5 min of the experiment (Fig. 7d;
compared with the mean value in the 5 min prior to the tetani)
were 136.5 = 3.92 and 111.8 = 0.86, respectively. In contrast,
the corresponding values in aged rats fed on the EPA-enriched
diet were 181.3 * 3.12 and 149.1 *+ 0.82, respectively. These
latter values were similar to those observed in young rats fed
on the control (190.5 + 4.83 and 147.48 * 1.31, respectively)
and EPA-enriched (184.0 = 3.24 and 154.8 * 0.92, respectively)
diets, indicating that EPA treatment restored the ability of
aged rats to respond to tetanic stimulation.

DISCUSSION

We present evidence demonstrating that treatment with
EPA prevents neuronal cell death in aged rats and show that
suppression of the age-related coupled increases in IL-1f con-
centration and p38 activity is the key to inhibiting the cascade
of cellular events that leads to apoptosis. The age-related in-
crease in IL-1f concentration in cortical and hippocampal tissue,
which confirms previous findings (19-21), is coupled with in-
creased TUNEL staining in vivo. The implicit suggestion that
endogenous [L-1p induces cell death is supported by the finding
that IL-18 also enhances TUNEL staining in cultured cortical
cells, although a comparison of data from two such different
experimental conditions must be made with caution. Signifi-
cantly, treatment with EPA, which has been shown to have
anti-inflammatory properties (27, 28), prevented the age-related
increases in IL-18 concentration and TUNEL staining in cortex.
These data support the previous finding that fish oils, which
contain EPA, reduce production of proinflammatory cytokines in
circulating cells (29-32) and chondrocytes (33) and suppress the
lipopolysaccharide-induced increase in circulating IL-13 (34).
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FiG. 6. The age-related increases in IL-1p concentration and p38 activity in hippocampus are abolished by EPA. a, IL-18
concentration was significantly enhanced in hippocampal tissue prepared from aged rats fed on the control diet (n = 10) compared with young rats
fed on either diet (*, p < 0.05, ANOVA; n = 6), but this change was not evident in tissue prepared from aged rats fed on the EPA-enriched diet
(n = 10). b, p38 activity was significantly enhanced in hippocampal tissue prepared from aged rats fed on the control diet compared with young
rats fed on either control or EPA diet (*, p < 0.05, ANOVA), but this change was not evident in tissue prepared from aged rats fed on the
EPA-enriched diet (lane 4). ¢, IL-18 significantly enhanced p38 activity in hippocampal tissue in vitro (*, p < 0.05, Student’s ¢ test for paired values;
n = 6). d, expression of phosphorylated p38 is markedly increased in cryostat sections prepared from aged compared with young rats. Con, control.

Increased activation of p38 accompanied the age-related in-
crease in IL-18 concentration consistent with previous obser-
vations in hippocampal cells (8, 19-21) and in other cell types
(35-39). The evidence presented here pinpoints IL-13-induced
increased activation of p38 as a pivotal event in triggering
changes that are characteristic of apoptotic cell death, for ex-
ample cytochrome ¢ translocation and caspase-3 activation.
This suggestion concurs with previous findings. Thus inhibi-
tion of p38 by SB203580 has been shown to prevent singlet
oxygen-induced apoptosis in HL-60 cells (40), while another
p38 inhibitor, SB2390663, prevents caspase cleavage in thiol-
oxidant-induced apoptosis in forebrain neuronal-enriched cell
cultures (41). That inhibition of p38 proffers protection is fur-
ther supported by the finding that its activation spared dopa-

minergic neurons deprived of serum (42) and markedly reduced
infarct size induced by ischemia (16). In parallel with the effect
of dietary manipulation on IL-18 concentration, the data indi-
cate that EPA treatment blocked the age-related increase in
p38 activation in hippocampus and cortex.

The data from in vitro analysis suggested that IL-1p8,
through an action on IL-1RI and mediated through activation
of p38, stimulates cytochrome ¢ translocation in cortical tissue.
Since IL-18 concentration and p38 activation were enhanced in
cortical tissue prepared from aged rats, it was predicted that
translocation of cytochrome ¢ might also be a feature of the
aged brain; the present data indicate that there was an age-
related increase in cytochrome ¢ translocation that paralleled
the increases in IL-18 concentration and p38 activation. Sig-
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Fic. 7. The age-related impairment in LTP in dentate gyrus is
suppressed by EPA. a and b, tetanic stimulation (time 0) resulted in
an immediate and sustained increase in the mean population excitatory
postsynaptic potential (Epsp) slope in young rats (a) fed on either diet.
A similar change was observed in aged rats (b) fed on the EPA-enriched
diet, but aged rats that were fed on the control diet exhibited a marked
attenuation in response to tetanic stimulation. ¢ and d, analysis of the
mean changes in the 2 min immediately following tetanic stimulation
and in the last 5 min of the experiment (compared with the mean
excitatory postsynaptic potential slope in the 5 min preceding the
tetanus) revealed a significant decrease in excitatory postsynaptic po-
tential slope in aged rats fed on the control diet compared with the other
three groups (*, p < 0.01, ANOVA; n = 8 in the case of young and n =
12 in the case of aged rats). Con, control.

nificantly, this increase was absent in cortical tissue prepared
from EPA-treated aged rats. Disruption of the mitochondrial
transmembrane potential, which is accompanied by cyto-
chrome ¢ translocation from the mitochondria to the cytosol
(43), is a relatively early event in apoptotic cell death. It has
been shown that among the stimuli that lead to these events is
oxidative stress (43); indeed it is possible that enhanced reac-
tive oxygen species accumulation, which we have shown to
accompany increased IL-18 concentration in other studies (19-21)
and in the present one (data not shown), is responsible for the
observed age-related increase in cytochrome ¢ translocation.
Cytochrome ¢ translocation triggers a cascade of reactions
initiated by interaction with apoptosis protease-activating fac-
tor-1 and propagated by activation of caspase-9 and subse-
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quently other caspases that eventually culminates in cell death
(44). The importance of the role of cytochrome ¢ translocation in
this cascade was underscored by the demonstration that injec-
tion of active cytochrome c into cells led to apoptosis (45). The
present findings, which show parallel changes in cytochrome ¢
translocation and caspase-3, are consistent with the view that
caspase-3 activation is triggered by cytosolic cytochrome ¢ (46,
47). Our data also indicate that caspase-3 mRNA, as well as
enzyme activity, was increased by IL-18 in vitro and, further-
more, that caspase-3 activation was dependent on interaction
of IL-18 with IL-1RI and mediated through the subsequent
activation of p38. The observation that caspase-3 colocalized
with activated p38 was a further indication of a coupling be-
tween these parameters. This finding is strikingly similar to
data reported in a recent study that showed that SB203580
diminishes caspase activity and protects SH-Sy5Y neuroblas-
toma cells and cultured cortical neurons from NO-induced cell
death (48). EPA reversed the age-related increases in p38 ac-
tivation, cytochrome ¢ translocation, and caspase-3 activity,
and we view this concurrence as strong evidence of a causal
relationship between the parameters.

One downstream substrate for caspase-3 is the DNA repair
enzyme PARP, and the present findings indicate that, in par-
allel with the effects of age and diet on caspase-3 activation,
PARP cleavage was increased in aged rats fed on the control,
but not the EPA-enriched, diet. We have previously reported
that cleavage of PARP was increased in entorhinal cortex of
lipopolysaccharide-treated rats, and this change was accompa-
nied by changes in morphology of cells that were indicative of
cell death (20). Indeed cleavage of PARP has been considered to
be a reliable marked of apoptosis (49, 50). Significantly, we
observed that these lipopolysaccharide-induced changes were
blocked by caspase-1 inhibition pinpointing a role for IL-18 in
the cascade of events leading to cell death (8). In the present
study the age-related enhancement in PARP cleavage was cou-
pled with evidence of reduced cell viability, but evidence of both
changes was absent in tissue prepared from EPA-treated aged
rats.

Our data indicate that the age-related increases in IL-13
concentration and p38 activation observed in cortical tissue
were also observed in the hippocampus; these findings support
our previous observations (19, 20). However, we report that no
such changes were observed in hippocampus of aged rats that
were fed on the EPA-enriched diet. LTP in perforant path-
granule cell synapses was markedly depressed with age, con-
firming data from several previous studies (19-22, 51); signif-
icantly, this age-related impairment in LTP was completely
absent in aged rats fed on the EPA-enriched diet. The negative
correlation between the IL-18 concentration and p38 activation
and the expression of LTP together with the observation that
the IL-1B-induced inhibition of LTP was suppressed by p38
inhibition provides strong evidence of a causal relationship
between these measures. The question of how polyunsaturated
fatty acid, specifically EPA, uptake into neuronal tissue is
achieved should be considered. It has been shown that circu-
lating fatty acids cross the blood-brain barrier, and the rate of
incorporation is proportional to plasma concentration; evidence
indicates that transport is mainly by diffusion, although a
facilitated process may also contribute (52). The question of the
underlying cause of the decrease in polyunsaturated fatty acids
in aged rats remains to be fully resolved, but it appear that
fatty acid uptake into brain tissue is not altered with age (53).

Our working hypothesis is that aging is coupled with a
significant increase in IL-18 concentration in neuronal tissue
that is likely to exert multiple effects including activation of
p38. We propose that increased p38 causes mitochondrial mem-
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brane perturbation leading to translocation of cytochrome c.
One consequence of these changes is an increase in caspase-3
activation; caspase-3 acts on its substrate, PARP, resulting in
its cleavage. Apoptotic changes in cells occur since DNA repair
is compromised as a result of this action. The evidence pre-
sented points to a pivotal role for IL-18 in triggering the cellu-
lar events that lead to an increase in cell death in the aged
brain and identify activation of p38 as a key mediator. It is
proposed that, although EPA abolished several age-related
changes, the primary action of EPA may be to block the age-
related increase in IL-1B concentration.
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A’-Tetrahydrocannabinol, the principal psychoactive compo-
nent of marijuana, exerts a variety of effects on the CNS,
including impaired cognitive function and neurobehavioural
deficits. The mechanisms underlying these neuronal responses
to tetrahydrocannabinol are unclear but may involve aiterations
in neuronal viability. Tetrahydrocannabinol has been shown to
influence neuronal survival but the role of the cannabinoid
receptors in the regulation of neuronal viability has not been
fully clarified. In this study we demonstrate that tetrahydrocan-
nabinol promotes the release of cytochrome c, activates

Key words: Apoptosis; Cannabinoid receptor; Caspase-3; Poly-ADP-ribose polymerase; Tetrahydrocannabinol

caspase-3, promotes cleavage of the DNA repair enzyme poly-
ADP ribose polymerase and induces DNA fragmenation in
cultured cortical neurones. These effects of tetrahydrocannabi-
nol were completely abrogated by the CB, receptor antagonist
AM-251. The findings of this study demonstrate that tetrahy-
drocannabinel induces apoptesis in cortical neurcnes in a |
manner involving the CB; subtype of cannabincid receptor.
NeuroReport 12:3973-3978 © 2001 Lippincott Williams &
Wilkins.

INTRODUCTION

A’-Tetrahydrocannabinol (THC), the principal psychoac-
tive component of marijuana, exerts a variety of effécts on
the CNS including alterations in cognitive function [1] and
impairments in memory formation and retrieval [2]. At a
cellular level THC has been found to play a role in the
regulation of cell viability. THC induces apoptosis in
glioma cells [3], macrophages [4], hippocampal cells [5]
and cortical neurones [6]. In contrast, THC also has
cytoprotective properties and has been shown to enhance
cell survival in the face of oxidative stress [7] and excito-
toxicity [8]. The exact mechanisms underlying these contra-
dictory effects of THC on cellular viability are unclear but
since THC is a highly lipophilic molecule [9] it has been
proposed that THC may utilise receptor-independent me-
chanisms, such as acting as a reactive oxygen species
scavengers [10], to enhance cell survival. In contrast,
linkage to the cannabinoid (CB) receptor has been shown
to mediate the toxic effects of THC on glioma [3] and
nippocampal neurones [5]. While two subytpes of cannabi-
10id receptor, CB; and CB,, have been identified [11] the
B, receptor is pertinent in the central effects of THC [12]
ind has been localised in several brain regions including
he cortex, hippocampus and cerebellum [13]. The CB,
receptor is coupled to a G-protein [12] and we have
ecently reported that the detrimental effects of THC on
‘ortical neurones are sensitive to pertussis toxin (6], indi-
ating that G-protein subtypes G, or G; have a role in

THC-induced neurotoxicity. To investigate whether the
induction of cell death by THC proceeded via activation of
the CBy receptor we examined the effect of the selective
CB; antagonist AM-251 [14] on THC-induced neurodegen-
eration of cultured cortical neurones and characterised the
role of the CB; receptor in the THC-induced activation of
several key component of the apoptotic cascade, namely
cytochrome c release, caspase-3 activation, poly-ADP-
ribose polymerase cleavage and DNA fragmentation.

MATERIALS AND METHODS

Culture of cortical neurones: Primary cortical neurones
were established from postnatal 1-day old Wistar rats and
maintained in neurobasal medium. Rats were decapitated
and cerebral cortices removed. The dissected cortices were
incubated in phosphate-buffered saline (PBS) containing
trypsin (0.25%) for 20min at 37°C. The tissue was then
triturated (X5) in PBS containing soyabean trypsin inhibi-
tor (0.1%) and DNAse (0.2mg/ml) and gently filtered
through a sterile mesh filter. Following centrifugation at
2000 X g for 3min at 20°C, the pellet was resuspended in
neurobasal medium, supplemented with heat inactivated
horse serum (10%), penicillin (100 U/ml), streptomycin
(100U/mi) and glutamax (2mM). Suspended cells were
plated at a density of 0.25X 10° cells on circular 10mm
diameter coverslips, coated with poly-L-lysine (60 pg/mi),
and incubated in a humidified atmosphere containing 5%
C0,:95% air at 37°C. After 48h 5ng/ml cytosine-arabino-

1959-4965 © Lippincott Williams & Wilkins
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furanoside was included in the culture medium to prevent
proliferation of nonneuronal cells. Culture media were
exchanged every 3 days and cells were grown in culture

for up to 14 days.

Drug treatment: THC (Sigma-Aldrich Co. Ltd, Dorset,
UK) was stored at —20°C as a 1mM stock solution in
methanol. For treatment of cortical neurones THC was
diluted to a- final concentration of 5uM in prewarmed
neurobasal medium and 0.01% methanol was used as
vehicle. The selective CB; receptor antagonist AM 251
(Tocris Cookson Ltd., Bristol, UK) was stored as a 10mM
stock solution in dimethylsuphoxide and diluted to a final
concentration of 10puM in warm culture media; 0.0001%
dimethvisulphoxide was used as vehicle control, AM 251
was added to the cultured neurones 30min prior to
incubation with THC. Cells were incubated with THC for
2h since this was the time-point at which apoptotic
changes had previously been observed [6].

TdT-mediated-UTP-end nick labelling (TUNEL): Apopto-
tic cell death was assessed using the DeadEnd calorimetric
apoptosis detection system (Promega Corporation, Madi-
son, USA). Briefly, cells were fixed with paraformaldehyde
(4%), permeabilised with Triton-X100 (0.1%), and biotiny-
lated nucleotide was incorporated at 3'-OH DNA ends
using the enzyme terminal deoxynucleotidyl transferase
(TdT). Horseradish peroxidase-labelled streptavidin then
bound to the biotinylated nucleotide and this was detected
using the peroxidase substrate H;O, and the chromogen
diaminobenzidine. Cells were then viewed under light
microscopy at X100 magnification, where the nuclei of
TUNEL positive cells stained brown. Apoptotic cells (TU-
NEL positive), were counted and expressed as a percentage
of the total number of cells examined (400-300 cells/
coverslip).

Cytochrome c Western immunoblot: Following incubation
with THC (5 uM) = AM-251 (10 uM), cortical neurones were
harvested in lysis buffer (20mM HEPES, 10mM KCl,
1.5mM MgCl;, 1mM EGTA, 1mM EDTA, 1mM dithio-
threitol, 0.1mM PMSF, 5ug/ml pepstatin A, 2pg/ml
leupeptin, 2pug/ml aprotinin, pH 7.4) and left on ice for
20 min. Cells were then centrifuged (10000 X g for 10min
at 4°C) and the supernatant containing the cytosolic frac-
tion was prepared for SDS-polyacryiamide gel electrophor-
esis. The cytosolic fraction was diluted to 50 ug 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-B-mercaptoethanol, 0.002% w/v bromophenol
blue). Samples were then heated to 100°C for 3 min.
Cytosolic proteins (1pg/lane) were separated by electro-
phoresis on a 12% polyacrylamide minigel, transferred to
nitrocellulose membrane (Satorius, Germany) and immu-
noblotted with a polyclonal anti-cytochrome ¢ antibody
(Santa Cruz Biotechnology Inc, California) purified from
rabbit serum. Immunoreactive bands were detected using
horseradish peroxidase conjugated anti-rabbit IgG (Sigma,
UK) and an enhanced chemiluminescence (ECL) system
(Amersham, UK). Mol. wt markers were used to verify the
mol. wt of protein bands and purified cytochrome ¢ protein
was used for positive identification of protein bands

corresponding to cytochrome c. Band widths were quanti-
fied using densitometric analysis (D-Scan PC software). ¢

Poly ADP ribose polymerase (PARP) immunocytochemis-
try: Following treatment of cultured cortical neurones
with THC (5 uM) = AM-251 (10 uM) the cells were fixed in
4% paraformaldehyde, blocked with 5% bovine serum
albumin and incubated with an anti-cleavage site specific
PARP polyclonal antibody purified from goat serum (Bio-
Source International Inc, UK; 1:50 dilution, 1h) which
specifically recognises the cleaved form of PARP. Immu-
noreactivity was detected with a biotinylated anti-goat IgG
secondary antibody (BioSource International Inc, UK; 1:50
dilution, 1h incubation) and streptavidin conjugated to
horseradish peroxidase (Amersham, UK). Immunoreactive
cells were visualised with the chromogen diaminobenzi-
dine. The number of immunoreactive cells were counted
and expressed as a percentage of the total number of cells
examined (400-500 cells/coverslip).

Measurement of caspase-3 activity: Cleavage of the
fluorogenic caspase-3 substrate (DEVD-aminofluorocou-
marin (AFC); Alexis Corporation, USA) to its fluorescent
product was used as a measure of caspase-3 activity.
Cortical neurones were harvested in lysis buffer (25 mM
HEPES, 5mM MgCl,, 5mM DTT, 5SmM EDTA, 2mM
PMSF, 10 ug/ml leupeptin, 10pg/ml pepstatin; pH 7.4),
subjected to three freeze—thaw cycles and centrifuged at
10000 rp.m. for 10min at 4°C. Samples of supernatant
(90 pl) were incubated with the DEVD peptide (500 uM;
10u) for 1h at 30°C. Incubation buffer (900pl; 100 mM
HEPES containing 10mM DTT; pH 7.4) was added and
fluorescence was assessed (excitation, 400nm; emission,
505 nm).

Caspase-3 activity was also assessed by immunocyto-
chemistry using an anti-active caspase-3 antibody (Prome-
ga Corporation, Madison, USA). Briefly, cells were fixed
with 4% paraformaldehye, blocked with 5% goat serum in
phosphate buffered saline, incubated with anti-active cas-
pase-3 antibody (1:200 dilution, overnight incubation at
4°C). Immunoreactivity was detected using a biotinylated
anti-rabbit IgG antibody and streptavidin conjugated to
horseradish peroxidase. Immunoreactive cells were visua-
lised with the chromogen diaminobenzidine, the number
of immunoreactive cells were counted and expressed as a
percentage of the total number of cells examined (400-500
cells/coverslip).

RESULTS

THC-induced DNA-fragmentation is abolished by the CB,
receptor antagonist AM-251 THC induced a dose-depen»
dent induction of apoptosis in cortical neurones (Fig. 1a).
In control cells the percentage of cells displaying' DNA
fragmentation, as assessed by TUNEL staining was
22+2% (mean +s.e.m.). The percentage of cells staining
TUNEL positive was unaffected by THC at 10nM
(19+ 4%, n=>5). However, treatment of cells with THC at
100nM, 1pM, 5uM and 10pM for 2h significantly in-
creased the percentage of cells displaying DNA to 28 =2%
(p<0.05, Student’s t-test, n=5), 35=4% (p<0.05, Stu-
dent’s t-test, n=5), 499+1% (p<0.01, Student’s t-test,
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n=5) and 55+ 8% (p <0.01, Student’s t-test, n =35), respec-
tively.

Figure 1b demonstrates that the CB; receptor antagonist
AM-251 blocks THC-induced apoptosis. Treatment of cor-
tical neurones with THC (S5uM) for 2h significantly
increased the percentage of cells displaying DNA fragmen-
tation, as assessed by TUNEL staining, from 22+2% to
49+1% (p<0.01, Student’s t-test, n=>5). While AM-251
(10uM) alone had no effect on DNA fragmentation
(22£3% TUNEL-positive cells) it prevented the THC-
induced increase in DNA fragmentation (24 +3% TUNEL-
positive cells following treatment with THC in the pre-
sence of AM-251).

THC-indiiced translocation of cytochrome c is abolished
by AM-251: An upstream event associated with apoptosis
is the translocation of mitochondrial cytochrome c into the
cytosol. Cytosolic expression levels of cytochrome ¢ were
measured by Western immunoblot and band widths were

501(b) s
-
. %
3 301 %
3 == —_—
o ?
10 %
0 Z
+ AM 251
Fig. I. THC promotes degeneration of cortical neurones via the CB,

receptor. (a Incubation with THC for 2h induced a dose-dependent
increase in DNA fragmenaation. Results are expressed as mean =s.e.m.
for 5 observations, * p<0.05; ** p <0.0l. (b) A significant increase in
neurcnal degeneration was observed following exposure of cortical
neurones to THC (5 uM) for 2 h. Preincubation of the cortical neurones
with the CB, receptor antagonist AM-251 (10 puM) for 30min abolished
the THC-induced increase in TUNEL-positive cells. Resuits are expressed
as mean =sem. for 5 observatons, **p<0.0l. (c) Representative
image of cortical neurcnes stained with TUNEL (i) Under control
conditions few cells smined positve for DNA fragmentation using
TUNEL. (i) 5puM THC-treated neurones exhibited a significant increase
in TUNEL-positive cells, (jii) Treatment with AM-251 alone had na effect
on the number of TUNEL-positive neurones. (iv) Treatment with AM-
251 in the presence of THC significantly reduced the number of TUNEL-
positive cells. (h, healthy neurones; ap, apoptotic TUNEL-positive
neurcnes). Bar =25 um.

quantified by densitometry (Fig. 2a). In control cells cyto-
solic levels of cytochrome ¢ were 22.0+2.06 (arbitrary
units) and this was significantly increased to 28.67 =2.28
(p<0.05, Student’s t-test, n=9) by THC (5puM). AM-251
(10uM) alone had no effect on cytosolic cytochrome c
expression (mean band width 21.40 +1.82) but it prevented
the THC-induced increase in cytochrome c expression
(mean bind width 21.23+1.75 in cortical neurones treated
with THC in the presence of AM-251). A sample immuno-
blot showing that the THC-induced release of cytochrome
¢ into the cytosol is prevented by AM 251 is shown in
Fig. 2a.

AM-251 blocks the THC-induced activation of caspase-
3: A consequence of mitochoridrial cytochrome c release
is the activation of caspase-3. Figure 2b demonstrates that
treatment of cortical neurones with THC (5pM) for 2h
significantly increased caspase-3 activity, as assessed by
the fluorogenic assay, from 13.6=6.0 pmol AFC pro-

3975

Vol 12 No 18 21 December 2001



NEUROREPORT E. DOWER £T AL

—
s
5
o
1
*

w
o
1

w
o
L

: 8
=
-

P
_
=

.
%/ )

+ AM 251

o
L

Cytochrome ¢ release (arbitrary units)
[
o
1
DN

caspase-3 activity (pmol AFC produced/mg/min)

N

o
L

N

o
, PR

[ control
THC

&

% cells with active caspase-3 immunoreactivity

S
! |

I

|

\\\\\
|
I
I

w
o
1

7

=)
1

o
L

+ AM:251

Fig.2. THC promotes translocation of cytochrome c and activates caspase-3 in a CB-receptor-dependent manner A: Cortical neurones were
incubated with THC (5 uM), cells were harvested and cytosolic fractions were analysed for cytochrome ¢ expression using western immunoblot. THC
significantly increased cytochrome ¢ concentration in the cytosol. While AM-251 treatment had no effect on cytosolic cytochrome ¢ expression, AM-
251 inhibited the THC-induced release of mitochondrial cytochrome c. Resuits are expressed as mean =s.e.m. of 5 observations, * p <0.05. Inset, a
sample Western immunoblot which demonstrates the increase in cytosolic cytochrome ¢ expression in THC-treated cortical neurones (lane 2)
compared to control cells (lane [). While AM-251 had no effect on cytosolic cytochrome ¢ expression (lane 3) it abolished the ability of THC to
promote translocation of mitochondrial cytochromic ¢ to the cytoplasm (lane 4). (b) caspase-3 activity was assessed by cleavage of the fluorogenic
peptide DEVD. Exposure of cells to THC (5 uM) for 2h significandy increased caspase-3 activity. Pretreatment of the cells with AM-25/ abolished the
THC-induced increase in caspase-3 activity. Results are expressed as mean +s.e.m. for 5 observations, * p <0.05. (c) The percentage of cells with
caspase-3 activity was detected using the anti-active caspase-3 antibody. THC significantly increased the percentage of cortical neurones displaying active
caspase-3 immunoreactivity and this was abolished by the CB; antagonist AM-25]. Results are expressed as mean=s.em. for 7 observations,
* p <0.05. (d) Representative image of cortical neurones stined with the anti-active caspase-3 antibody. (i) Under control conditions few cells szined
positive for active caspase-3 immunoreactvity. (i) THC-treated neurones exhibited a significant increase in the number of cells displaying active caspase-
3 immunoreactvity. (i) Treatment with AM-25] alone had no effect on the number of ceils with active caspase-3. (iv) Treaunent with AM-251 in the
presence of THC significantly reduced the number of cells displaying ceils displaying active caspase-3 immunoreactivity (cells with activated caspase-3
immunoreactivity are indicated by arrows). Bar = 25 um.
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duced/mg protein/min to 27.4+6.30pmol AFC pro-
duced/mg protein/min (p <0.05, Student’s t-test, n=5).
While AM-251 (10uM) alone had no effect caspase-3
activity (12.1 £4.9 pmol AFC produced/mg protein/min) it
prevented the THC-induced increase caspase-3 activity
(caspase-3 activity 12.3 £ 6.0 pmol AFC produced/mg pro-
tein/min in cortical neurones treated with THC in the
presence of AM-251).

An additional method with which to evaluate caspase-3
activity is immunocytochemistry using an anti-active cas-
pase-3 antibody (Fig. 2c). In control cells the percentage of
neurones displaying active-caspase-3 immunoreactivity
was 11.0=2.2% and this was significantly increased to
34 £3.9% (p<0.05, Student’s t-test, n=7) by THC (5 uM).
AM-251 (10uM) alone had no effect on active caspase-3
immunoreactivity (14.5 =2.7% of neurones displayed active
caspase-3 immunoreactivity following AM-251 treatment)
but it prevented the THC-induced increase in active
caspase-3 immunostaining (14.9 =2.8% of cells displayed
active caspase-3 immunoreactivity following treatment
with THC in combination with AM-251). A photograph of
representative anti-active caspase-3 immunostaining for
control, THC, AM 251 and THC + AM 251-treated cells is
shown in Fig. 2d.

THC-induced PARP cleavage involves the CBy receptor:
The DNA repair enzyme PARP is a substrate for caspase-3.
To determine whether the THC-induced activation of
caspase-3 resulted in cleavage of PARP we monitored
expression of the 85kDa cleaved form of PARP by immu-
nocytochemistry using a cleavage-site specific anti-PARP
antibody (Fig. 3). In vehicle-treated cultures the percentage
of neurones displaying immunoreactivity for the 85kDa
form of PARP was 8.4+0.5% and this was significantly
increased to 40+3.9% (p <0.01, Student’s t-test, n=7) by
THC (5 uM). AM-251 (10 uM) alone had no effect on PARP
cleavage (8.3 +0.8% of neurones displayed immunoreactiv-
ity for the 85kDa form of PARP following AM-251 treat-
ment). However, AM-251 prevented the THC-induced
increase in cleaved PARP immunoreactivity (8.1 £0.9% of
cells displayed immunostaining for the 85kDa form of
PARP following treatment with THC in combination with
AM-251). A photograph of representative anti-cleaved
PARP immunostaining is shown in Fig. 3b.

DISCUSSION

The aim of this study was to examine whether induction of
the apoptotic cascade by THC involved the CB; subtype of
cannabinoid receptor. The results demonstrate that THC
promotes release of mitochondrial cytochrome ¢ into the
cytosol, activates the cysteine protease caspase-3, cleaves
the DNA-repair enzyme PARP and induces DNA fragmen-
tation in cultured cortical neurones. Each of these events
are components of the apoptotic cascade and were Com-
pletely blocked by the selective CBy receptor antagonist
AM 251, demonstrating that THC-induced activation of the
cell death pathway is CB; receptor-dependent.

Plasma concentrations of THC are in the low micromolar
range following consumption of a single marijuana cigar-
ette [16] and THC concentrations in the brain are likely to
be comparable given that THC is a lipophilic molecule and
will readily cross the blood-brain barrier. The minimal
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Fig. 3. The THC-induced cleavage of PARP is abolished by AM-251. (a)
The percentage of cells with PARP cleavage was detected using the ang-
cleavage site specific PARP antibody. THC significantly increased the
percentage of cortical neurones displaying cleaved PARP immunoreactiv-
ity and this was abolished by the CB; antagonist AM-251. Results are
expressed as mean =s.e.m. for 7 observations, ** p <0.01. (b) Repre-
sentative image of cortical neurones stined with the ant-cleavage site
specific PARP antibody. (i) Under control conditions few cells stained
positive for cleaved PARP. (i) THC-treated neurones exhibited a signifi-
cant increase in the number of cells displaying cleaved PARP immuno-
reactivity. (iii) Treatment with AM-251 alone had no effect on the
number of cells with cleaved PARP. (iv) Treatment with AM-251 in the
presence of THC significantly, reduced the number of cells displaying
cells displaying cleaved PARP immunoreactivity (cells with non-cleaved
(nc) and cleaved (c) PARP are indicated by arrows). Bar =25 um.

dose of THC which was found to be neurotoxic to cultured
cortical neurones was within this concentration range.

Our previous study demonstrated that THC induces
neuronal cell death in a manner involving activation of the
G-protein subtypes G,;, since the detrimental effects of
THC on neuronal viability were blocked by pertussis toxin
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(6]. Those results suggested that THC may induce apopto-
sis in a receptor-dependent manner. However, THC is a
liophilic molecule and it remained a possibility that THC
could exert a direct influence on G-proteins in the absence
of receptor activation. It has been reported that THC has
the proclivity to impact on other signalling mechanisms
such as sphingomyelin breakdown (3] and scavenging of
reactive oxygen species [7] in a receptor-independent
manner.

The role of THC and its associated receptors in the
induction of apoptosis is also controversial; THC having
been found to possess both pro- and anti-apoptotic proper-
ties. THC is neurotoxic to hippocampal neurones [5] and
C6 gliomna cells [3] in vitro yet it protects neurones from
glutamate neurotoxicity (8] and ischemia [15]. The THC-
induced degeneration of cultured hippocampal neurones
(5] and transformed neural cells in vivo [17] was found to
involve the CB; receptor while induction of apoptosis in
Cé6 glioma cells in vitro [3] was receptor-independent. The
cyoprotective properties of THC have been attributed to
the ability of THC to act as an antioxidant in a receptor-
independent manner [7,10]. However, the neuroprotective
properties cf cannabimimetic drugs have also been demon-
strated to involve CB; receptor activation. The results from
this study demonstrate that THC induces apoptosis in
cultured cortical neurones via a CB; receptor-dependent
mechanism.

The apoptotic events that are evoked by THC in cortical
neurones include the release of mitochondrial cytochrome
c into the cytosol. This serves as an initiator of downstream
apoptotic events since cytosolic cytochrome ¢ can form a
complex with APAF-1 which results in the activation of the
cysteine protease caspase-3, a key executor of the cell death
pathwav [18]. THC was found to increase caspase-3 activ-
ity in cortical neurones and induce cleavage of the caspase-
3 substrate PARP, demonstrating that the THC-induced
cell death proceeds via activation of the caspase-3 branch
of the apoptotic cascade. The ability of THC to impact on
each of those apoptotic phenomenon was completely
abrogated by AM 251 thereby demonstrating that the CB,
receptor couples THC to these apoptotic signalling events.

The release of cytochrome c is an early event in
apoptosis, however, the nature of the link between the CB,
receptor and cytochrome c release is not fully understood.
It is likely that the CB; receptor-induced activation of the
heterotrimeric G proteins Gy, is involved since we have
previously demonstrated that the THC-induced release of
cytochrome c is blocked by pertussis toxin [6]. CB; recep-

tors can couple to activation of stress-activated protein
kinases in a G-protein-dependent manner [19] and these:s
protein kinases regulate the mitochondrial expression of
members of the Bcl family of proteins [20]. Given that
cytochrome c release is regulated by the mitochondria-
associated proteins Bcl and Bax [21] a potential effector for
G-protein-mediated modulation includes activation of
stress-activated protein kinases and downstream regulation
of Bcl and Bax expression at the mitochondrial membrane.

CONCLUSION

THC exerts neurotoxic properties on cultured cortical
neurones by promoting the release of cytochrome c, activa-
tion of caspase-3 and cleavage of DNA repair enzymes in a
CB receptor-dependent manner. The prodclivity of cannabi-
noid receptors to induce apoptosis in neonatal neurones
may reflect the role of endogenous cannabinoids in
development of the CNS [22] and may also underlie the
central nervous system abnormalities that occur in infants
exposed to marijuana in utero [23].
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