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VI Abstract

Deposition o f P-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 P-amyloid-mediated cell death in cultured cortical neurons. P- 

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 o f c- 

jun-N-terminal kinase iso forms in p-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 p-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 

P-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 P-amyloid, at least in part, arbitrates neuronal cell 

death in a p53-dependent manner. P-amyloid increased Bax and p53 expression at the 

mitochondria. The increased mitochondrial association o f Bax and p53 coincided with 

release of mitochondrial cytochrome c 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 P-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-a attenuated the P-amyloid -mediated 

increase in cytosolic activity of the lysosomal protease, cathepsin-L, suggesting a novel 

mechanism whereby p53 may contribute to destabilisation of lysosomal membranes and 

promote leakage of lysosomal constituents.

An increase in intracellular calcium concentration was induced by P-amyloid and 

this influx of calcium was attenuated by treatment with the L-type voltage dependent 

calcium channel blocker, nicardipine. Nicardipine reduced the P-amyloid-mediated 

increases in c-jun-N-terminal kinase activity, p53 stabilisation, cathepsin-L activity.
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caspase-3 activation, and DNA fragmentation. These resuUs emphasise the importance o f 

the L-type calcium channel in the P-amyloid-neurodegenerative cascade.

p-amyloid increased mRNA expression o f the pro-inflammatory cytokine, tumour 

necrosis factor-a, and the associated transcription factor, nuclear factor-kappaB, 

demonstrating that |3-amyloid elicits a local inflammatory response in cultured neurons. 

Analysis o f  the effects o f the pro-inflammatory cytokine, interleukin-ip, on mRNA 

expression revealed an increase in mRNA expression o f  pro-apoptotic Bax and caspase-3, 

and anti-apoptotic Bcl-xl, demonstrating that pro-inflammatory signals in neuronal cells 

may favour the occurrence o f  apoptosis in these cells.

The data presented in this study demonstrates the diverse signalling pathways 

regulated by P-amyloid in cultured cortical neurons. Inhibition o f various proteins 

involved in P-amyloid-mediated cell death resulted in a reduction in neurodegeneration 

and offers insight for potential targets which may aid prevention o f the neuronal 

degeneration characteristic o f  Alzheimer’s Disease.
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General introduction.

Chapter 1



1.1 Alzheim er’s Disease (AD): Clinical Characteristics

Alzheim er’s disease (AD) is a progressive neurodegenerative disease clinically 

characterised by an irreversible loss o f cognitive function, associated with impairment in 

activities o f daily living, mental and physical deterioration with progressive behavioural 

disturbances, and ultimately by death. There are three main stages in the progression o f 

A lzheim er’s disease, with rate o f disease progression varying from individual to 

individual. In the mild stage a person begins to lose short-term memory. The final stages 

o f the disease are marked by severe cognitive decline with mental emptiness and loss o f 

control o f  all bodily functions (Goldman and Cote, 1991). AD is the most common form 

o f dementia accounting for over 60% o f all dementia cases. Dementia denotes a 

progressive decline in mental function, memory, and in acquired intellectual skills 

(Goldman and Cote, 1991). Dementia can result from many causes, and is not by itself 

diagnostic o f 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 o f 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 o f AD was diagnosed by the Bavarian psychiatrist Alois Alzheimer 

in 1907 when he used the Bielschowsky silver staining technique to identify ‘dense 

bundles’ o f neurofibrils and the ‘deposition o f  a peculiar substance in the cerebral cortex 

and hippocam pus’ o f  the autopsy brain o f a 51 year old woman. Today, the major 

histopathological hallmarks diagnostic o f AD include synaptic dysfunction, nerve cell 

loss primarily in the cerebral cortex, the hippocampus, and the amygdala, and two kinds 

o f deposits, senile plaques and neurofibrillary tangles (Selkoe, 1991). Senile plaques are 

roughly spherical complex extracellular deposits within the neuropil, composed o f a 

central core containing beta-amyloid (AP) protein surrounded by activated microglia.



astrocytes, dystrophic neurites and cellular debris. Neurofibrillary tangles (NFT) consist 

o f  intraneuronal bundles o f  abnormal filaments composed o f paired helical filaments 

(PHF), the major component o f which is tau protein (Selkoe, 1995). Tau protein is 

normally associated with microtubules and functions in the stability o f the neuronal 

cytoskeleton. However, abnormal phosphorylation o f  tau leads to a destabilisation in tau 

binding to tubulin, and promotes PHF and NFT formation due to aggregation o f  the 

abnormally phosphorylated tau (Hashiguchi et al., 2000).

There has been much debate as to which o f the hallmarks o f AD, senile plaques or 

neurofibrillary tangles appear first in the disease. Some groups have proposed that hyper 

phosphorylation o f tau precedes plaque formation in AD brain (Su et al., 1994a; Pope et 

al., 1994) and the appearance o f 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’ o f AD had gained 

acceptance. According to the amyloid hypothesis, accumulafion o f  Ap in the brain is the 

primary influence driving AD pathogenesis. The formation o f  neurofibrillary tangles, 

containing tau protein is proposed to result from an imbalance between Ap 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 o f 

tau in neurofibrillary tangles in the brain, but no deposition o f amyloid. This 

demonstrates that profound neurofibrillary tangle formation leading to neurodegeneration 

is not sufficient to induce fomiation o f  the amyloid plaques characteristic o f  AD, 

providing evidence that the neurofibrillary tangles o f wild-type tau seen in AD brains are 

likely to be deposited after changes in Ap 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 o f tangles as opposed to 

mice overexpressing tau alone, whereas the structure o f amyloid plaques remained 

unaltered (Lewis et al., 2001). This finding indicates that altered processing o f  APP 

protein precedes alterations in tau in the pathological cascade o f AD. Development o f 

amyloid deposits in the AD brain can be catergorised into three stages (A-C). Amyloid 

deposition initially develops in poorly myelinated areas o f the basal neocortex (Stage A),
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spreading to the adjoining areas o f  the hippocampus, neocortex archicortical areas and 

amygdala (Stage B), until finally populating the entire cortex (Braak and Braak, 1997; 

see Figure 1.1).

Figure 1.1 Stages o f development o f 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 o f  the 

disease. The majority o f AD cases are non-inherited and have a late mean age o f  onset, 

and are thereby classified as sporadic late-onset AD. The other form o f AD is inherited 

and has an early mean age o f  onset, and is classified as familial early-onset AD (FAD). 

FAD is rare, being responsible for less then 10% o f all cases o f AD (Gandy et al., 2000). 

FAD is associated with specific mutations o f 3 particular genes (see Table 1.1). Initial 

attempts to understand the role o f genetics in AD carried out in the 1980s demonstrated 

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

Shaded areas represent area: 
o f amyloid deposition_____

Age matched control Stage A

Stage B Stage C
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amyloid precursor protein {APP) 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 o f  which are missense mutations lying within or close to the domain encoding the AP 

peptide (Tanzi and Bertram, 2001). All APP  mutations lead to increased production o f 

either total A|3 or a specific A[3 isoform (Selkoe, 1994). In addition, APP  mutations 

internal to the Ap sequence heighten the self-aggregation o f  AP into amyloid fibrils 

(W isniewski et al., 1991). Down’s Syndrome sufferers who inherit an extra copy o f 

chromosome 21, and therefore an extra copy o f the APP  gene, develop AD pathology if 

they live past 40, providing further support for the role o f APP  in early development o f 

AD (Armstrong, 1994). However, mutations in APP  account for less than 0.1% o f all AD 

cases (Tanzi, 1999).

Chromosome Gene defect AD subtype Effect on Ap 

phenotype

Associated 

age of onset

2 1 pAPP

mutations

FAD Production o f  total 

Ap peptides or APi. 

4 2  peptides

50s

14 Presenilinl

mutations

FAD Production o f A Pi .4 2  

peptides

40s and 50s

1 Presenilin 2 

mutations

FAD Production o f  A Pi .4 2  

peptides

50s

19 ApoE4

polymorphism

Sporadic

FAD

Density o f Ap 

plaques and vascular 

deposits

60s and older

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

The second and third AD genes identified were presen ilin l(P Sl)  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
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(W alter et al., 1996). The precise functions o f presenilins within the cell is unknown but 

it has been suggested that PS l and PS2 play a role in neurite outgrowth (Dowjat et al., 

1999). More than 90 missense mutations identified to date in PSl and at least 6  in PS2 

cause the most aggressive forms o f familial AD yet recognised, with some PSl mutations 

producing symptoms o f 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 o f the A Pi.42 form o f Ap (Selkoe, 2002). Together mutations in these two 

genes account for about 30 % o f  all FAD cases but only 2-3% o f all AD cases.

The majority (>90%) o f  AD cases are late onset sporadic AD, not related to any 

single gene mutation. The etiology o f sporadic AD is complex due to interactions 

between environmental conditions and genetic features o f the individual. Individuals 

containing one or two E4 alleles o f the apoE  gene are predisposed to late onset 

A lzheim er’s disease (Dekroom and Annati, 1994). ApoE is a major serum lipoprotein 

that is involved in regulation o f cholesterol metabolism in the body by binding to 

lipoproteins and mediating transport o f 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 o f apoE4 may leads to a rise in the steady-state levels o f  Ap in the brain, 

by decreasing its clearance from the brain’s extracellular space or by enhancing the 

fibrillogenic potential o f  Ap (Schmechel et al., 1993; Holtzman et al., 2000). Despite its 

established association, the apoEA allele is neither necessary nor sufficient to cause AD, 

but instead operates as a genetic risk modifier by decreasing the age o f  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 o f Ap have been reported, including a 2 -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).
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1.4 AD and Environmental factors

Several environmental risk factors have been implicated in development o f late- 

onset AD including head injury, increased concentration o f  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 o f 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 P-amyloid

Ap, the 40-42 amino acid peptide which is the major constituent o f the senile 

plaques associated with Alzheimer’s disease (Selkoe et al., 1991) is formed during 

constitutive proteolytic processing o f its precursor protein, pAPP, that is encoded by a 

gene on human chromosome 21 (Kang et al., 1987). Amyloid precursor proteins are a 

family o f type 1 integral membrane proteins (Haass and Selkoe, 1993). It has been shown 

that in the brain a proportion o f APP is present on the cell surface, and although the exact 

function o f APP is still unknown it is proposed that this cell surface APP mediates the 

transduction o f extracellular signals into the cell (Perez et al., 1997). In addition, there is 

a considerable amount o f 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 o f toxic insults including hypoglycemia, glutamate 

excitotoxicity or Ap toxicity (Schubert and Behl, 1993; Mattson et al., 1993a; Goodman 

and Mattson, 1994). The protective effect o f APP is thought to occur by lowering 

intracellular calcium ([Ca^^Ji) levels (Mattson, 1993b). The amino-terminus o f the Ap 

peptide is located 99 residues proximal to the carboxy-terminus o f APP (see Figure 1.2) 

and extends into the membrane-spanning domain (Howlett et al., 2000). Thus, proteolytic
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cleavage occurs at both the amino- and carboxy-termini of the AP domain within PAPP 

to yield the Ap peptide.

Intracellular:Extracellular
Ca2*

regulation
1 671 JTO

-COOHNHj' Apl-42APP

COOH- AP 1-42

Figure 1.2 Structure of Amyloid Precursor Protein

The three key pAPP processing steps are mediated by enzymes referred to as a, P 

and y-secretase (Tischer and Cordell, 1996). Figure 1.3 represents the pathways involved 

in normal and pathological processing of PAPP. PAPP is cleaved by a  and p 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 P-APPs (Selkoe et a i, 1994). a-APPs are 

known to be neuroprotective and have been demonstrated to protect against ischemic 

brain injury (Smith-Swintosky et a i, 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 PAPP, 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 a i, 1992). AP peptides are normal products of cellular matabolism with 

roughly 90% of Ap being the 1-40 form of the peptide and 10% being the 1-42 variant.
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W hile A P i -4 2  is less soluble and more am yloidogenic than APi_4 o form o f  the 

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

The disintegrin m etalloproteinases A D A M  10 and A D A M  17 can serve as a -  

secretases for AFP (Brow n et  a l ,  2000; Buxbaum  et al.,  1998). In 1999 an enzym e  

denoted Beta site APP cleaving enzym e 1 (B A C E  1) w as identified as P-secretase 

(V assar et al.,  1999; Yan et al.,  1999). This enzym e is an aspartic protease, w hich  cleaves  

APP 16 am ino acids amino-terminal to the a-secretase site generating CTF99. The 

identity o f  the y-secretase protease remains elusive, how ever it has been demonstrated to 

display som e o f  the properties o f  an aspartyl protease (W olfe et al., 1999a). P S l and PS2 

have been established to be critical for y-secretase action. For exam ple, it has been  

reported that in primary fibroblast cultures from P S l knockout m ice, carboxy-terminal 

fragments that are norm ally processed by y-secretase w ere increased and that 

subsequently A p production w as dram atically reduced (D e Strooper et al.,  1998). Tw o  

TM aspartases in P S l have been identified that are critical for y-secretase function (W olfe  

et al,  1999b). Som e reports suggest that the presenilins function as y-secretases (W olfe et 

al.,  1999a, Satoh et al.,  2001). H ow ever, this hypothesis remains controversial and 

further experim entation w ill need to be carried out in order to clarify the exact role o f  the 

presenilins in the genesis o f  the Ap peptide.

1.6 Ap and Neurotoxicity

A ccording to the am yloid hypothesis o f  A D , A p generation, aggregation and 

deposition are d ecisive  events in A D  pathogenisis, resulting in severe neuronal 

degeneration and loss o f  synaptic density (M cgeer and M cgeer, 2001). The neurotoxic  

properties o f  Ap are proposed to underlie A D . Early experim ents in vi tro  in primary 

cultured cortical neurons (Yanker et al.,  1989) along w ith experim ents in vivo  in rat 

cerebral cortex (K ow all et al.,  1991) demonstrated the toxic nature o f  A p to neurons. The 

toxicity  o f  A p has been demonstrated to reside on am ino acids 25-35  o f  the A p fragment 

(Pike et al.,  1995). It was originally thought that it w as necessary for A p to be aggregated  

into fibrils to display toxicity  (Pike et al.,  1991). H ow ever, A p peptides can exert toxicity
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before fibril formation and evidence from a number of recent reports has demonstrated 

that soluble oligomers o f A(3 may be responsible for the synaptic dysfunction observed in 

the brains o f patients with AD (Maclean et a i,  1999). A recent study has demonstrated 

that soluble oligomers o f 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 o f 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 o f this 

study is to further investigate the molecular and cellular events occurring as a result of 

neuronal exposure to Ap. A brief summary outlining the known effects to date o f Ap on 

Ca^^ homeostasis, oxidative stress and inflammation is presented in the following 

sections.

1.6.1 Ap and disruption of cellular Ca^  ̂homeostasis

Câ "̂  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 ([Ca^^]j) is kept 

low by a combination of ATP-dependent Câ "̂  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 Câ "̂  binding proteins 

(Mattson et ciL, 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^^Ji (Pascale and Etcheberrigaray, 1999). This alteration in regulation of 

homeostasis is proposed to be the underlying mechanism of Ap-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 AP-induced
2+  2 '^  dysregulation of [Ca ]i involve an A|3-mediated increase in Ca influx through voltage-

gated Ca^^channels (VDCCs; MacManus et al., 2000), formation of a cation-selective ion

channel after AP-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 Ap-formed dependent channels were recently reported to

constitute 25.1 % and 13.9 % respectively of the contribution of Ap to increased [Ca^^]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 muki subunit 

proteins containing 4-5 distinct subunits. They are composed of a pore-forming subunit 

(a i) of about 190-250 kDa and several auxiliary units including az and 5 subunits joined 

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

Extracellular

C ytoplasm ic

Figure 1.4 Substructure of VDCC. 'F 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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Name Type Channel a l-su b u n it Single channel 
conductance 

(pS)

Localisation Selective Blockers Function

L HVA ais(Skeletal Muscle) 
aic(cardiac, brain) 
a  1 D(neurosec retory 

a lF

34 Cell bodies Proximal 
dendrites

DHP antagonists Regulation of 
transcription

N HVA aiB (brain, PC 12 cells) 13-20 Nerve terminals Dendrites (oCTx-GVIA Neurotransmitter 
release 

Dendritic Ca^  ̂
transients

P HVA aiA (brain, heart) 10-18 Nerve terminals Dendrites co-Agatoxin IVA Neurotransmitter 
release 

Dendritic Ca^  ̂
transients

Q HVA ttiA (brain) ? Nerve terminals Dendrites No specific blockers co- 
Agatoxin IVA 

(>100nM) 03-CTx 
MVIIC (also blocks N, 

P)

Neuiotransmitter 
release 

Dendritic Câ "̂  
transients

R HVA/LVA aiE (brain) ? Cell bodies Dendrites None known Neurotransmitter
release

T LVA C(lG

a i H

8 No specific blockers 
Nî "̂ , octanol, amiloride, 

carbamazepine, 
phenytoin.

Repetitive firing



(Dolphin et al., 1995). Members o f  the LVA channels include the T - and R- type 

channels. These channels generally have a low single-channel conductance o f  Ca^ ,̂ o f  

about 7-8 pS (Droogmans and Nilius, 1989). Members o f  the HVA Câ "̂  channels include

the L-, N-, P, and Q- type channels. The HVA Ca channels typically have a high single
2. '^channel conductance for Ca ranging from 10-24 pS (Nilius et al., 1985). Table 1.4 

demonstrates the properties o f  different channel subtypes. The main factor which defines 

the different calcium currents is which a i subtype is included in the channel complex. In 

most neurons, L-type Câ "̂  channels contain aic or aid subunits. Association with 

different P subunits also influences a channel gating substantially, allowing for diversity 

between Ca^”̂ channels in neurons (Caterwall, 1998). W hile the L-type Câ "̂  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 o f  channel 

blockers -  inorganic compounds, organic compounds including benzothiazepines and 

dihydropyridines (DHP) and peptides-venoms. Long closures o f  the L-type Câ "̂  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 co-conotoxins, in particular the co-conotoxin GVIA, a toxin 

derived from the cone shell m ollusc Conns geograplms  (Uchitel, 1997).

Previous work carried out in this laboratory demonstrated that the A p i.4 0 - 

mediated increase in influx o f  Ca^  ̂ in rat cortical synaptosomes occurred via activation 

o f  the L- and N- type o f  VDCCs (MacManus et al., 2000). Additionally, Ap-mediated  

augmentation o f  the L-type VDCCs has been reported in a variety o f  cell types including 

PC 12 cells and cultured neurons (Green and Peers, 2001; Ueda et al., 1997). In this 

thesis, the role o f  the L-type VDCC in Ap-mediated events was examined.

1.6.2 A|3 and oxidative stress

The first evidence that oxidative stress might be involved in Ap toxicity was the 

observation that vitamin E and other lipophilic antioxidants rescue neuronal cell lines 

from Ap-induced neurotoxicity (Behl et al., 1992). A  build up o f  reactive oxygen species 

is detectable in cells exposed to Ap and this generation o f  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 is 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 (H2O2 ) into 

water (H2 O) and oxygen (O2 ) thus preventing the generation of free radicals (Davis et a i, 

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 a i,  1994). Iron catalyses the formation of hydroxl radicals 

(*0H) from H2 O2 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 O2* (Meda et al., 1995). In addition, Ap can bind the 

receptor for advanced glycation end products (RAGE) to increase production o f 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 o f Ap (Smith et a i,  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 Ap leads to 

activation o f glial cells, activated glial cells then lead to production of cytotoxic agents 

including pro-inflammatory cytokines such as interleukin-ip (IL-IP; McGeer and 

McGeer, 2002). IL-ip in turn, in combination with IFNy, can positively influence the 

production of additional Ap by supporting P-secretase cleavage of the immature APP 

molecule (Blasko et 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 o f reactive oxygen species is also known to amplify 

microglial generation o f the pro-inflammatory cytokine, interleukin-1(3 (IL-IP; Kasama 

et ciL, 1989). Increased protein levels o f the proinflammatory cytokines IL-1(3, tumour 

necrosis factor-a (TN F-a) and interleukin-8 (IL-8) have been detected in the culture 

media o f human microglia following exposure to A(3 (Lee et a l ,  2002; Meda et a i ,  

1995). It is important to note that inflammation-related changes in AD brain may also be 

important in maintenance o f function and repair o f 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 o f  proinflammatory cytokines, and suppressing cytokine receptor expression 

(Strle et a l ,  2001). In addition, the anti-inflammatory cytokines IL-10, IL-4 and IL-13 

have been demonstrated to suppress A(3-induced production o f  pro-inflammatory 

cytokines TN F-a and IL -ip  (Szczepanik et al., 2001). Further investigation into the 

functions o f  such immune modulating cytokines in the brain may lead to a better 

understanding o f the mechanisms by which a balance o f pro-inflammatory and anti­

inflammatory cytokines is achieved in the brain and lead to development o f therapeutic 

strategies involving the stimulation o f inhibitory cytokine pathways.
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1.7 AP and apoptosis

Apoptosis is the genetically mediated mechanism by which individual cells 

orchestrate their own demise in normal and diseased tissues (Kerr et a i, 1972). It is an 

active process requiring gene transcription and synthesis of specific message RNA 

molecules (Staunton et a i, 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 o f 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 o f death signals 

such as Fas to death receptors, DNA damage due to chemotherapeutic drugs, generation 

of oxidative stress, and sustained increase in [Ca '̂ Ĵj (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 o f 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 o f apoptotic cells.

It was first proposed that apoptosis participates in the neuropathology o f 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 o f apoptosis in AD remains 

controversial with some reports suggesting the primary route to neuronal cell death in 

AD involves necrosis not apoptosis. In support o f a role for apoptosis in AD pathology, 

increased expression o f  apoptosis-related proteins, including Bax and caspase-3, have 

been demonstrated to colocalise with DNA fragmentation in AD brain (Su et ciL, 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 o f  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 o f 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 o f increased Ca^^ influx, oxidative stress 

and production o f  an inflammatory response are thought to be among the factors leading 

to induction o f A(3-mediated apoptosis in AD (McGeer and McGgeer, 2003; Ekinci et al., 

2000). The main focus o f this thesis is to characterise apoptotic mechanisms occurring 

downstream o f these initiating events following treatment o f cortical neurons with A|3. 

The next section will describe the involvement o f proteins which are integral to execution 

o f apoptosis.

1.8 The apoptotic pathway 

1.8.1 Cytochrome c

Mitochondria are suggested to be integrators o f apoptotic stimuli; dysregulation o f 

mitochondrial function causes the sequential reduction o f  transmembrane potential and 

generation o f  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 o f 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, Bcl-xl, M cl-l, A l, Bagl) and members that promote apoptosis (Bax, Bak, Bad, 

Bid, Bik, Bcl-xs; Korsmeyer S, 1999; Minn et a l,  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 (BHl-4; Adams and Cory, 1998). The anti- 

apoptolic 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 o f the inner/outer membrane resuhing 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 (Thomberry et a l,  1997). This suggests that the relative 

ratio o f pro- and anti-apoptotic members determines whether a cell will live or die. 

Heterodimerisation is not a requirement for the function o f 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 o f cytochrome c by 

the fomiation of tetrameric channels in the mitochondrial membrane (Narita et al., 1998) 

The anti-apoptotic proteins, Bcl-2 and Bcl-xl reside on the cytoplasmic face of the outer 

mitochondrial membrane (Blatt and Click, 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-xl act to prevent apoptosis is to bind to and sequester Bax, 

preventing its translocation to the mitochondrial membrane (Mahajan et a i ,  1998). 

Changes in levels o f expression o f  the Bel family o f  proteins have been reported in Ap- 

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

1.8.3 Caspase Cascade

The main executioners o f apoptosis are a family o f  cysteine proteases called 

caspases (Thomberry and Lazebnik, 1998). These enzymes participate in a cascade in 

response to pro-apoptotic signals and bring about cleavage o f  certain proteins resulting in 

disassembly o f the cell. Caspases were first identified as effectors o f  apoptosis when 

studies carried out on the nematode Caenorhabditis elegans (C  elegans) led to discovery 

o f a gene required for cell death (ced-3; Raff, 1998). The human homolog o f  this gene is 

interleukin 1-P-converting enzyme (ICE/Caspase-1). Caspase-1 was the first identified 

member o f this large family o f proteases, o f  which 14 are known to date, whose members 

have distinct roles in inflammation and apoptosis. Members o f the caspase family 

function as either effectors o f apoptosis (cell disassembly) and initiators (initiation of this 

disassembly; Thomberry 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 -1 0 , 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 o f  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 o f the 

caspases is to inactivate proteins that protect living cells from apoptosis. An example of 

this is 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 et 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 et al., 1999). Caspase-3 can be 

activated in a number o f 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 c and dATP. In addition, 

caspase-3 is activated by the initiator caspase, caspase-8. Caspase-8 exists in an inactive 

fonn coupled to death receptors for TNF-a and Fas ligands. Activation of these death 

receptors leads to sequential activation o f caspase-8 and caspase-3 (Schmitz et a l ,  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
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vitro have demonstrated increased activity o f caspase-3 in A[3-treated neurons (Suzuki, 

1997; Selznick et al., 1999).

1.8.4 Poly (ADP)-Ribose Polymerase (PARP)

The DNA repair enzyme, poly (A DP)-ribose polymerase (PARP), is a vital substrate of 

caspase-3. PARP maintains cell survival by facilitating the opening o f 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 o f  113 kDa, which is cleaved 

into fragments o f 89 kDa and 24 kDa by apoptotic proteases, including caspase-3 

(Tewari et al., 1995) and lysosomal proteases (Gobeil et al., 2001). Cleavage o f  PARP 

prevents repair o f damaged DNA and consequently leads to cell death. PARP cleavage is 

widely accepted as a hallmark o f apoptosis and had been implicated with the neuronal 

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

The mitogen activated protein Icinases (MAPK) comprise a family o f 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 o f the principal intracellular signalling pathways linking activation o f 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 o f  cell growth and 

differentiation, while JNK and p38 MAPKs are involved in cellular responses to 

environmental stress (Schaeffer and Weber, 1999).

The activation pathway o f all MAPK members includes a linear sequence o f 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 

o f dual specificity kinases known as MAPK kinases (MEKs). MEKs 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 o f JNK is distinct from the 

kinase cascade leading to ERK, there is also potential for cross-talk between these 

cascades at each level o f 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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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 o f signalling cascades and the term M APK was used to 

describe the entire superfamily o f signalling pathways consisting o f  ERK, JNK and p38 

MAPK (Sweatt, 2001). There are 3 isofonns o f 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 o f  a differentiated phenotype as well as 

apoptosis (Marshall, 1995; Schaeffer and Weber, 1999).

Activation o f  the ERK cascade is typically regulated through receptor tyrosine 

kinases and involves activation o f the small G protein, Ras, leading to activation o f 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 ERX translocates to the 

nucleus where it acts to phosphorylate its nuclear substrates.

ERK l and ERK2 have a wide range o f  substrates. Nuclear substrates include 

cAM P-responsive element binding protein (CREB), ELK-1 (Marais et al., 1993) and 

RNA polymerase II (Dubois et al., 1994). ERKl and ERK2 also phosphorylate structural 

proteins such as MAP2 and tau while cytoplasmic substrates mainly include translation 

factors. A number o f recent studies have implicated EIUC activation in Ap-induced cell 

death (Rapoport and Ferreira, 2000; Ekinci et al., 1999a; Pyo et al., 1998) This 

involvement o f ERK is controversial with other studies disputing the role o f ERK in this 

neurodegrative pathway (Abe and Saito, 2000). The effect o f  Ap 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 o f 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 o f other signals received by the cells. JNK kinase proteins are encoded by three 

different genes - ju k l , jn k 2  andjnkS. The jn k l  and jnk2  genes are ubiquitously expressed 

while /«/cJ gene is predominantly expressed in the brain, and to a lesser extent in the heart 

and testis (Gupta et al. 1996). The transcripts o f  all 3 genes can be alternatively spliced 

with 2 splicing variants o f the 3 ' end (Mielke and Herdegen, 2000). The spliced 

transcripts o f jn k l  and jnk2  genes can encode proteins o f 46kDa and 54kDa while the 

spliced transcripts o f jnk3  gene encodes larger protein isoforms o f 48kDa and 57kDa. 

JNK is widely expressed in the nervous system (Mielke and Herdegen, 2000).

Studies o f  mice deficient in JN K l, JNK2, and JNK3 provide evidence for the 

functional diversity o f  isoforms, with mice deficient in JN K l 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 o f each JNK isoform.

24



JNK proteins are anchored and retained in the cytoplasm by proteins known as 

JNK interacting proteins (JlPs ; Dickens et al., 1997). These proteins act as a scaffold and 

mediate signal transduction through upstream kinases leading to final activation o f JNK 

(W hitmarsh et 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). JNKl 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

p53.

bax I L Q
Elk

Figure 1.6 Cytoplasmic and Nuclear Substrates of JNK

Nuclear substrates o f JNK include transcription factors c-jun (Herdegen et al., 

1997), activating transcription factor 2 (ATF-2; Gupta et 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 et 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, p53 (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 et al., 1997) or can stabilise p53 by 

phosphorylation, thus inhibiting ubiquitin-mediated degradation (Fuchs et al., 1998). 

These opposing effects o f JNK on p53 expression are dependent on the p53 residue 

phosphoryhated by JNK. This demonstrates an important regulatory function o f JNK.
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JNK is also proposed to phosphorylate anti-apoptotic proteins Bcl-xl and Bcl-2 leading to 

inactivation o f their cell protective functions (Park et 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 o f the surrounding environment, for example the availability o f trophic 

molecules. There is increasing evidence that JNK proteins are potent effectors o f 

apoptosis since JNK has been implicated as a mediator o f  ceil death in response to a 

variety o f stimuli including growth factor deprivation and oxidative stress (Eilers et a l ,  

2001; Yoshizumi et al., 2002). One o f the earliest studies implicating JNK in apoptosis 

demonstrated that sustained activation o f  JNK occurred in PC 12 cells upon NGF 

withdrawal, and this was correlated with the resulting cell death which ensued (Xia et al., 

1995). A number o f recent studies have proposed that Ap mediates neuronal apoptosis 

through activation o f JNK (Morishima et al., 2001; Shoji et al., 2001; Troy et al., 2001). 

However, the identity o f 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 o f  the cell cycle. It is 

a DNA-binding protein involved in regulating the expression o f genes involved in cell 

cycle arrest and apoptosis (Levine, 1997). p53 can be referred to as the gate keeper o f the 

cell; on mediation o f cell cycle arrest it functions to integrate cellular responses 

promoting either cell repair or apoptosis depending on state o f  the cell and type o f 

inducing stimulus (Levine, 1997). However, since most neuronal cells exist in a post­

mitotic state, the cell cycle regulatory function o f p53 is effectively redundant in these 

cells (M iller 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 o f cell cycle arrest by p53 depends on its 

activity as a sequence-specific transcriptional activator and the p2r''^" protein appears to 

be a major effector o f p53 mediated G1 cell cycle arrest after DNA damage (Zomig 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). W ithin 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 o f p53 (Zomig 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 o f  p53 

thus disrupting Mdm2 / p53 binding and preventing p53 degradation (Evan and 

Littlewood, 1998). Interestingly Mdm2 is a p53-induced gene, and Mdm2 levels increase 

following p53 activation (Levine, 1997). Mdm2 in turn inactivates p53 thus forming a 

negative feedback loop. Phosphorylation o f p53 is critical in the regulation o f this 

pathway and a large number o f  kinases can phosphorylate p53, including ERK and JNK 

(Blatt and GUck, 2001).

A number o f  different mechanisms have been suggested by which p53 protein 

may signal to apoptotic machinery. At the gene level p53 has been shown to upregulate 

transcription o f 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 o f  p53-mediated apoptosis include increased surface expression o f  CD95, 

thus sensitising cells to CD95-induced apoptosis (Bennet et al., 1998) and direct 

signalling at the mitochondria (Marchenko et al., 2000) resulting in cytochrome c release 

and apoptosis. Figure 1.7 demonstrates substrates o f p53 involved in regulation o f the cell 

cycle and apoptosis.

p53 accumulation has been linked to the neuronal apoptosis characteristically seen 

in Alzheimer’s disease in a number o f 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 o f
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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 o f  p53 in AP-mediated apoptosis o f  cortical neurons will 

be examined and the mechanisms underlying p53 activation will be ascertained.

Cell Cycle

MdmZ
JNK

p53cyclin &

ISF-W-3 box
DR5 CD95 ^

NOXA p53AIPl

/Apoptosis

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 o f dead cells (Yamashima et 

uL, 1998). Lysosomes contain over 40 hydrolytic enzymes, which are mostly active only 

in acidic conditions (Ditaranto-Desmisome et a i ,  2002). These hydrolytic enzymes 

function in break down o f damaged macromolecules into smaller subunits that can be 

utilized by the cell for its own biosynthesis (Cataldo et a i ,  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 Câ "̂  regulators helping to maintain cellular calcium homeostasis (He et 

al., 2002). The lysosomal membrane is composed of a phospholipid bilayer which allows 

passage of uncharged molecules. However, upon enti7  to the lysosomes these molecules 

become protonated and are prevented from passing through the hydrophobic layers and 

so become trapped.

Two types o f 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 o f 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 o f 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 o f ways, including excess autophagy, accumulation
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of secondary lysosomes or residual bodies, rupture of the lysosomes or lysosome 

dysfunction (Yamashima et a /.,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 a i,  2001). Amongst the 

proteases found in lysosomes, the cathepsin family are the most prevalent. Cathepsins 

belong to a family o f 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 C ath ep s in -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 er fl/., 1996).

There is increasing evidence to suggest the involvement o f the lysosomal system 

in AD. In the brain, membrane stability o f neuronal lysosomes is reduced as a result of 

aging (Nakamura et a i, 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 et a l, 1998). Another possible route to disruption of
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lysosomes is due to increased [Ca^^], leading to release o f  lysosomal enzymes 

(Yamashima et al., 1998). A recent report by Ji et al (2002) has demonstrated that A(3i-42 

promotes lysosomal membrane instability and subsequent apoptosis in a neuronal cell 

line. In addition, Ap has been demonstrated to increase cytosolic expression and activity 

o f cathepsin-L in cultured neurons and the proclivity o f  Ap to induce neurodegenerative 

changes, such as caspase-3 activation, and PARP cleavage, were prevented by inhibition 

o f  cathepsin-L (Boland and Campbell, 2003b). This study will investigate the impact o f 

Ap on the lysosomal system and will identify signalling molecules that couple Ap to the 

regulation o f the lysosomal branch o f 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 o f 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 o f 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 (Szelenyi, 2000). 

Most cytokines are expressed at low or undetectable levels in the healthy adult brain, 

however they are rapidly induced in response to injury o f infection (Hopkins and 

Rothwell, 1995). Cytokines have diverse actions in the brain, some o f which may 

facilitate either neuroprotection or neurodegeneration. Cytokine classification can be split 

into pro-inflammatory and anti-inflammatory depending on the final balance o f their 

effects in inflammation. Pro-inflammatory cytokines include interleukin-1 (IL-1), tumour 

necrosis factor-a (TN F-a), interleukin-6 (lL-6), interleukin-12 (lL-12), interleukin-18 

(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 a l,  

1987; Sawada et al., 1993) and through modulation o f neurotransmitter function (Coogan 

and O ’ Connor, 1997). The shift o f cytokine balance towards the side o f  pro- 

inflammatory cytokines like IL-1 and TN F-a is closely related to the process o f 

neurodegeneration (Szelenyi, 2000).

AD brain is characterised by neuroinflammatory changes, which are observed in 

both sporadic and familial AD (McGeer and McGeer, 2001). Although the role o f 

neuroinflammation in the pathological process o f AD is not yet fully understood, there is 

evidence for the involvement o f inflammation at a number o f  stages in the disease. There 

is evidence to suggest that inflammatory mechanisms occur early in the pathological 

cascade, contributing to production and fibrillisation o f AP; IL-1 and TN F-a have been 

demonstrated to regulate synthesis o f APP and production o f A^-peptides in vitro
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(Rogers et ciL, 1999; Blasko et al., 1999). In addition, deposits o f A(3 can induce a 

microglia-mediated inflammatory response resulting in further production o f 

inflammatory cytokines, thus exacerbating the inflammatory response. Pro-inflammatory 

cytokines that are upregulated in AD brain include TN F-a, IL -ip , IL - la  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 o f 

their phagocytic potential to clear Ap deposits (M cGeer and McGeer, 2001). The harmful 

versus beneficial effects o f microglial activation are likely to depend on the degree o f 

activation. One o f  the most promising therapeutic avenues for AD treatment involves 

either active or passive immunisation with subunits o f the Ap peptide, leading to 

production o f antibodies to Ap which promote microglial clearance o f Ap (Bard et al., 

2000) or redistribution o f the Ap peptide from the brain (DeMattos et al., 2001).

1.12.1 I n te r l e u k in -1  P ( I L - i p )

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 o f 

interleukins are pro-inflammatory cytokines that orchestrate inflammatory and host 

defence responses (Mrak and Griffin, 2001). There are at least three known forms o f lL-1 

proteins that are the product o f  separate genes -  IL -la , IL -ip  and IL-ly. IL - la  and IL -lp  

are partially homologous isoforms that can induce signals by binding to their receptors 

(IL-IRI and IL-IRII). IL -ip  represents the major secreted molecule and the predominant 

fonn o f IL-1 found in the CNS (Dinarello, 1996). Synthesised as an inactive precursor o f 

32 kDa, pro-IL-ip requires cleavage by a specific IL -lp  converting enzyme (ICE or 

caspase-1) to give the active form. Constitutive expression o f IL-1 P in the brain occurs in 

neurons, astrocytes, oligodendrocytes and endothelial cells.

IL -ip is usually expressed at low levels in healthy adult brain (Vitkovic et al., 

2000). In response to local brain injury or insult IL -ip  is overexpressed by microglia. 

Increased expression o f IL -ip  has been linked with neurodegenerative disorders like
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Down Syndrome and Alzheimer’s disease (Griffin et a l ,  1989) and IL-1(3 triggers cell 

death in mixed neuronal/glial cultures (Hu et a l ,  1997). In addition, IL -ip  has been 

proposed to contribute to increased synthesis o f APP and deposition o f Ap in neurons 

(Forloni et al., 1992; Rogers et al., 1999). Increased production o f  Ap in turn activates 

microglia cells to release more IL -ip  (Araujo and Cotman, 1992), thus exacerbating AD 

progression. It is now known that 78% o f plaques containing aggregated Ap peptide 

contain IL -ip  immunoreactive microglia, demonstrating the importance o f IL -ip  in this 

disease. The effects o f IL -ip , along with Ap, on apoptosis-related genes will be 

examined in this thesis.

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

TNF- a  is one o f 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), TN F-a is a potent paracrine stimulator o f other 

inflammatory cytokines, including IL-1, IL-6, and IL-8. Expression o f TN F-a 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 o f normal rat brain. The biological effects o f TN F-a are 

mediated by binding to its tv/o main receptors, the p55 TNF receptor (TN FR l) and the 

p75 TNF receptor (TNFR2). TN F-a is produced by neurons, microglia, and astrocytes 

(Breder et al., 1993). In a diseased state, TN F-a along with a variety o f pro-inflammatory 

mediators and neurotoxic substances are produced by activated microglia. In astrocytes, 

TN F-a, along with other substances, is a strong inducer o f pro-inflammatory IL-6 (Van 

W agoner et al., 1999). TN F-a also activates the transcription factor, NF-kB, which in 

turn stimulates the transcription o f more TN F-a (Mattson and Camandola, 2001). TN F-a 

induces apoptosis in a number o f cell types via the TNFRl receptor (Wallach et al., 

1999). The TNFR2 receptor, which has a higher affinity for T N F-a can enhance TNFRl 

mediated apoptosis. It is important to note that TN F-a does not cause cell death in 

normal rat brain, but can mediate cell death in damaged tissue (Szelenyi, 2000).
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Expression o f  TN F-a is upregulated in AD brain (McGeer and McGeer, 2003). TN F-a 

had been reported to increase production o f Ap and inhibit production o f neuroprotective 

soluble amyloid precursor proteins (sAPPs; Blasko et al., 1999).

1.12.3 Nuclear Factor-kappaB (NF-kB)/ Inhibitor-kappaB (IkB)

The transcription factor, NF-kB, is implicated in the regulation o f genes involved 

in immune and inflammatory responses, as well as in the control o f  genes involved in 

cell growth, differentiation and apoptosis (Denk et al., 2000). The NF-kB transcription 

factor family consists o f 5 members to date, Rel A, Rel B. c-Rel, pl05/-50 (NF-kBi) 

and pl00/p52 (NF-KB2) characterised by the presence o f a Rel homology domain 

(RHD) which functions in DNA binding, dimerisation, and interactions with IkB forms. 

Active DNA-binding NF-kB consists o f a hetero- or homodimer o f two NF-kB 

subunits. The most intensively studied NF-kB dimer, referred to as classic NF-kB 

consists o f a dimer containing RelA and p50 (Baldwin, 1996). A primary level o f 

control for NF-kB is through interactions with the inhibitor protein, IkB. IkB is 

responsible for sequestering the NF-kB/IkB complex in the cyloplasm due to masking 

the nuclear translocation sequence o f NF-kB. NF-kB is activated by cytokines including 

TN F-a and IL-1 (McGeer and McGeer, 2001). Activation o f NF-kB by distinct inducers 

results in degradation o f IkB, with subsequent translocation o f NF-kB to the nucleus, 

where it activates transcription o f its target genes including pro-inflammatory TN F-a 

and the transcription factor p53 (Baldwin, 1996). In the rat CNS a high level o f 

constitutive NF-kB activity is detected in neurons and glia o f  the hippocampus and 

cerebral cortex (Denk et al., 2000). In AD brain tissue, increased activity o f NF-kB is 

detected in affected areas o f the hippocampus and cerebral cortex (Terai et a l ,  1996) 

and NF-kB activity is detected in the centre o f  primitive plaques and in neurons and 

astroglia surrounding these early plaque stages (Kaltscmidt et al., 1997). Ap has been 

demonstrated to activate NF-kB in neuroblastoma cells and primary cultures o f 

cerebellar granule cells (Behl, 1994; Kaltscmidt et al., 1997). W hile it remains to be 

resolved whether the role o f NF-kB in AD is one o f  neuroprotection or 

neurodegeneration, the observation o f 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 o f NF-kB activity may be important for the 

neurodegeneration observed in late plaque stages (Kaltschmidt et a i ,  1999). The effect 

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

The fundamental concept o f Antisense Technology is to utilise precise nucleic 

acid sequences to down-regulate specific gene expression, in the cells o f  interest. 

Antisense is an important tool for studying the effects o f individual proteins in nonnal 

and abnormal cellular states as well as having enormous therapeutic potential. It is useful 

in investigating the function o f a particular protein when no inhibitors o f this protein are 

available or when existing inhibitors do not distinguish between isoforms o f a protein. 

Since there are no available inhibitors that distinguish between isoforms o f the stress 

activated protein kinase, JNK, antisense oligonucleotides targeted to specific isoforms o f 

JNK were employed in this thesis. During the normal process o f  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 o f 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 o f specific mRNA, thereby 

modulating the transfer of infomiation 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 o f a specific protein is temporarily inhibited with out effecting the 

expression o f other genes.

The specificity o f antisense derives from the selectivity o f W atson-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 o f the mismatch in the 

region o f complementarity and the sequence surrounding the mismatch. A single base 

mismatch can result in a change in affinity o f approximately 500 fold (Crook, 1996).

The most common type o f interaction for designed antisense experiments involves 

the introduction o f short (15-30 base pairs) DNA sequences which interact with the cells 

mRNA before translation. Administration techniques for efficient uptake o f  anfisense 

oligonucleotides are similar to gene delivery techniques, including microinjection.
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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 tlie 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 mRN A sequences.

Antisense
oligonucleotides

DNA

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 o f inhibiting gene expression utihzed by 

antisense technology -  RN ase H degradation, translational arrest and modulation o f RNA 

processing. The primary mechanism for most antisense ohgonucleotides is the specific 

enzymatic degradation o f the target mRNA through activation o f Rnase H after 

hybridisation to an antisense oligonucleotide. Rnase H comprises a family o f 

ribonucleases that specifically cleave the RNA component o f RNA-DNA duplexes 

(W alder and W alder, 1998). RN ase H is found in both the nucleus and the cytoplasm o f 

all cells, and its name is derived fi'om the ability to cleave RNA that is found in an 

RNA:DNA hybrid. The RNA-DNA duplex resulting fi’om the interaction o f 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 o f the oUgonucleotide to the 5 ' capping 

site o f mRNA, thereby inhibiting the binding o f translation initiation factors such as eif- 

4 a  and disrupting the capping reaction which is necessary for stabilisation o f pre-mRNA 

(Baker et al., 1992). This leads to disruption o f tlie initial interaction between the mRNA 

and the ribosome 40S sub-unit. Splicing arrest occurs when antisense ohgonucleotides 

bind to regions o f the required pre-mRNA sequence, just after transcription, and prevent 

them from being spliced and processed into fiinctional mRNA.

Translation arrest

40S

R n a se 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 o f 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 o f 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 

JNKl and JNK2 in rat cultured cortical neurons.
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1.14 Aims

The aim  o f  this project is to iivestigate the cellular and m olecular m echanism s 

involved in A P i.4o-induced cell death ii rat prim ary cultured cortical neurons.

• The effect o f  AP on phosphoylation o f  the m itogen activated protein kinase 

m em bers, JN K  and ERK, wil be assessed by w estern im m unoblotting using 

phospho-specific antibodies. Tc differentiate betw een isoform s o f  JNK , cells will 

be transfected with antisense oigonucleotides targeted to JN K l and JN K 2, and 

the role o f  JN K l and JNK2 in the A P-m ediated activation o f  the apoptotic 

cascade will be elucidated. T^gets for investigation as m arkers o f  cell death 

include caspase-3 activation, P /R P  cleavage and D N A fragm entation.

• The effect o f  A p on the transcri)tion factor, p53, a substrate for JNK , will also be 

ascertained. The effect o f  Ap on the m RN A  expression and phosphorylation 

status o f  p53 will be determ inecusing RT-PC R and w estern im m unoblotting. p53 

will be inhibited using the selecive inhibitor, p ifith rin -a , to determ ine the role o f 

p53 in A p-m ediated apoptosis. "he effect o f  A p on m R N A  and protein expression 

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

• In order to exam ine the effect (f A p on subcellular d istribution o f  p53 and Bax, 

intracellular localisation o f  thest proteins will be carried out in conjunction with 

m itochondrial and lysosom al spicific m arkers Also, the effect o f  A p on lysosom al 

m em brane integrity w ill be asse,sed and the cytosolic activity  o f  cathepsin-L  will 

be quantified as an index o f  lyso,omal destabilisation.

• The role o f  the L-type voltage lependent calcium  channel (V D CC) in the AP- 

m ediated activation o f  JNK , p5; and cathepsin-L  activity  w ill be exam ined. The 

role o f  the L-type V D CC in he later neurodegenerative changes (caspase-3 

activity, D N A fragm entation) wil also be ascertained.
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• The mRNA expression o f the pro-inflammatory cytokine, TN F-a, and the 

transcription factors NF-kB, and IkB, will be assessed as an indication o f the 

inflammation-related changes which occur in Ap-treated neurons. The effect o f 

the pro-inflammatory cytokine, IL -ip , on mRNA expression o f  apoptosis-related 

genes ccispase-3, bcix and bcl-xl will be determined.

Overall this study will identify the signalling events which play a part in A[3-induced 

neurodegeneration, with particular reference to the interaction between Ca influx, 

activation o f the JNK/p53 pathway, lysosomal destabilisation and late-stage apoptotic 

features, such as caspase-3 activation and DNA fragmentation.
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Materials and M ethods

Chapter 2



2.1 Cell Culture

2.1.1 Aseptic Technique

T he use  o f  s terile  tech n iq u e  in  cell cu ltiv a tio n  is essen tia l to  p rev en t bac te ria l 

and fungal in fection . T h e  p rin c ip le  o f  asep tic  tech n iq u e  is to  keep  sterile  the  in terna l 

areas o f  cu ltu re  flasks, bo ttles  and and any  im p lem en ts/p lastics  tha t ce lls  m ay  be  

ex p o sed  to. T he fo llo w in g  asep tic  tech n iq u e  p ro ced u res  w ere  adhered  to  fo r all cell 

cu ltu re  m an ipu lations.

2.1.2 Sterilisation o f  glassware, plastics and dissection instruments.

A ll g lassw are , p ipette  tips, d issec tio n  in strum en ts, d e io n ised  H 2O and 

m icro fu g e  tubes (S arsted t, L eicester, E ng land) w ere  w rap p ed  in a lu m in u m  foil and 

au toc lave  tape  (S igm a-A ld rich , D orset, E ng land) and then  au to c lav ed  at 121“C fo r 20  

m in  (P rio rc lav e  L td., M odel #E H 150 , L ondon, E ng land) b efo re  b e in g  w iped  d o w n  w ith  

70 %  ethano l (E tO H ) and p laced  in the lam inar flow  hood. All eq u ip m en t u sed  in the 

d issec tio n  p rocedure  w as oven  baked  at 200  °C (S an y o -G allen k am p  H otb o x  O ven , 

M odel # O H G 0 5 0 , L oughborough , E ng land) for 1 h r p rio r to  usage, en su rin g  sterility .

2.1.3 Sterility o f  W ork Environment

All cell cu ltu re  w ork  w as carried  ou t in a lam in ar flow  ho o d  (A stec -M icro flo w  

lam in ar flow  w o rk sta tio n , F lorida, U .S .A ). A ir passes th ro u g h  H E P A  (h igh  effic ien cy  

p artic le  air) filters at the top o f  the flow hood  and flow s dow nw ards. T h e  a irflo w  crea tes 

a d o w n w ard  b arrie r in front o f  the open  p o rtio n  o f  the hood , the  s tren g th  o f  th is  dow n  

d ra ft o f  a ir p rev en ts  en try  o f  ex ternal a irbo rne co n tam in an ts  in to  th e  lam in ar flow  hood  

thus p ro v id in g  a s terile  w ork  area. B efo re  u sin g  the  lam in ar flow  h o o d , the in te rio r w as 

s te rilized  b y  w ip in g  dow n all accessib le  su rfaces w ith  70%  E tO H , fo llow ed  b y  a 10 

m in  ex p o su re  to  u ltrav io le t (U V ) light. D isp o sab le  latex  g loves (sp rayed  w ith  70%
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EtOH) were worn at all tim es when cell m anipulations w ere being carried out in the 

hood. G loves were changed regularly to avoid contam ination.

2.1.4 Reagents and M edium  formulation

Solutions such as phosphate buffered saline (PBS; 100 mM  N aC l, 80 mM  

N a2H P0 4 , 20  mM N aH 2? 0 4 ) w ere hand filtered through a 10 m l syringe (B.Braun  

M edical Ltd., M elsungen, Germany) with an attached 0 .2  |Lim ce llu lose  acetate 

m embrane syringe filter (Pall Corporation, M ichigan, U S A ) into autoclaved glass 

bottles or sterile 50 ml plastic tubes (B D  B iosc ien ces Pharmingen, San D iego , U SA ). 

Neurobasal m edium  (NBM ; Invitrogen, Paisley, U K ) supplem ented w ith heat 

inactivated horse serum (10 %), penicillin  (100  U /m l), streptom ycin (100  U /m l) and 

glutamax (2 mM; Invitrogen, Paisley, U K ) w as filtered through a 0. 2|o,m cellu lose  

acetate membrane (M illipore Ireland B .V , Cork, Ireland) in a M illipore Sterifil unit 

(Sigm a-A ldrich, St. Louis, U .S .A .) connected to a vacuum  pump. Care w as taken to 

never let the side or tip o f  a pipette gain contact w ith anything except the sterile 

interiors o f  the containers one was w orking with. Pipettes were placed on sterile racks 

(Bell-A rt Products, N ew  Jersey, U .S .A .) betw een usage and were regularly wiped  

down with 70 % EtOH

2.1.5 Disposal

A ll used plastic ware w as discarded in an autoclavable plastic bag (B ibby  

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

The culturing o f primary cortical neurons is an in vitro technique which 

involves dissection o f the brain, removal o f the cortex and dissociation o f  the cortical 

tissue so that a population o f neurons is obtained. Primary neuronal cell cultures are 

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

2.2.1 Preparation o f  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-l-lysine (60 |J.g/ml in sterile 

dH20) in a final volume o f 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 bom at the BioResources Unit o f Trinity 

College Dublin. Animals were maintained under a 12 hr light/dark cycle and at an 

ambient temperature o f 22-23 °C. On the day o f  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 o f  one rat brain yielded a preparation o f  2 individual 24-w ell plates. 

Working in a laminar flow hood, rats were decapitated using a large pair o f  scissors. 

The skull was exposed by cutting skin with a pair o f  small scissors in a straight line 

from the neck to the top o f  the head. To remove the skull a sterile small scissors was 

used to cut around the skull, keeping the inside point o f  the scissors close to the inside 

o f  the skull. A large pair o f  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 o f  PBS containing trypsin (0.25 %, 

Sigma-Aldrich, Dorset, England) for 20 min at 37 °C. Trypsin digestion o f  connective 

tissue was followed by trituration (x5) o f  the dissociated neurons in PBS containing 

soyabean trypsin inhibitor (0. 1%, Sigma-Aldrich, Dorset, England), DNAse (0.2 

mg/ml) and M gS04  (0.1 M). The suspension was then passed through a sterile 40 ^m 

nylon mesh filter (Becton Dickinson Labware Europe, France) to remove tissue 

clumps. Following centrifugation (Sigma-Aldrich, Model #2K 15C, 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/m l), 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 el 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 N B M  w ere placed on the centre o f  each coverslip  at a 

density  o f  0.25 x 10^ cells and allow ed to adhere to the glass coverslip  for 2 h r in a 

hum idified incubator contain ing 5%  CO 2: 95%  air at 37°C (M odel # 394-048, Jencons 

Scientific Ltd., Bedfordshire, England). Thereafter, 500 fil o f  pre-w arm ed neurobasal 

m edium  supplem ented w ith heat inactivated horse serum  (10 % ), penicillin  (100 U/m l), 

streptom ycin (100 U /m l), glutam ax (2 m M ) and B27 (diluted 1:50 from  a SOX 

solution) w as added to each w ell and the cells w ere incubated for 3 days. On the 4'*̂  day 

in vitro  the m edium  w as replaced w ith supplem ented NBM  containing 5 ng/ml 

cytosine-arabino-furanoside (A RA -C ; Sigm a-A ldrich, D orset, England). A R A -C  was 

included in the culture m edium  to prevent proliferation o f  non-neuronal cells. A RA -C 

w as rem oved from the m edia after 24hr and exchanged for 400 )il o f  supplem ented 

neurobasal m edium . Cells w ere grown in culture for up to 14 days and culture m edia 

w as changed at least every 3 days, depending on treatm ent conditions. The cells were 

exposed to A p on day 7 in vitro. Cells w ere m onitored by light m icroscopy (Nikon 

Labophot, N ikon Instech Co., Ltd, K anagaw a, Japan) on a daily  basis to ensure that the 

cells appeared healthy and lacked fungal or bacterial infection. A  sam ple photo o f  

cultured cortical neurons at the initial stage o f  plating (i) and 4 days in vitro  (ii) is 

depicted  in Figure 2.1.

Figure 2.1 T im e-dependent changes in cultured neuronal m orphology, (i) Cells display 

rounded cell som as and an absence o f  neurites after initial plating, (ii) B y day 4 in vitro, cells 

have developed pear-shaped bodies and an extensive neurite netw ork, representative o f  a m ature 

neuron. Scale bar is 100 |j,m.
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2.3 CELL TREATMENTS

2.3.1 APi_4o

AP(|_40) (BioSource International Inc, California, USA) lyophilised peptide was 

initially dissolved in sterile distilled H 2O (dH2 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 o f toxicity in response to 

treatment with A(3 has been shown to correlate to the extent o f  beta sheet structure 

(W ang et al., 2001), therefore the peptide was allowed to aggregate for 48hr at 37 °C 

for this study. While the 1-42 fibrillar form o f 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 et al., 1994). Thus, in this study the 

molecular and cellular signalling events induced by AP(i.40) were investigated. For 

treatment o f cortical neurons, Ap was diluted to a final concentration o f 2 )aM (10 

ng/ml) in pre-warmed NBM.

2.3.2 p53 inhibitor

The p53 inhibitor pifithrin -a  (Calbiochem International, Darmstadt, Gennany) 

was made up as a stock solution o f 1 mM in dimethyl sulfoxide (DMSO) and was used 

at a final concentration o f 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 o f 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 o f 1 mM
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in m ethanol and w as used at a final concentration o f  either 1 |aM or 5 |iM . C ells were 

exposed  to nicardipine for 20 min prior to A p treatment.

In all cases where a drug w as d isso lved  in D M SO  or m ethanol, control cells were 

treated w ith the sam e concentration o f  diluent to control for any non-specific effects.

2.3.4 IL-lp

IL -ip  (kindly donated by  P ro f Luke O ’N eill, Trinity C ollege D ublin) was 

made as a stock solution o f  1 )ig/m l in sterile d istilled  water and w as used at a final 

concentration o f  5 ng/m l.

2.3.5 Treatment with Antisense Oligonucleotides (ASOs)

To evoke a transient downregulation in expression o f  c-jun N-term inal kinase 

(JN K )l or JNK2 an antisense approach w as used. Phosphorothioate oligonucleotides  

com plem entary to the m R N A  encoding JN K l or JNK 2, and corresponding scrambled  

control sequences, were synthesized  by B iognostik  (G ottingen, Germany), These  

oligonucleotides contain sulphur in the intem ucleotide phosphate linkages o f  the D N A  

backbone, w hich increases resistance to exo and endonucleases present in serum and 

intracellularly, respectively. The sequences used 5'-C T C A T G A T G G C A A G C A A T T A - 

3' (JN K l antisense), 5 '- A C T A C T A C A C T A G A C T A C -3' (JN K l scrambled control), 

5'-G C T C A G T G G A C A T G G A T G A G -3' (JNK 2 antisense) and 5'-G G A C T A C T A C A C  

T A G A C T A C -3' (JNK 2 scrambled control) were in accordance with Hreniuk et ciL, 

2001. A ntisense o ligonucleotides w ere m ade up as a 100 ).i]VI stock solution in a 

provided antisense dilution buffer (B iognostik , G ottingen, Germany). N eurons were 

first incubated with 1.25 |iM  o ligonucleotide in serum -free pre-warmed N BM  

(Invitrogen, Paisley, U K ) containing N -[l-(2 ,3 -d io leo y lo x y )p ro p y l]-N ,N ,N -  

trim ethylam m onium  / d ioleoylphosphatidylethanolam ine (D O T M A /D O PE , 5 |ag/ml; 

Life T echnologies) to enhance oligonu cleotid e uptake. After 4 hours the m edium  was 

replaced w ith supplem ented prewarmed N B M  containing 2 )j.]V[ o ligonucleotide and the 

ce lls  w ere incubated for a further 48 hours prior to further treatment with AP(i_4 0 ).
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2.4 Protein Quantification

Calculation o f protein concentration in cell samples was carried out according 

to the method o f Bradford (1976). Standards were prepared from stock solution o f 200 

|.ig/ml Bovine Serum Albumin (BSA; Sigma-Aldrich, Dorset, U.K.) to a volume o f 160 

(.il and ranged from 5 )^g/ml to 200 )ag/ml. Samples (10 |̂ 1) were diluted in 150 |̂ 1 o f 

distilled water. BioRad dye reagent (40 |j,l; 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 o f a 96-well plate (Sarstedt, 

Leicester, England). Absorbance readings were made at a wavelength o f 630 nm using 

a 96 well plate reader (Labsystems Multiskan RC). A regression line was plotted 

(GraphPad Instat) and the concentration o f 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 o f protein and in this case cells 

were washed in Tris Buffered Saline (TBS; 20 mM Tris-HCl; 150 mM NaCl; pH 7.6) 

before harvesting by scraping coverslips using the rubber end o f a 1 ml syringe piston 

(B.Braun Medical Ltd., Melsungen, Germany) into lysis buffer (composition: 25 mM 

HEPES, 5 mM M gCb, 5 mM EDTA, 5 mM DTT, 0.1 mM PMSF, 2 |ag/ml leupeptin, 2 

|ig/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 o f cytosolic and m itochondrial fraction

The second protocol was designed to obtain cytosoUc and m itochondrial 

protein fractions. In this case cells w ere w ashed in PBS before 100 |al o f  

pem ieabilisation buffer (250 m M  sucrose, 70 m M  KCL, 137 m M  N aCl, 4.5 mM  

Na2H P 0 4 , 1.4 m M  kH 2P04, 0.1 m M  PM SF, 10 |ig/m l leupeptin, 2 |J.g/ml aprotinin, 200 

l^g/ml digitonin; pH 7.2) w as added to each well and left on ice for 5 min. The 

pem ieabilisation buffer was then rem oved and collected as the cytosolic fraction. 100 

|al m itochondrial buffer (50 mM  Tris Base, 150 m M  N aCl, 2 m M  EG TA , 0.2 % Triton- 

X-100, 0.3 % Igepal p-40, 0.1 m M  PM SF, 10 |ig/m l leupeptin, 2 |ig/m l aprotinin; pH 

7.2) w as then added to each well before harvesting by scraping coverslips using the 

rubber end o f  a 1 ml syringe piston (B .Braun M edical Ltd., M elsungen, Germany). 

Cells were centrifuged (15000 x g  for 20 m in at 4 °C) and the supernatant containing 

the m itochondrial fraction was collected.

Total expression o f  protein (Protocol (i)) was assessed in all cases unless 

otherw ise stated. All sam ples w ere prepared for SD S-polyacrylam ide gel 

electrophoresis. Protein concentrations were assessed (see Section 2.4) and equalized 

with lysis buffer. An equal volum e o f  sam ple buffer (0.5 M Tris-H C l pH 6.8; 10 % 

glycerol (v/v); 10 % SDS (w/v); 5 % P-m ercaptoethanol (v/v); 0.05 % brom ophenol 

blue (w /v)) to sam ple was added and sam ples boiled for 5 min. Sam ples w ere stored at 

-20 “C until required.

2.5.2 Gel electrophoresis

Polyacrylam ide separation gels w ith a m onom er concentration o f  either 7.5 %, 

10 %  or 12 % overlaid w ith 4 % stacking gel (See A ppendix 1) w ere cast betw een 10 

cm w ide glass plates and m ounted on an electrophoresis unit (Sigm a Techw are, Dorset, 

UK) using spring clam ps. The upper and low er reservoirs o f  the unit w ere filled with 

electrode running buffer (25 m M  Tris Base; 200 mM glycine; 17 m M  SDS). Sam ples 

(10 |il) w ere loaded into the wells using a H am ilton M icroliter syringe. Prestained
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molecular weight standard (5 )al; Sigma-AIdrich, Dorset, UK) were also loaded to 

verify the molecular weight o f protein bands. Proteins were separated by application o f 

a 32 mA current to the gel apparatus and migration o f 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 o f a sheet o f nitrocellulose blotting paper (0.45 

|.im pore size; Sigma-Aldrich, Dorset, UK) wetted in transfer buffer, cut to the size o f 

the gel. One piece o f filter paper (Standard Grade No.3, Whatman, Kent, UK) was 

placed on top o f 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) o f  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 o f the blotter (stainless steel cathode) was placed down finnly 

on top o f  the sandwich. The uncovered portion o f 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 o f 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 o f 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 dilufion 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 IgGi raised against 

a peptide corresponding to a short amino-acid sequence o f JNK1/JNK2 o f 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 JN K l and JNK2

In order to assess JN K l 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 anfibodies recognising the epitope 

corresponding to amino acids 1-384 o f JN K l, and the epitope corresponding to amino 

acids 1-424 o f JNK2, o f human origin, respecfively (10 ml; 1:200 dilufion in TBS-T 

containing 0.2 % BSA; Santa Cruz, California, USA, Catalogue no SC-4061; JNKl 

and SC-4062; JNK2. Membranes were incubated overnight at 4 °C in the presence o f 

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 dH20; Reblot 

Plus Strong antibody stripping solution; Chemicon, California, USA) and reprobed for 

total JNK expression in order to confirm equal loading o f 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 JN K l, 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 o f  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 Ihr 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 p53 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 o f p53 o f 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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o f 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 5 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 o f 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 

p53 only when phosphorylated at residue ser 15 and does not recognize p53 

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 o f 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 o f  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 o f 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. M embranes 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 o f Bax, two different cell-harvesting protocols 

were used (see section 2.5.1) in order to measure both total cellular expression o f Bax 

and C)4osolic/mitochondrial Bax expression. The primary antibody used was a mouse 

monoclonal IgG2b antibody raised against amino acids 1-171 o f  Baxa o f 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 o f 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 o f cytochrome c was assessed in cytosolic fractions prepared as 

described in section 2.5.1. The primary antibody used was a rabbit polyclonal 

cytochrome c antibody raised against a recombinant protein corresponding to amino 

acids 1-104 representing full length cytochrome c o f 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 o f the antibody and washed for 15 min 3 

times in TBS-T. The secondary antibody (10 ml; 1:1000 dilufion; anfi-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 o f phosphorylated ERK non-specific binding w'as 

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 o f  ERK 1 o f 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 o f 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 o f total 

actin expression in order to confirm equal loading o f 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 IgGi antibody 

corresponding to amino acid sequence mapping at the carboxy terminus o f acfin o f 

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
Source

2" Antibody Antibody Dilution 
% BSA in TBST

Protein Band 
Size

Phosphorylated 
JNK1,2 and 3 Mouse

goat anti­
mouse IgG

r  1/200 0.1% BSA 
2” 1/400 0.1% BSA

JNKl 46 kDa 
JNK2 54 kDa 
JNK3 57 kDa

Expression of 
JNKl

Mouse goat anti­
mouse IgG

r  1/200 0.2% BSA 
r  1/400 0.2% BSA

46 kDa

Expression of 
JNK2

Mouse goat anti­
mouse IgG

1" 1/200 0.2% BSA 
2” 1/400 0.2% BSA

54 kDa

Expression of 
total JNK

Rabbit eoat-anti-rabbit
IgG

r  1/1000 0.2% BSA 
2" 1/1000 0.2% BSA

JNKl 46 kDa 
JNK2 54 kDa

Expression of 
p53

Goat donkey-anti- 
goat IgG-

r  1/400 0.1% BSA 
2“ 1/1500 0.1% BSA

53 kDa

p53^"'^
phosphorylation

Rabbit goat-anti-rabbit
IgG

r  1/400 0.2% BSA 
2" 1/1500 0.2% BSA

53 kDa

p 5 3 s e , i . i

phosphorylation
Rabbit goat-anti-rabbit

IgG
r  1/400 0.2% BSA 
2“ 1/1500 0.2% BSA

53 kDa

Bax Mouse goat anti­
mouse IgG

r  1/100 0.2% BSA 
r 1/400 0.2% BSA

21 kDa

Cytochrone c Rabbit goat-anti-rabbit
IgG

r  1/250 0.2% BSA 
2" 1/1000 0.2% BSA

11.4 kDa

Phosphorylated
ERK

Mouse goat anti­
mouse IgG

r  1/100 0.2% BSA 
2" 1/1000 0.2% BSA

ERKl 44 kDa 
ERK2 42 kDa

Actin Mouse goat anti­
mouse IgG

1" 1/200 0.2% BSA 
2" 1/500 0.2% BSA

46 kDa

Table 2.1 Antibodies used for Western Blotting
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2.7.10 Densitometry

In all cases quantification o f  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 o f 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 o f 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 2O2 and the stable chromogen diaminobenzidine (DAB, Dako Corporation, 

Carpinteria, U.S.A.) solution (2 ml; 1.81 ml DAB (1 mg/ml PBS), 80 |j.L o f saturated 

Nikel Aluminum Sulphate ((NH)4 S0 4 N iS 0 4 .6 H 2 0 ) and 11 )l i 1 o f H 2O 2 , 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 o f  distyrene (a polystyrene), tricresyl phosphate (plasticiser) and xylene with a 

refractive index o f 1.5; BDH Laboratory Supplies, Dorset, England). Cells were then
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view ed under light m icroscopy (N ikon Labophot, N ikon Instech Co., Ltd, Kanagawa, 

Japan) at xlOO m agnification w here the active-caspase-3-positive cells stained dark 

purple. Cells displaying active caspase-3 im m unoreactivity  were counted and 

expressed as a percentage o f  the total num ber o f  cells exam ined (400-500 

cells/coverslip).

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

Cells were fixed in 4 % paraform aldehyde for 30 m in at room  tem perature, 

pem ieabilised  with 0.2 % (v/v) Triton X-100, w ashed 3 tim es in PBS then blocked 

w ith 5 % bovine serum  album in in PBS for Ih r at room  tem perature. Cells were then 

incubated for 1 hour at RT with an anti-cleavage site specific PA RP polyclonal 

antibody purified from goat serum  (100 |j.l, 1:50 dilution in a 5 % solution o f  goat 

serum  in PBS; V ector Laboratories Inc., California, USA) w hich specifically 

recognises the 85 kD a cleaved forni o f  PARP. Im m unoreactivity was detected with a 

biotinylated goat anti rabbit-IgG  secondary antibody (100 |j.l; 1:50 dilution in PBS 

containing 5 % goat serum , BioSource International Inc, California, USA) applied for 

Ih r at RT, then w ashed 3 tim es in PBS. Streptavidin conjugated to horseradish 

peroxidase (100 f l̂; 1:100 dilution in PBS; Am ersham , Buckingham shire, UK) was 

then applied to the cells for 40 min at RT. Im m unoreactive cells w ere visualised after 

incubation using a DAB solution (2 ml; D ako C orporation, Carpinteria, U .S.A .; 1.81 

ml DAB 1 m g/m l PBS, 80 jil o f  saturated N ikel A lum inum  Sulphate 

(N H )4 S 0 4 N iS 0 4 .6 H 2 0 ) and 1 1  |il o f  H 2 O 2 ) for 1 0  m in, w ashed several tim es in 

deionised w ater and m ounted onto m icroscope slides w ith DPX m edium  (BDH 

Laboratory Supplies, Dorset, England). Cells were then view ed under light m icroscopy 

at X 100 m agnification (N ikon Labophot, N ikon Instech Co., Ltd, Kanagawa, Japan), 

where the nuclei o f  PA RP cleavage positive cells stained dark purple. The num ber o f  

cells displaying cleaved PA RP im m unoreactivity w ere counted and expressed as a 

percentage o f  the total num ber o f  cells exam ined (400-500 cells/coverslip).
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2.9 Fluorescence Immunocytochemistry

2.9.1 JNK Fluorescence Immunocytochemistry

To evaluate the efficacy o f  the antisense oligonucleotides in downregulating 

JNK expression, immunolocalisation o f non-phosphorylated JN K l and JNK2 was 

assessed using anti-JNKl 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 

JN K l, and the epitope corresponding to amino acids 1-424 representing full length 

JNK2 o f human origin, respectively. Cells were fixed with 4 % paraformaldehyde, 

penneabilised 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 ^1; 1: 

400 dilution in 10 % blocking buffer) overnight at 4 °C. Coverslips were washed 3 

times in PBS and secondary antibody was added (100 |il; 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^O, before being mounted 

onto microscope slides using a mounting medium for fluorescence (Vector 

Laboratories Inc., California, USA) and the perimeter o f each coverslip was sealed 

using nail varnish. Care was taken to minimise exposure o f 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 o f active-JNK (phosphorylated JNK)
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the cells were incubated overnight with an anti-active JN K  antibody (100 |̂ 1; 1:400 

dilution in 10 % blocking buffer; Santa Cruz B iotechnology Inc, California, USA) 

purified from m ouse serum. This antibody was raised against a peptide corresponding 

to a short am ino-acid sequence o f  JN K 1/JN K 2 o f  hum an origin containing 

phosphorylated Thr-183 and Tyr-185. Coverslips w ere w ashed 3 tim es in PBS and 

secondary antibody was added (100 ^il; 1:100 dilution; anti-m ouse IgG conjugated to 

FITC; Sigm a-A ldrich, Dorset, UK) for 1 hour at RT. Coverslips were w ashed several 

tim es in dH 20, before being m ounted onto m icroscope slides using a m ounting m edium  

for fluorescence (V ector Laboratories Inc., California, USA) and the perim eter o f  each 

coverslip was sealed using nail varnish. Care was taken to m inim ise exposure o f  

coverslips to light in order to prevent the fluorescent tag from bleaching. M ounted 

coverslips were view ed under x40 m agnification by fluorescence m icroscopy (Leitz 

O rthoplan M icroscope, Leica M icrosystem s AG, W etzlar, Germ any) using Im provision 

softw are (Im provision, Coventry, England). Cells were observed under excitation, 490 

nm; em ission, 520 nm for FITC labelled antibodies.

2.10 Localisation of Intracellular Organelles using Fluorescence 
microscopy

2.10.1 Localisation o f  M itochondria and Lysosomes

Fluorescent probes (M itoTracker Red, LysoTracker Red, M olecular Probes, 

Leiden, The N etherlands) were used to visualise neuronal m itochondria and lysosom es. 

After neurons had undergone the desired treatm ent protocol, the culture m edia was 

rem oved from the wells and pre-w arm ed neurobasal m edium  containing either 

M itoTracker (400 nM ) or LysoTracker (700 nM ) was added for 30 m in, to incorporate 

the probe. Cells were then w ashed in PBS and fixed in 4 % paraform aldehyde/PBS for 

30 m in at 37 °C. Coverslips were m ounted onto m icroscope slides as outlined in 

section 2.10.1. M ounted coverslips w ere view ed under x40 m agnification by 

fluorescence m icroscopy (Leitz O rthoplan M icroscope, Leica M icrosystem s AG, 

W etzlar, Germ any) using Im provision softw are (Im provision, Coventry, England). 

Cells w ere observed under excitation, 579 nm; em ission, 599 nm.
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2.10.2 Co-localisation Analysis

In order to assess the sub-cellular distribution o f  p53 and Bax, 

im m unolocalisation  o f  these proteins w as carried out in ce lls  w hich  had been loaded  

w ith either Mitotracker (400  nM ) or Lysotracker (700  nM ) probes. C ells were 

pem ieabilised  with 0.2 % Triton X -100  for 10 m in and refixed in 4 % 

parafom ialdehyde for 10 min. C ells were incubated in b locking buffer 5 % goat serum  

in PBS (p53 im m unocytochem istr)/) and 5 % horse serum in PBS (Bax  

im niunocytochem istry) for 2 hours at RT. C overslips w ere w ashed three tim es in PBS  

and incubated with primary antibody (100 jil; 1:50 dilution in 10 % blocking buffer) 

overnight at 4 "C. The p53 primary antibody used w as a rabbit phospho-p53 antibody 

recognising endogenous levels o f  p53 only w hen phosphorylated at residue ser 15 

w h ile the Bax primary antibody used was a m ouse m onoclonal IgG 2b antibody raised 

against amino acids 1-171 o f  Baxoc. o f  m ouse origin. Im m unoreactivity w as detected  

with goat anti-rabbit IgG biotinylated secondary antibody (V ector Laboratories Inc., 

California, U S A ) for p53 im niunocytochem istry and with horse anti-m ouse IgG 

(V ector Laboratories Inc., California, U S A ) for Bax im niunocytochem istry (100  |j,l; 

1:50 dilution in PBS containing 10 % blocking buffer). Incubation proceeded for 1 hr 

at RT, coverslips w ere then washed 3 tim es in PBS. C ells w ere then incubated with  

extra-avidin-conjugated FITC (100 |̂ 1; 1:50 dilution; S igm a-A ldrich, Dorset, U K ) for 

40 min at RT, washed 8 tim es with dH20 to rem ove any unbound FITC and m ounted as 

outlined in section 2 .10 .1 . M ounted coverslips were v iew ed  under x40  m agnification  

by fluorescence m icroscopy (Leitz Orthoplan M icroscope, Leica M icrosystem s AG , 

W etzlar, Germany) using Im provision softw are (Im provision, Coventry, England). 

C ells w ere observed under excitation, 579 nm; em m ision , 599 nm for M itoTracker Red 

and Lysotracker Red, and excitation, 490  nm; em ission , 520  nm for FITC labelled  

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

Following treatment o f cultured cortical neurons, coverslips were washed in 

Tris Buffered Saline (TBS; Tris-HCl 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 |J.g /ml) in TBS and refixed in 4 % 

paraformaldehyde for 10 minutes. Cells were incubated in equilibration buffer (50 

|.tl/coverslip; 200 mM potassium cacodylate (pH 6.6 at 25 °C), 25 mM Tris-HCl (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 )iL/coverslip; 1 p,l biotinylated nucleotide mix (25 |.iM 

biotinylated nucleotide mix, 10 mM Tris-HCl, pH7.6, 1 mM EDTA), 1 )al Terminal 

deoxynucleotidyl Transferase (TdT) enzyme and 98 )iL equilibration buffer, Promega 

Coiporation, Madison, USA) was applied for 60 min at 37 °C in order to incorporate 

the biotinylated nucleotide to the 3 ’-OH DNA ends o f fragmented DNA strands. 

Horseradish-peroxidase-labelled streptavidin was then bound to the biotinylated 

nucleotide (100 |al; 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 xlOO magnification, where the nuclei o f  TUNEL positive cells 

stained dark purple. Apoptotic cells (TUNEL positive) were counted and expressed as 

a percentage o f the total number o f 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 |il) were 

incubated with the Z-Phe-Arg-AFC peptide (150 |.iM; 10 |j.l) for 1 hr at 37 “C in a 96 

well microtest plate (Sarstedt, Leicester, UK). Fluorescence was assessed by 

spectrofluorometry (excitation, 400 nm; emission, 505 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 |^M, 500 )iM, 250 (.iM, 125 |aM, 62.5 

).iM, 31.25 )aM, 15.625 |iM, 7.813 |_iM and 0 |iM (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 ^g/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 o f 2 |iM  A(3 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 

earned out quickly and on ice to prevent degradation o f 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 o f  the single step method o f  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 ).il reagent per well and scraping coverslips using the rubber end of
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a 1 ml syringe piston (B.Braun Medical Ltd., M elsungen, Germany). Cells were 

incubated for 5 min at room temperature to permit the complete dissociation o f  

nucleoprotein complexes. Phase separation was achieved by adding 0.2 ml o f  

chloroform reagent (Sigma-Aldrich, Dorset, UK) per 1 ml o f  TRI reagent, samples 

were mixed by inversion and incubated at RT for 2-15 minutes. The resulting mixture 

was centrifuged at 12,000 x 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 D N A  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 o f  isopropanol 

(Sigma-Aldrich, Dorset, UK) per 1 ml o f  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 o f  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 o f  agarose (Promega Corporation, Madison, USA) in 100 ml o f  

IX tris borate EDTA (TBE) buffer (0.08 M Tris; 0.04 M boric acid; 1 niM EDTA; pH 

8.3). Ethidium Bromide (EtBr; Sigma-Aldrich, Dorset, UK) was added to give a final 

concentration o f  0.5 )o.g/ml and the gel cast into the horizontal gel system and allowed 

to set. RNA samples (1.5 |il) were prepared for electrophoresis by m ixing with 3.5 |il 

o f  H2O and 1 )il o f  6X gel loading buffer (60 % (v/v) glycerol, 0.4 % (w/v)

bromophenol blue). Samples (6 (al) were loaded into the w ells and RNA was separated 

by application o f  a 90 V voltage to the gel apparatus. Migration o f  the bromophenol 

blue was monitored and the voltage was switched o ff  when the blue dye band reached 

the bottom o f  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 )ig o f RNA sample was incubated for 15 

min at RT with 1.5 fj.1 (1 U/ml) DNAse 1 and 1 |0.1 lOx DNAse 1 reaction buffer. 1 |al o f 

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 

IBS

6S
Lane 1 2

Figure 2.2 Sample Photo of 1 ng Total Rat RNA (in duplicate). An intact 

preparation o f Total RNA exhibits distinct ribosomal RNA bands o f 28S, 18S and 6S.

2.14.5 Quantitation of RNA

The quantity o f RNA was determined spectrophotometrically by measuring the 

RNA at a wavelength o f  260 nm. An absorbance value o f 1 at this wavelength 

corresponds to 40 (J.g/ml o f  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 o f 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), p-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 II 

RNASE H- Reverse-Transcriptase enzyme (Invitrogen, Paisley, UK). 1 |ig of sample 

RNA was mixed with 1 \x\ of oligo dT Primer (Invitrogen, Paisley, UK) and 1 î l of 

dNTP mix (containing 10 niM each of dATP, dTTP, dCTP and dOTP; 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 |̂ 1 of 5X reaction buffer, 2 |al 

o f 0.1 M dithiothreitol (DTT) and I )̂ 1 of Ribonuclease (RNAse) Inhibitor (Promega 

Coiporation, Madison, USA) were added and the reaction was preheated to 42 °C for 2 

min before adding I |al (200 units) of Superscript Reverse-Transcription enzjone. 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 m astermix PCR reaction (final volum e 25 |il) w as m ade up containing 2.5 )̂ 1 

o f  lOx reaction buffer, 2.5-3 |al (2 .5-3m M ) m agnesium  chloride (M gC l2 ), 1 |il dNTP  

m ix (Prom ega Corporation, M adison, U S A ), 1 |.d o f  each o f  the upstream and 

downstream  primers (40 pm oles; M W G  B iotech , Ebersberg, Germany), 12 .5-13 |j,l 

sterile H 2 O and 0.5 |al (5 units) Taq polym erase enzym e (Prom ega Corporation, 

M adison, U S A ). 2.5 )il o f  sam ple cD N A  w as added to this masterm ix. The reaction  

contents w ere then overlayed with mineral oil (to prevent evaporation o f  the reaction  

contents) and placed in the therm ocycler (B iom etra GmbH, G ottingen, Germany). The 

PCR w as run w ith an initial denaturing step o f  95 °C fo llow ed  by 25-35 cycles  

consisting o f  a denaturing step o f  95 °C for 1 m in, an annealing step o f  50-55 °C (see  

table 2.1 for optimal annealing temp) for 1 min and an extension  step o f  72 °C  for 1 

min 30 seconds. A final extension  step o f  72 “C for 10 min w as carried out to ensure 

com plete extension  o f  the PCR products. The PCR products (5 )o.l) w ere loaded into the 

w ells and separated on a 1.5 % (w /v) agarose gel containing ETBR (0.5 fig/m l) and 

visualized  under U V ) light ushig a U V  transilluminator. In all cases a D N A  lOObp 

ladder w as also loaded to determine the size o f  D N A  bands.

2.15.3 Densitometry

In all cases quanfification o f  PCR bands w as achieved by densitom etric analysis 

using the Zero-Dscan Image A nalysis System  (Scanalytics Inc., Fairfax, U S A ). V alues  

are expressed as arbitrary units.
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Target

Gene

Primer Sequence Annealing

Tem perature

(“C)

Fragm ent Size 

(base-Pairs)

p53 Fw: 5 ' G G C C A T C T A C A A G A A G T C A C  3 ' 

Rv: 5 ' C C A G A A G A T T C C C A C T G G A G  3 '
53 317 bp

P-actin* Fw: 5 ' G A A A TC G T G C G T G A C A T T A A A G A G A A G C T  3 ' 

Rv: 5 ' TC A G G A G G A G C A A TG A TC TT G A  3 '
52 360 bp

Caspase-3 B iosource in ternational ra t apop tosis  signalling  quan tita tive  PC R  detection  kit 

C ata logue  num ber #Q R M 0050
58 318 bp

bcl-xl B iosource in ternational rat apoptosis s ignalling  quan tita tive  PC R  detection  kit 

C atalogue  num ber #Q R M 0050
58 398 bp

GAPDH B iosource in ternational rat apoptosis s ignalling  quan tita tive  PC R  de tection  kit 

C atalogue  num ber #Q R M 0050
58 532 bp

Bax ** Fw: 5 ' G C A G A G A G G A TG G C TG G G G A G A  3 ' 

Rv: 5 T C C A G A C A A G C A G C C G C T C A C G 3 '
52 352 bp

NF-kB B iosource in ternational ra t TNF s ignalling  quan tita tive  PC R  detection  kit 

C atalogue  num ber #Q R M 0051
58 396 bp

Ik B B iosource in ternational rat TNF signalling  quan tita tive  PC R  detection  kit 

C atalogue  num ber #Q R M 0051
58 167 bp

TNF-a B iosource in ternational rat TNF signalling  quan tita tive  PC R  detection  kit 

C ata logue  num ber #Q R M 0051
58 270 bp

Table 2.1 Primer pairs used for PCR * Primers from  Nakajimaiijima et a ! , 1985

• •  Primers from Ray et a l , 2000
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2.16 Analysis o f Intracellular calcium levels [Ca^ ]̂i

Free cytosolic calcium concentration was quantified in freshly dissociated 

neuronal suspensions by fluorescence imaging using the Câ "̂  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 o f 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 o f  the fluorescent intensities corresponding to the two excitations is used in 

calculating the intracellular concentrations o f calcium. M easurement o f [Ca "̂ ]̂! using 

this ratiometric method allows efficient measurement o f  calcium levels while 

cancelling out variability due to instrument efficiency and uneven dye distribution 

(Grynkiewicz et al., 1985).

2.16.1 Preparation o f  Samples

Suspensions o f 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 niM, M gS 0 4  1 mM, CaCh 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 o f  2.7 x lO"* cells/ml. 

Suspensions were pre-treated with nicardipine (500 nM; 20 min; Sigma-Aldrich, 

Dorset, UK) at 37 "C in a CO2 incubator. Cell suspensions were then treated with Ap (2 

|.iM) for a 1 hr or 6  hr incubation period. Following Ap incubation, suspensions were 

loaded with Fura2-AM (5 |j.M) for 30 min (37 °C, 5 % CO 2 ). 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, KCl 5 mM, 

M gCh 1 mM, CaCl2 2 mM, Mg2 S0 4  I mM, KH 2 PO 4 , 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 % CO2) to ensure sufficient intracellular hydrolysis o f  

Fura-2AM to Fura-2.

2.16.2 Recording of [Ca^ |̂i measurements

1.5 ml aliquots o f  Fura-2 loaded cell suspension cultures were placed in the 

cuvette holder o f  a Cairn spectrophotometer (Cairn, Faversham, UK). This apparatus 

consisted o f  a sealed chamber with channels in the side walls to allow light to pass 

througli 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 o f  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 (Rmax) was achieved by addition o f  

Triton (2 %) until the saturated ratio value w as attained. The minimum fluorescence 

ratio (Rmin) was achieved by addition o f  the Câ "̂  chelating agent EGTA (200 mM), 

until the minimum ratio plateau w as reached.

Figure 2.3 Sample trace o f  ratio (340/380 nm) for a given cortical suspension
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2.16.3 C alculation o f [Ca^^]j

The ratio o f  the fluorescence em ission  at the two different excitation  

w avelengths was used to determine [Ca '̂̂ Jj according to the formula

[Ca '̂ ĵi (nM ) =  Kd.p ^ G rynkiew icz e /a / . ,  1985

where R =  the ratio for each treatment, Kd = the d issociation  constant for Fura-2 (197  

nM under the experim ental conditions described) and p =  [F380 at Rmin/ F380 at Rmax] 

i.e. the ratio o f  fluorescence intensity evoked by excitation at 380nm  at m inim um  and 

saturated calcium  concentration.

2.17 Statistical Analysis

Data are expressed as m eans ±  standard error o f  the m eans (SEM ). Statistical 

A nalysis w as carried out by use o f  a one-w ay analysis o f  variance, fo llow ed  by a post 

hoc Student N ew m an-K euls test when significance was indicated. W hen com parisons 

were being made betw een tw o treatments, a paired Student’s t-test w as performed to 

determ ine whether significant differences existed  betw een the conditions. In all cases 

the alpha level was set at 0 .05. A ll statistical analysis w as carried out using Graphpad 

Prism software.
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Chapter 3

The role o f  c-jun-N-terminal kinase in AP-mediated neuronal apoptosis



3.1 Introduction

The M A PK  cascade represents a prototypic signal transduction system, linking 

extracellular stim uli to intracellular responses. M A PK  cascades are evolutionarily 

conserved in all eukaryotes dem onstrating their im portance in intracellular signalling. 

The three principal m em bers ERK, JN K  and p38 com prise 3 distinct, but sim ilarly 

organised, signalling pathways. JN K  kinases share sequence hom ology w ith ER K  kinases 

and both JN K  and ER K  can be activated sim ultaneously by phosphorylation via their 

respective parallel cascades in response to the sam e stim uli, for exam ple, the endotoxin 

lipopolysacharide (LPS) activates both ERK and JN K  in m acrophages (Pyo et al., 1998).

G enerally activation o f  ERK  is associated w ith regulation o f  grow th and 

differentiation, w hile JN K  signalling functions in stress responses, such as DN A dam age 

and apoptosis. How ever, this is not always the case, since cells are sim ultaneously 

exposed to m ultiple extracellular stim uli, each cell m ust integrate these signals and 

choose an appropriate response. Consequently, the biological context o f  a signal plays an 

im portant role in how  the cell will respond to M A PK  activation. For exam ple, JNK 

signalling can lead to opposing cellular responses such as proliferation or apoptosis 

depending on the cell type and the context o f  other signals received by the cell (H err and 

Debatin, 2001). M oreover, ERK activation can lead to contrasting physiological 

responses in the same cellular type, with transient stim ulation o f  the ERK  cascade leading 

to proliferation in PC 12 cells, whereas sustained stim ulation leads to differentiation 

(M arshall, 1995). Thus, the cellular response to ERK and JN K  signalling m ay be specific 

to cell type as well as depending on the nature o f  the stim ulus received by the cell and the 

physiological environm ent surrounding the cell.

There is increasing evidence that JN K  proteins are potent effectors o f  

neurodegeneration, since JN K  has been im plicated as a m ediator o f  cell death in response 

to a variety o f  stim uli including growth factor deprivation, oxidative stress and exposure 

to ionizing radiation (Eilers et al., 2001; Y oshizum i et a i ,  2002; M ielke and Herdegen, 

2000). A ctivation o f  JN K  induces apoptosis in cultured neuronal cells (V irdee et al., 

1997), as well as in peripheral neurons in vivo (Chen et al., 1996). Several features o f  the 

JNK signalling cascade suggest that it m ay be a target for Aj3 m odulation. JN K  activation 

can occur in response to oxidative stress (M aroney et al., 1999) and since A p can induce
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oxidative stress (Behl et al., 1994), this raises the possibility that A|3 may induce 

activation o f JNK. A number o f recent studies have suggested that JNK may play a role 

in A(3-mediated effects. In sympathetic neurons, PC 12 cells and cultured cortical neurons, 

the 1-42 fragment o f Ap activates JNK and the synthethic JNK inhibitor, C EP-1347, 

blocks Ap-mediated neurotoxicity (Troy et al., 2001; Bozyczko-Coyne et al., 2001). In 

addition, JNK activation was demonstrated to associate with intracellular Ap 

accumulation in cerebral neurons o f PSl-linked AD patients (Shoji et al., 2001). JNKs 

are encoded by three separate genes jn k l , j i ik 2  and jn k S .jn k l  and jnk2  are ubiquitously 

expressed. In contrast, jnk3  is predominantly expressed in the brain (Herr and Debatin, 

2000). Studies o f  mice deficient in JN K l, JNK2 or JNK3 provide evidence for the 

functional diversity o f isoforms, with mice lacking JN K l 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 JNKS display decreased susceptibility to 

kainic acid-induced hippocampal cell death (Yang et al., 1997). This provides evidence 

that different JNK iso forms have diverse effects in the central nervous system and that 

these effects may depend on cellular context. Substrates o f 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 

isofomis 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. Ap has the potential to couple with JN K l, 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 detennine the roles o f the specific JNK isoforms in Ap-mediated degeneration o f 

cultured cortical neurons.

In addition to inducing activation o f JNK, Ap has been reported to increase ERK 

activity in a number o f studies (Pyo et al., 1998; Rapoport and Ferreira, 2000) and there 

is evidence o f ERK activation in the Alzheim er’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 o f 

the L- and N- type voltage calcium channels. A recent study provides evidence that Ap 

activates calcium channels via ERK-dependent phosphorylation, resulting in sustained
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accumulation o f 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 o f neurons against specific insults (Hetman and Xia, 2000; Anderson 

and Tolkovsky, 1999). Thus, the role o f ERK signalling in A(3-mediated events has yet to 

be elucidated.

The experimental work carried out in this chapter uses extracellular application o f 

Ap in order to investigate the roles o f the MAPKs, JNK and ERK, in Ap-induced 

neurotoxicity. The initial aim o f 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, o f cultured cortical neurons 

subsequent to activation o f these signalling kinases. Expression o f JN K l and JNK2 were 

transiently downregulated using selective antisense oligonucleotide sequences, so that the 

role o f each JNK isoform could be determined. Proteolytic cleavage o f the inactive 

precursor o f  caspase-3 to its active form is a key event in determining whether cells will 

undergo apoptosis (Thomberry and Lazebnik, 1998). DNA fragmentation occurs 

downstream o f caspase-3 activation and is a signature o f apoptosis (Johnson et al., 1996). 

It marks the end-point o f  the apoptotic signalling cascade, culminating in cell death. The 

role o f the specific JNK isofomis in the proclivity o f Ap to activate these apoptotic 

parameters, namely caspase-3 activity and DNA fragmentation, was assessed in cortical 

neurons which had been depleted o f JN K l 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 o f JNK occurs when JNK becomes phosphorylated at threonine and 

tyrosine residues. Expression and localisation o f phospho-JNK was investigated using 

immunofluorescence microscopy. Phospho-JNK immunofluorescence was visualised 

by probing neurons with an anti-active JNK antibody, which recognises both JN K l 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 o f 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 (iii)), reflecting a 

basal level o f JNK activation. However, in cells treated with Ap (2 (iM) for 1 hr or 24 

hr (Figure 3.1 (ii) and (iv)), a higher intensity o f phospho-JNK immunoreactivity was 

observed in the nucleus and within discrete areas o f cytoplasm. This result 

demonstrated that A p i-40  activates JNK in cultured cortical neurons and the 

distribution o f phospho-JNK immunostaining indicates that activated JNK has both 

cytosolic and nuclear targets.

3.2.2 Time course of AP-mediated activation of JN K l and JNK2

In order to characterise the time course for AP-mediated JNK activation, and to 

detennine the nature o f the JNK isofonns activated by Ap, cortical neurons were 

exposed to Ap (2 )iiM) over a range o f  time-points from 5 min to 48 hr. Expression o f 

phospho-JNK was analysed by western immunoblot using an anti-active JNK antibody, 

which recognises JN K l and JNK2, phosphorylated on amino acid residues Thr-183 

and Tyr-185. Expression o f total JNK was analysed by western immunoblot with a 

polyclonal antibody which recognises JN K l and JNK2. Analysis o f mean 

densitometric data (Figure 3.2A) demonstrates that Ap evoked a rapid increase in 

JNKl  activation, as assessed by phosph-JNKl expression, at 5 min from a control
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value o f 0.89 ± 0.07 (mean band width ± SEM; arbitrary units) to 1.08 ± 0.07 in Ap- 

treated cells (p<0.05, students paired t-test, n=6). Similarly, a significant increase in 

JN K l activity was observed following A^-treatment for 1 hour and 6 hours. For the 1 

hour time-point, JN K l activity in control cells was 0.98 ± 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, JN K l 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 JN K l activation. Thus, JN K l activity was 0.81 ± 0.11 in control and 0.76 ± 0 .1 3  in 

Ap-treated cells at 18 hr, 0.84 ± 0.05 in control and 0.8 ± 0.05 in Ap-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 o f  total JN K l expression were unaffected by Ap at all 

time-points examined.

A different pattern o f activation was observed for JNK2. Figure 3.2B 

demonstrates that Ap had no effect on JNK2 activity at the earlier time-points o f 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 Ap-treated cells at 1 hr, 0.93 ± 0.021 in control and 1.0 ± 0.063 in Ap- 

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, JNK2 activity was significantly increased by Ap at the later time- 

points o f 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 o f 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 o f  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 |aM) and JNK immunoreactivity was 

examined using fluorescence immunocytochemistry with the phospho-specific JNK 

antibody in (i) control (1 hr) (ii) AP-treated (1 hr) (iii) control (24hr) and (iv) AP- 

treated (24 hr). Arrows indicate cells displaying phospho-JNK immunoreactivity. Scale 

bar is 20 jim
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Figure 3.2 AP-mediated JNK activation is time dependent

A. Cortical neurons were treated with AP (2 |aM) over a range o f time-points (5 min 
- 48 hr). Expression o f phospho-JNKl was examined by western immunoblot. Ap 
significantly increased phospho-JNKl expression at 5 min, Ihr and 6 hr. Results are 
expressed as mean ± SEM for 6 observations, *p<0.05, ** p<0.01.

B. Expression o f phoshpo JNK2 was measured by western immunoblot. AP 
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 JNKl and JNK2 (phospho and total) expression. 
Cells were treated with AP over a range o f 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 o f  JN K l and 

JNK2 by Ap is shown in Figure 3.2C. Also shown is an immunoblot demonstrating 

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

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

While JN K l and JNK2 are ubiquitously expressed, expression o f  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 o f JNK3 in response to Ap- 

treatment was investigated. Expression o f 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 o f  expression 

o f phospho-JNK3 were found in cortical neurons when compared with expression o f 

the phospho-JNKl and phospho-JNK2 isoforms (Figure 3.3(A-D) n=6) therefore it was 

not possible to measure phosphorylation o f JNK3 using densitometry. Ap did not alter 

the phosphorylation status o f JNK3 at any o f the examined time-points. It was 

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

3.2.4 Ap does not mediate activation o f ERK in cultured cortical neurons

ERK is activated via phosphorylation at threonine and tyrosine residues. In 

order to analyse the proclivity o f Ap to mediate activation o f ERK, cortical neurons 

were exposed to Ap (2 |.iM) for incubation periods o f 5 min -  48 hr and analysed for 

ERK phosphorylation by western immunoblot using an antibody which recognises the 

dually phosphorylated active forms o f ERKl and ERK2. Phospho-ERKI was not 

expressed at sufficiently high levels for densitometric analysis and so the densitometric 

jata presented is for expression o f phospho-ERK2 (Figure 3.4). No observable change 

in ERK2 phosphorylation was detected at any o f 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 confimi equal loading o f 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 fiM) 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 AP-treatment

B. Sample western blot demonstrating JNK3 activity at 6 hr and 18 hr post Ap-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|3 (2 ^iM) over a range o f time-points (5-48 hr). 

Expression o f  phospho-ERK was examined by western immunoblot. Ap had no effect 

on ERK activity at any o f the time points examined.

B. Sample western blot showing ERPC2 phospho-expression. Also present is a sample 

immunoblot showing actin expression to confirm equal loading o f protein.



3.2.5 Antisense oligonucleotides are efficiently incorporated into cultured 

cortical neurons

There is currently no available JNK inhibitor, which can distinguish between 

JNK isoforms. Therefore, in this study antisense technology was employed to 

selectively deplete cell o f JN K l and JNK2. Phosphorothioate antisense 

oligonucleotides, complementary to the mRNA encoding JN K l or JNK2 were 

incoiporated into the culture medium to evoke a transient downregulation in expression 

o f JNKl  or JNK2. To ensure that this treatment protocol enabled the oligonucleotides 

to enter neuronal cells, the efficient uptake o f antisense oligonucleotides by neurons 

was first assessed by analysing the fluorescence o f cells incubated with a FITC labelled 

control oligonucleotide for a range o f time-points ( 1 - 2 4  hr). Figure 3.5 demonstrates 

the rapid and efficient incorporation o f antisense oligonucleotides into neurons within 1 

hr o f their inclusion into neurobasal medium. Immunofluorescence was localised 

throughout cells indicating both cytosolic and nuclear presence o f  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 o f cortical neurons with target antisense oligonucleotide, an 

adequate uptake o f 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 o f time-points from I hr -  48 hr and JNK 

expression was evaluated by western immunblot using antibodies which recognise the 

epitopes corresponding to full length JN K l or JNK2. Figure 3.6(A,B) demonstrates 

that maximal JNK l and JNK2 depletion occurred following exposure to the respective 

antisense oligonucleotide for 48 hr. No observable decrease in JNKl  and JNK2 

expression was observed at the earlier time-points o f  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 
at 1 hr

Cortical neurons were treated with 2 (iM FITC-labelled antisense oligionucleotides 

over a range o f time points (1-24 hr) and viewed by fluorescence microscopy 

(excitation, 490 nm; emission, 520 nm). Scale bar is 25 )j.m
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Figure 3,6 Time course of JNK depletion in antisense treated cells.

A. Cultured neurons were treated with JNK l and JNK2 antisense oligonucleotides 

(2 fj.M) over a range o f  time points (1 hr-72 hr). JNK l or JNK2 expression was 

assessed by western immunoblot. Sample immunoblot demonstrating JN K l activity 

in control and JN K l-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 c) and 24 hr, 48 hr and 72 hr (panel d). 

Expression o f JN K l 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 JN K l antisense oligonucleotides on JN K l expression

To visualise the intracellular reduction o f JNK l protein, following treatment 

with JN K l antisense oligonucleotides for 48 hr, fluorescence immunostaining was 

carried out using a specific JNK l monoclonal antibody, recognising the epitope 

corresponding to full length JN K l protein. The intracellular JN K l immunoreactivity 

observed in control cells (Figure 3.7i) was markedly downregulated in cells transfected 

with the JN K l antisense sequence (Figure 3.7ii).

3.2.8 JN K l antisense oligonucleotides selectively deplete expression of JN K l 

protein

The extent o f JNK l protein depletion following incubation with JNK antisense 

oligonucleolides for 48 hr was quantified by western immunoblol using the JNKl 

monoclonal antibody and densitometric analysis. Figure 3.8A demonstrates that there 

was no difference in JNKl expression in untreated cells (1.6 ± 0.01; mean band width 

± SEM) compared to cells treated with the scrambled JN K l control oligonucleotide 

(1.8 ± 0.6, n=4). However, in cells treated with the antisense JN K l oligonucleotide for 

48 hr, JN K l expression was significantly reduced by 80% to 0.38 ± 0 .1 5  (p<0.05, one­

way ANOVA, n=4). The sample immunoblot shown in Figure 3.8B demonstrates the 

efficacy o f JN K l antisense oligonucleotides in downregulating JN K l protein.

In order to confirm the selective downregulation o f JN K l protein by JN K l antisense, 

cell cultures which had been incubated with JNK2 antisense oligonucleotides (2 |^M) 

and JNK2 scrambled oligonucleotides (2 |aM) were assessed for JN K l expression by 

western immunoblot. Figure 3.8C demonstrates that JNK2 antisense had no effect on 

expression o f JN K l. Thus, JN K l 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.
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Figure 3.7 Effect of JN K l antisense oligonucleotides on JN K l expression at 48 hr.

Cortical neurons v^ere exposed to antisense oligonucleotides ( 2  |liM ) targeted to JNKl for 

48 hr and JN K l expression was monitored by immunofluorescence (excitation, 490 nm; 

emission, 520 nm).

(i) In non treated cells, JNK l expression was localised throughout the cytoplasm with a 

high level o f  immunoreactivity at the inner plasma membrane

(ii) JNKl immunostaining was markedly reduced in JN K l anti sense-treated cells. Scale 

bar is 10 jiiM
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Figure 3.8 JN K l antisense selectively downregulates JN K l expression at 48 hr

A. Cortical neurons were treated with JNKl antisense (A/S) or JNKl scrambled 
oligonucleotide (2 |aM) for 48 hr and JNKl total expression was examined by 
western immunoblot. JNKl A/S significantly depleted total JNKl 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 o f JNKl protein expression in control 
(lane 1) and JNKl-antisense treated cells (lane 2)

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



3.2.9 Depletion of total JN K l abolishes the AP-mediated increase in phospho- 

JN K l expression

M axim al phosphorylation o f  JN K l occurred follow ing a 1 hr treatm ent with 

A(3 (see Figure 3.2A), therefore, the effect o f  JN K l depletion on JN K l 

phosphorylation was exam ined at this tim e-point. Figure 3.9A dem onstrates that in 

cells treated w ith the JN K l scram bled oligonucleotide, activated phospho-JN K l was 

significantly increased from 0.609 ± 0.046 (m ean band w idth ± SEM , arbitrary units) to 

0.729 ± 0.09 (p < 0.05, one-w ay A N O V A , n=6) follow ing treatm ent w ith 2 |iM  Ap. 

However, in JN K l antisense oligonucleotide-treated cells the basal expression o f  

activated phospho-JN K l was 0.613 ± 0.039 (n=6) in control cells, and 0.503 ± 

3.057(n=6) follow ing incubation with Ap. This result dem onstrates that the JN K l 

antisense was effective in reducing the A p-m ediated stim ulation o f  JN K l 

phosphorylation. A sam ple im m unoblot dem onstrating that A p-m ediated JN K l 

phosphorylation is significantly reduced in JN K l 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 o f  JN K 2, follow ing treatm ent with 

INK2 antisense oligonucleotides for 48 hr, fluorescence im m unostaining was carried 

3ut using a specific JNK 2 m onoclonal antibody, recognising the epitope corresponding 

o full length JNK 2 protein. The intracellular JN K 2 im m unoreactivity observed in 

:ontrol cells (Figure 3.10i) was m arkedly dow nregulated in cells transfected w ith the 

INK2 antisense sequence (Figure 3.10ii).
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Figure 3.9 Effect of JNK l depletion on phospho-JNKl expression

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

B. Sample western blot showing phospho-JNKl expression in (1) control (2) AP- 
treated cells (3) JNKl antisense treated cells (4) Ap + JNKl 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 |iM) targeted to JNK2 for 

48 hr and JNK2 expression was monitored by immunofluorescence (excitation, 490 nm; 

emission, 520 nm).

(i) In non treated cells, JNK2 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 anti sense-treated cells. Scale 

bar 10fj.m



3.2.11 JNK2 antisense oligonucleotides selectively deplete expression of JNK2 

protein

The extent o f  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 o f JNK2 antisense oligonucleotides in downregulafing JNK2 protein is shown 

in Figure 3.11B

In order to confinn the selective downregulation o f JNK2 protein by JNK2 

antisense, cell cultures which had been incubated with JN K l antisense oligonucleotides 

(2 |.iM) and JN K l scrambled oligonucleotides (2 |iM ), were assessed for JNK2 

expression by western immunoblot. Figure 3.11C confirms that JN K l antisense had no 

effect on expression o f 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 JNK l scrambled oligonucleotide 

and 0.57 ± 0.008 (n=4) in cells treated with JN K l antisense oligonucleotide

3.2.12 Depletion o f JNK2 abolishes the AP-mediated increase in phospho-JNK2 

expression

Maximal activation o f JNK2 occurred following a 24 hr treatment with Ap (see 

Figure 3.2B), therefore the effect o f 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 o f  phospho-JNK2 was significantly increased 

from 1.92 ± 0.08 (mean band width ± SEM, arbitrary units) to 2.3 ± 0 .1  by AP (2 |iM ) 

(p<0.05, one-way ANOVA, n=6). In JNK2 antisense oligonucleotide-treated cells the 

expression o f activated phospho-JNK2 was unaffected by treatment with 2 |j.M 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 (J.M) 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 o f JNK2 protein expression in control 
(lane 1) and JNK2-antisense treated cells (lane 2).

C. Cortical neurons were exposed to JNKl A/S or JNKl scrambled control 
oligonucleotides (2 )j.M) for 48 hr and JNK2 total expression was examined by 
western immunoblot. JNKl A/S had no effect on expression o f 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 (iM) for 48 hours before treatment with Ap (2 |^M). Expression 
of phospho-JNK2 was measured by western immunoblot. AP significantly 
increased phospho-JNK2 expression after 24 hr AP 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) Ap- 
treated cells (3) JNK2 antisense treated cells (4) AP + JNK2 antisense treated cells.



± 0.16, n=6) In contrast, the JNK 2 antisense oligonucleotide significantly  reduced that 

A p-m ediated phosphorylation o f  JNK 2 to 1.94 ± 0.15 (p < 0.05, one-w ay A N OV A, n = 

6). This result dem onstrates that the JN K 2 antisense efficiently reduces the A p- 

m ediated increase in expression o f  phospho-JN K 2. A sam ple im m unoblot 

dem onstrating that A ^-m ediated  JNK 2 phosphorylation is significantly  reduced in 

JNK2 antisense-treated cells is show n in Figure 3.12B.

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

A dow nstream  consequence o f  JN K  activation is a com m itm ent to the cell 

death pathw ay (M ielke and H erdegen, 2000). Since A p activates both JN K l and JNK 2 

in cortical neurons, the respective roles o f  JN K l and JNK 2 in coupling A p to 

activation o f  the apoptotic cascade was assessed follow ing dow nregulation o f  JN K l or 

JNK2 using the antisense approach. Caspase-3 is a key executioner o f  apoptosis and is 

cleaved follow ing treatm ent with 2 |iM  A p for 24 hours (B oland and Cam pbell, 

2003a). The effect o f  JN K  depletion on activation o f  caspase-3 was assessed by 

im m unocytochem istry using an anti-active caspase-3 antibody. Cells were pre-treated 

with JN K l or JNK2 antisense, or scram bled oligonucleotides, for 48 hr and then 

exposed to A p (2 |aM) for a further 24 hr. Figure 3.13 dem onstrates that in untreated 

cells the percentage o f  cells displaying active-caspase-3 im m unoreactivity  was 18 ± 

2% (m ean ± SEM ) and this was significantly increased to 44 ± 4%  by A p (p<0.05, 

A N OV A, n=6 observations). In cells incubated with JN K l scram bled control 

oligonucleotide the A p-m ediated stim ulation o f  caspase-3 was retained. Thus, the 

percentage o f  cells staining posifive for active caspase-3 was 21 ± 3 % in JN K  1 

scram bled control-treated cells and 41 ± 1 %  in A p + JN K l scram bled control-treated 

cells (p<0.05, A N O V A , n=6 observations). In contrast, the JN K l antisense 

oligonucleotide significantly reduced the A p-m ediated  stim ulation o f  caspase-3 activity 

to 22 ± 4%  (n=6 observations). This result dem onstrates that JN K l is pertinent in the 

A P-m ediated acfivation o f  caspase-3 in cultured cortical neurons.

In contrast, depletion o f  JNK 2 had no effect on A p-m ediated  activation o f  

caspase-3. Cells pre-treated w ith JN K 2 scram bled oligonucleotides prior to A p
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Figure 3.13 Effect of JNKl and JNK2 depletion on AP-induced activation of 
caspase-3 activity at 24 hr

Cortical neurons were treated with JNK antisense oligonucleotides or JNK scrambled 
oligionucleotides (2 |aM) in the presence or absence o f  AP (2 |iM ) 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 JN K l scrambled oligonucleotide, AP also evoked a significant increase in 
active caspase-3 immunoreactivity, however this effect was abrogated in JNK l antisense- 
treated cells. In contrast, neither the JNK2 scrambled nor the JNK2 antisense 
oligonucleotide had any effect on the proclivity o f  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 o f  caspase-3 activation to cells that had not been 

exposed to oligonucleotides. Thus, the percentage o f cells staining positive for active 

caspase-3 immunoreactivity was 20 ± 3 % in JNK 2 scrambled control-treated cells and 

38 ± 2 % in Ap + JNK 2 scrambled control-treated cells (p<0.05, ANOVA, n=6 

observations). In cells treated with JNK2 antisense alone 25 ± 3% o f  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 

Ap-mediated stimulation o f caspase-3 was retained following depletion o f JNK2 we 

conclude that JNK2 is not involved in the Ap-mediated activation o f  caspase-3 that 

occurs at the 24 hr time-point.

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

Since JNK2 activation was not detected until 24 hr post Ap-treatment (see 

Figure 3.2), our finding that JNK2 was not involved in the Ap-mediated activation o f 

caspase-3 at 24 hr is not surprising. To detennine whether JNK2 was involved in 

caspase-3 activation at later time-points the experiment was repeated by monitoring the 

effect o f JN K l and JNK2 antisense on Ap-mediated activation o f caspase-3 at 48 

hours, a time-point that would be expected to be downstream o f JNK2 activation. 

Figure 3.14 demonstrates that in untreated cells the percentage o f  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 JN K l scrambled 

oligonucleotide the Ap-mediated stimulafion o f caspase-3 was retained. Thus, the 

percentage o f cells staining positive for active caspase-3 was 24 ± 5 % in JN K l 

scrambled control-treated cells and 55 ± 6 % in Ap + JN K l scrambled control-treated 

cells (p<0.05, ANOVA, n=6 observations). In contrast, the JN K l antisense 

oligonucleotide significantly reduced the Ap-mediated sim ulation o f  caspase-3 activity 

(p<0.05, ANOVA; compared to cells treated with Ap 4- JN K l scrambled 

oligonuclotide, n=6 observations). Thus, in cells transfected with JN K l antisense alone 

the percentage o f  cells with active-caspase-3 immunostaining was 19 ± 4% and in cells
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Figure 3.14 Effect o f JN K l and JNK2 depletion on AP-induced activation of 
caspase-3 activity at 48 hr

A. Cortical neurons were treated with JNK antisense oligonucleotides or JNK 
scrambled oligonucleotides (2 |iM ) in the presence or absence o f  A(3 (2 (iM) for 48 
hr and caspase-3 activity was examined by immunocytochemistiy. A(3 significantly 
increased the percentage o f cells with active caspase-3 immunoreactivity at 48 hr. 
For JNK l scrambled oligonucleotide, Ap also evoked a significant increase in the 
percentage cells with active caspase-3 immunoreactivity, however this effect was 
abrogated in JNKl antisense-treated cells. In contrast, neither the JNK2 scrambled 
nor the JNK2 antisense oligonucleotide had any effect on the proclivity o f Ap 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 o f  cortical neurons stained for activated caspase-3 
immunoreactivity. Arrows indicate cells with active-caspase-3 immunoreactivity in 
(i) control (ii) AP (iii) JNK l antisense (iv) AP + JNKl antisense (v) JNK2 antisense 
(iv) Ap + JNK2 antisense treated cells. Scale bar is 25 fim



treated with A p in the presence o f  JN K l antisense oHgonucleotide 25 ± 4%  o f  cells 

displayed active-caspase-3 im m unoreactivity (n=6 observations). This result 

dem onstrates that JN K l is pertinent in the A p-m ediated  activation o f  caspase-3 in 

cultured cortical neurones at 48 hours.

In contrast, depletion o f  JNK 2 had no effect on A p-m ediated  activation o f  

caspase-3 at 48 hours. Follow ing transfection w ith the JNK 2 scram bled oligonucleotide 

the A p-m ediated  stim ulation o f  caspase-3 was retained. Thus, the percentage o f  cells 

stain ing positive for active caspase-3 im m unoreactivity  was 15 ± 6 %  in JNK2 

scram bled control-treated cells and 54 ± 7 % in A p + JNK 2 scram bled control-treated 

cells (p<0.05, AN OV A, n=6 observations). Sim ilarly, follow ing transfection w ith the 

JN K 2 antisense oligonucleotide the A p-m ediated stim ulation o f  caspase-3 was 

retained. Thus, in cells treated with JNK 2 antisense alone, 13 ± 6 %  o f  cells displayed 

active-caspase-3 im m unoreactivity and this was significantly increased to 46 ± 6 % in 

JN K 2-depleted cells treated w ith A p for 48h (p<0.05, A N O V A , n=6 observations). 

These results dem onstrate that JN K l, and not JN K 2, is involved in the coupling o f  A p 

to caspase-3 activation at the 48 hr tim e-point

3.2.15 Role o f  JN K  depletion on AP-mediated DNA fragmentation at 72 hr

One o f  the biochem ical events occurring in the later stages o f  apoptosis is the 

fragm entation o f  nuclear DNA. A p causes m axim al increase in DN A fragm entation 72 

hr post-treatm ent (Boland and Cam pbell, 2003a), therefore this tim e-point w as used to 

exam ine the roles o f  JN K l and JNK 2 in A P-m ediated DNA fragm entation. TU N EL 

analysis was used to assess levels o f  D N A fragm entation follow ing antisense-m ediated 

depletion o f  the JN K l and JNK 2 isoform s (Figure 3.15). In untreated cortical neurons 

the percentage o f  cells with fragm ented D N A (TU N EL positive cells) w as 21 ± 2 % 

(mean ± SEM ) and this was significantly increased to 52 ± 8 % by A p (2 )j.M; p <  0.05, 

one-w ay A N O V A , n=6 observations). Follow ing transfection w ith the JN K l scram bled 

control oligonucleotide the A p-induced D N A fragm entation was retained (53.2 ± 4.9 

%, n=6). In contrast, the JN K l antisense oligonucleotide significantly reduced the AP- 

m ediated stim ulation in DN A fragm entation by 80 % to 33 ± 3 % (p<0.05, A N O V A ,
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compared to cells treated with Ap in the presence of JNKl scrambled oligonucleotide, 

n=6 observations). This result demonstrates that JNKl is pertinent in the induction of 

DNA fragmentation by Ap.

To determine the role o f JNK2 in AP-mediated DNA fragmentation the cells 

were transfected with the JNK2 antisense oligonucleotide. Depletion of JNK2 had no 

effect on Ap-mediated DNA fragmentation at 72 hr. Following transfection with the 

JNK2 scrambled oligonucleotide the Ap-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 Ap-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 o f DNA fragmentation. The data 

from this series of experiments indicate JNKl as the principal JNK iso form involved in 

the Ap-mediated increase in DNA fragmentation in cortical neurons.
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Figure 3.15 Effect o f JN K l and JNK2 depletion on AP-induced DNA 
fragmentation

A. Cortical neurons were treated with JNK antisense oligonucleotides or JNK 
scrambled oliginucleotides (2 ^M ) in the presence or absence o f  A(3 (2 |liM )  for 72 
hr, and DNA fragmentation was examined by TUNEL analysis. A(3 significantly 
increased DNA fragmentation at 72 hr. For JNKl scrambled oligonucleotide, A(3 
also evoked a significant increase in DNA fragmentation, however this effect was 
abrogated in JNKl antisense-treated cells. In contrast, neither the JNK2 scrambled 
nor the JNK2 antisense oligonucleotide had any effect on the proclivity o f Ap 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 o f cortical neurons stained for DNA fragmentation.. 
Arrows indicate TUNEL positive cells in (i) JNKl scrambled oligonucleotide (ii) 
AP + JNKl scrambled oligonucleotide (iii) Ap + JNKl antisense (iv) JNK2 
scrambled oligonucleotide (v) AP + JNK2 scrambled oligonucleotide (vi) AP + 
JNK2 antisense. Scale bar is 20 |jm.



3.3 Discussion

The aim o f  this study w as to investigate whether M A PK  fam ily m em bers, JNK  

and ERK, are activated fo llow in g AP(i_4 0 ) treatment o f  cultured cortical neurons and to 

elucidate the role o f  activation o f  these kinases in A p-m ediated effects. The results 

dem onstrate that ERK is not activated by A p at any o f  the exam ined tim e-points. 

C onversely, A p m ediates a differential tim e frame o f  activation o f  JN K l and JNK2 in 

cultured cortical neurons. JN K l is activated w ithin m inutes o f  AP-treatm ent, whereas 

JN K 2 activation was delayed until 24 hr post Ap-treatm ent. In the absence o f  a suitable 

pharm acological inhibitor to distinguish betw een JN K l and JN K 2-m ediated effects, 

antisense technology w as em ployed to selectively  downregulate JN K l and JNK2  

expression  in order to exam ine their respective roles in the apoptotic pathway. A nalysis  

o f  caspase-3 cleavage and nuclear D N A  fragmentation revealed that A p-m ediated  

caspase-3 activation and induction o f  D N A  fragmentation w as JN K l dependent in 

cortical neurons. In contrast, depletion o f  JNK2 w as found to have no effect on A p- 

m ediated activation o f  the apoptotic cascade.

The concentration o f  AP that w as selected  for the experim ental work carried out 

in this thesis w as 2 |aM. This is a relatively low  concentration o f  Ap in com parison  

with other studies on cultured neurons with concentrations o f  up to 50 |j.M being used 

to induce neurotoxicity in som e studies (M cD onald et al., 1998). H ow ever, A p has 

been demonstrated to induce neurotoxicity at concentrations as low  as 0.5 ).iM (Pillot 

et al.,  1999). For this study a concentration o f  2 )j.M was chosen  as the concentration  

o f  A p that activated intracellular changes that could be monitored over a longer tim e­

frame than that seen at higher m icrom olar concentrations. This also allow ed  

identification o f  rapid signalling events w hich occur fo llow in g  AP-treatm ent which  

m ight have been overlooked i f  higher concentrations o f  peptide had been used. 

Previous results have established that A p used at this concentration is sufficient to 

induce significant levels o f  neuronal apoptosis within 72 hours o f  treatment (Boland  

and Cam pbell, 2003a).
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Treatment with A|3 increased phospho-JNK expression in cortical neurons, 

with activated JNK  immunoreactivity being locahsed to discrete regions within the 

nucleus and cytosol. This pattern o f distribution is consistent with the distribution o f 

phospho-JNK in response to other stress stimuli, where nuclear staining may reflect 

the ability o f  JNK to regulate transcription o f stress-induced genes (Pena et a i,  2000). 

The punctate distribution o f phospho-JNK detected in the cytosol following exposure 

to Ap may represent mitochondrial targeting o f JNK (Ito et a i,  2001) or association o f 

JNK with cytosolic substrates such as p53 and bcl-2 (Fuchs et a l,  1998; Park et a i, 

1997). Two time-points were initially chosen to assess JNK immunoreactivity, 

following exposure o f  neurons to Ap. Increased phospho-JNK immunofluorescene, 

indicative o f  active JNK, was observed at both examined time-points, 1 hour and 24 

hours.

To further clarify the time frame for Ap-mediated JNK activation, western 

immunoblotting was employed over a range o f  time-points from 5 minutes to 48 

hours. The results revealed a differential temporal activation o f JN K l and JNK2. 

JNK l 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 o f JN K l is not atypical, with previous studies showing 

rapid JNK activation within 1-15 minutes o f  treatment (Pyo et a l,  1998, Yin et al., 

1997). Such a transient activation o f JNKl represents the temporal effectiveness o f the 

signalling cascade. In contrast, Ap failed to induce an early activation o f JNK2 but 

activity o f  JNK2 was increased at the later timepoints o f 24 and 48 hours. A high 

basal level o f active JNK2 was observed in untreated cells, this is in accordance with 

the literature, with substantial expression and activity o f JNK being detected in 

untreated rat brain (Herdegen et al., 1997) and JNK activity being constitutively high 

in neurons compared with other cell types (M orishima et al., 2001), thus providing 

evidence for a physiological role for active JNK in neurons.

Our finding that A p i . 4 0  increased phospho-JNK expression in cortical neurons 

agrees closely with the effects o f other Ap fragments in neuronal systems. A Pi - 4 2  and 

AP 2 5 - 3 5  have been reported to increase JNK activity in cortical neurons (Bozcyzko- 

Coyne et al., 2001) and A Pi . 4 2  increases JNK phosphorylation in sympathetic neurons
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and PC12 cells (Troy et a l ,  2001). W hile there are sim ilarities betw een the ability o f  

different A(3 peptides to im pact on the JN K  pathway, it is o f  note that the tim e frame 

for JN K  activation varies considerably betw een different A p peptide species. In this 

study we have dem onstrated that JN K l is activated w ithin 5 m inutes o f  exposure to 

A P i .40  w hile the A p-m ediated activation o f  JN K 2 is not apparent until 24 hours. In 

contrast, A P 25-35 increases JN K l activity at 4 hours, but not at earlier tim e-points 

(B ozcyzko-C oyne et al., 2001) and A P i .42 causes peak activation o f  both JN K l and 

JN K 2 w ithin 2-6 hours in P C I2  cells (Troy et al., 2001). It is therefore likely that 

tem poral variations in JN K  activation m ay depend on the nature o f  the A p fragm ent 

and cell type.

JNK3 expression is predom inantly restricted to the brain, im plying a significant 

role for the JNK3 isoform  in the brain. In addition, JNK3 has been shown to be 

required for neuronal death in the hippocam pus, follow ing excitotoxic injury (Yang et 

at., 1997). I investigated w hether JNK3 was phosphorylated follow ing exposure o f  

cultured cortical neurons to 2  |aM A p and found no alteration in phosphorylation o f  

JN K 3. This result is in direct contrast w ith the study carried out by M orishim a et al. 

(2001), which reports m odulation o f  JNK3 activity in cortical neurons by Ap. 

How ever, a num ber o f  im portant differences exist betw een the two studies. Firstly, in 

the study by M orishim a et al (2001) cortical neurons were prepared from embryonic 

rats, w hile the cultures em ployed in m y study were prepared from 1 -day postnatal rat 

pups. There is evidence that JN K  activity varies depending on the developm ental stage 

o f  the brain. Carboni et a l (1998) reported that m RN A  levels o f  JN K  isoform s differ in 

postnatal developm ent o f  the rat brain, so the contradicting results for the involvem ent 

o f  JNK 3 in A p-m ediated neuronal apoptosis m ay be explained by the different 

developm ent stages o f  the culture preparations, w ith the em bryonic cultures 

representing developm ental neurons and the rat pup cultures dem onstrating a m ore 

m ature neuron. A nother difference betw een the tw o studies is the concentration o f  Ap 

used. In the study carried out by M orishim a et al (2001) 25 fa.M A p was used for all 

experim ents. It is possible that the low er dose o f  2 (iM used in m y study does not 

induce JNK3 phosphorylation while at higher concentrations, w ith the cell being
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exp osed  to higher levels o f  stress, JNK3 phosphorylation m ay occur. At this stage o f  

the study it w as concluded that JNK3 phoshorylation w as not regulated by  

A P i - 4 0  (2 |.iM) in this preparation.

Previous reports have demonstrated concurrent activation o f  parallel M A PK  

cascades in response to the sam e stim uli (W estw ick . et  al.,  1994; Pyo et  a i ,  1998). To 

establish  whether the JNK  and ERK signalling cascades w ere sim ultaneously activated  

by A p treatment, levels o f  ERK phosphorylation w ere exam ined over the sam e tim e 

frame at which JNK phosphorylation had been assessed , ranging from 5 m inutes to 48  

hours. N o alteration in ERK activity w as established at the exam ined tim e-points 

indicating that A P i .4 0  does not induce parallel activation o f  JNK  and ERK in this 

system . A  number o f  previous studies have im plicated ERK in A p-induced neuronal 

cell death. H ow ever, the results remain conflicted  on the exact m echanism  by which  

ERK m ay act to induce neurotoxicity. Rapoport and Ferreira (2000) report an A P i-4 0 - 

induced sustained phosphorylation o f  ERK in cultured neurons, show ing maximal 

induction at 24 hr. hi contrast, Ekinci et a l  (1999a) report no change in ERK  

phosphorylation fo llow in g A P i .4 0  treatment o f  cultured neurons. H ow ever, in a parallel 

study, A be and Saito (2000) found a significant increase in ERK phosphorylation in 

preparations o f  m ixed neuron-glia cultures. Interestingly, in the study carried out by  

Rapoport and Ferreira, neurons w ere grown in glia  conditioned m edium  for 

biochem ical experim ents, creating the possib ility  that the A p-m ediated  ERK  

phosphorylation observed m ay have been as a result o f  non-neuronal ce lls  present in 

the cultures. In support o f  this idea, several studies have demonstrated A p-m ediated  

phosphorylation o f  ERK in m icroglial and astrocyte cultures (Pyo et al.,  1998, 

M cdonald et al.,  1998, A be and Saito, 2000). It is possib le that A p induces ERK  

phosphorylation in neurons that are in contact w ith astrocytes, how ever our finding in 

pure (>95% ) neuronal cultures provides evidence that A P i .4 0  does not m ediate 

activation o f  ERK in neuronal ce lls alone. A  further study, which reports no alteration 

in ERK phosphorylation fo llow in g  Ap-treatm ent (Ekinci et al.,  1999), demonstrates 

instead a relocation o f  ERK activity from cytosol to membrane.
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Since JNK, but not ERK, was found to be activated by A Pi .40 in our cellular 

system, we sought to determine the role o f individual JNK isoforms in coupling Ap to 

the stress-response pathway. A number o f recent studies have reported that the various 

JNK isoforms i.e JN K l, JNK2 and JNK3 differ in their specificity for downstream 

substrates. Gupta et al. (1996) demonstrated differing affinities o f  JNK isoforms for 

transcription factors ATF2, Elkl and c-jun in vitro. Preferential activation o f 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 o f JNK in heart and 

kidney following ischemia, however in response to ischemia/reperfusion the 55 kDa 

isofonn o f JNK only, was activated in the heart with both the 46 and 55 kDa isofoms 

o f JNK being activated in the kidney. Further evidence o f differing roles for JNK 

isofoms in apoptosis is offered by a recent study by Hochedlinger et al (2002) 

reporting that JN K l 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 o f this study was to determine the specific roles o f JN K l 

and JNK2 in Ap-treated cortical neurons. The currently available JNK inhibitors CEP- 

1347 (Cephalon, USA), D-JN Kll and SP600125 (Alexis Biochemicals, UK) inhibit 

JNKl ,  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 o f JNKl or JNK2 protein. The respective roles o f  these proteins 

in the Ap cascade could then be resolved.

The antisense oligonucleotides applied to cells consisted o f phosphorothioate- 

DNA oligonucleotides. This type o f antisense oligonucleotide contains sulphur in place 

o f one o f the oxygen atoms o f the DNA backbone. This modification increases the 

half-life o f the antisense oligonucleotides to greater than 48 hours as compared to a 

half-life o f 30 minutes in natural unmodified oligonucleotides (Crooke, 1992). 

Oligonucleotides are taken up into the cell by the natural process o f receptor-mediated 

endocytosis, however this delivery method can prove inefficient, requiring long 

amounts o f  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 o f antisense administrafion is the use o f  microinjection. This 

method makes use o f a fine pipette to inject antisense oligonucleofides directly into the 

cell. While this is a very efficient method o f  antisense delivery, it is a relatively slow 

process, with high precision being necessary to inject small cells such as neurons. 

Given the high quantity o f protein required for efficient analysis o f  anfisense-mediated 

protein deplefion, for example western immunoblot analysis, lipofectin-mediated 

administration o f antisense oligonucleotides was chosen as the most efficient method 

for rapidly depleting JNK protein in large quantities o f cells.

hi order to confirm the efficient uptake o f  antisense oligonucleotides by 

neuronal cells, FITC-labelled antisense oligonucleotides were incorporated into cells. 

Flouresence microscopy confirmed the presence o f the FITC oligonucleotides in the 

cell 1 hour after incubation. However, immunoblot analysis o f  JNK expression in cells 

treated with antisense over a time-course o f 1 hour -  72 hours revealed antisense- 

mediated depletion o f JNK did not occur until 48 hour. Therefore, for all experiments a 

48 hour incubation o f cells with antisense was carried out to ensure sufficient depletion 

o f JNK protein. Florescence immunocytochemistry revealed a marked downregulation 

o f  JNK l and JNK2 expression in cells treated with antisense for 48 hours. The ability 

o f Ap to induce phosphorylation o f JN K l and JNK2 was also selectively abolished in 

antisense-treated cells. A basal amount o f JNK phosphorylation was still detectable in 

JNK depleted cells. This may reflect endogenous acfivity o f  the residual JNK that 

remained following antisense treatment or may be due to an enhanced stability o f the 

phosphorylated form o f 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 o f JNK l and JNK2 in 

embryonic brain (Kuan et al., 1999) and protecting against UV-mediated toxicity in 

cultured fibroblasts. The final outcome o f whether JNK will lead to death or survival is 

determined by a number o f factors, including the nature o f  the stimulus and the effects
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o f  o ther signalling pathw ays acting sim ultaneously. To clarify  w hether JN K  plays a 

role in cell survival or cell death in A p-treated cortical neurons and to delineate the 

specific role o f  JN K  isoform s in this pathway, the effect o f  antisense-m ediated JN K l 

and JN K 2 depletion on caspase-3 activation and D N A  fragm entation, tw o m arkers o f  

apoptosis, w as assessed. A p m ediated a significant increase in caspase-3 activation at 

24 hours and 48 hours, and a significant increase in levels o f  D N A  fragm entation at 72 

hours. This tim e-scale o f  A p-m ediated increase in caspase-3 cleavage and DN A 

fragm entation has previously been reported (B oland and C am pbell, 2003a). Follow ing 

depletion o f  JN K l the proclivity o f  A p to activate caspase-3 and induce DNA 

fragm entation was significantly attenuated. Conversely, JN K 2 depletion had no effect 

on the A p-m ediated activation o f  caspase-3 or increase in D N A  fragm entation, and this 

suggests that JN K l is the principal JN K  isofonn involved in A p-m ediated  activation o f 

the apoptotic cascade. JN K l has previously been reported to play a preferential role in 

ischem ia / reoxygenation induced apoptosis (H reniuk et al., 2001). It is o f  note that 

w hile both JN K l and JN K 2 are activated by A p, JN K 2 does not seem to play a role in 

A P-induced neuronal apoptosis. This poses the question as to w hat the role o f  A p- 

induced activation o f  JNK 2 m ay be. JN K l activation is an early event in this system, 

becom ing activated as early as five m inutes. It is possible that early activation o f  JN K l 

leads to subsequent induction o f  JN K  substrates and the apoptotic cascade, and that by 

24 hours w hen JNK 2 has becom e activated the cell is already com m ited to undergoing 

cell death. Evidence for this is provided by the observation o f  significant activation o f  

caspase-3, a m ajor effector o f  apoptosis, at 24 hours follow ing A P-treatm ent. 

A ctivation o f  JNK 2 at this stage m ay be a reaction to the stressful environm ent in 

which the cell is placed, but m ay not actually play a specific role in induction o f  the 

apoptotic cascade. A recent study by H ochedlinger et a l (2002) reports a negative 

regulation o f  JN K l activity by JNK2. This m ay explain the finding that JN K l 

phosphorylation has returned to basal levels follow ing 24 hours Ap treatm ent, at which 

tim e JNK 2 has becom e significantly phosphorylated.

W hile A p induced caspase-3 cleavage in this system , it is im portant to note that 

the role o f  caspase-3 in A p-m ediated neurodegeneration rem ains a m atter o f  debate. In 

cortical neurons a caspase-3 inhibitor has been found to protect neurons against som e
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aspects o f  A |3-m ediated cell death (Harada et ciL, 1999), w h ile  caspase-3 has been  

found to have no role in A p-m ediated hippocam pal cell death (Troy et a i ,  2000). The 

role o f  caspase-3 in Ap-neurodegeneration has therefore been proposed to be brain- 

region specific (Selzn ick  et al., 1999). W e have demonstrated that A P-m ediated  

activation o f  caspase-3 in cultured cortical neurons is JNK dependent and that in JN K l 

depleted ce lls  caspase-3 activation is attenuated with subsequent rescue from cell 

death. This is in strong agreement with the study by B ozyczko-C oyne et al. (2001), 

w hich suggests that in cortical neurons caspase-3 activation is integral to 

neurodegeneration. The finding that JN K l and JNK 2 have distinct activation profiles 

and different roles in the A P-m ediated induction o f  the apoptotic cascade highlights the 

com plexity  o f  JNK  signalling. Furthermore, although the use o f  jn k 3  knockout m ice  

has identified a role for JNK3 in A P-m ediated neurotoxicity (M orishm a et al., 2 001) in 

the present study no evidence o f  JNK3 activation by A P i .4 0  w as found and the results 

suggest a prominent role for JN K l in A p-m ediated D N A  fragmentafion in this system . 

This lends further support for the idea that the patterns o f  JNK  signalling utilised by 

Ap are diverse and m ay be subject to developm ental factors, cell type and animal 

species. This study provides evidence for the 1-40 fragment o f  A p coupling to JN K l 

upstream o f  cell death in the cortex and this is relevant since A P i .4 0  is detected in the 

mature sen ile plaque (Iwatsubo et al.,  1994).

The results from this study demonstrate that A p induces phosphorylation o f  

JNKl  and JNK 2 in cortical neurons with a distinct temporal pattern. W hile JN K l is 

pertinent in the A p-m ediated activation o f  caspase-3 and induction o f  D N A  

fragmentation, JNK2 is not involved in coupling A p to these apoptotic events. An  

increase in phospho-JN K  expression in the A D  brain has been reported (Zhu et al., 

2001) and our study indicates that JN K l m ay contribute to the pathology o f  the disease  

by activafing the apoptotic cascade. Early activation o f  JNK, before initiation o f  

apoptotic events, p laces the JNK pathway at a proxim al point in the death pathway, 

suggesting it as a plausible target for intervention. A n ability to inhibit a specific  

pathological JNK isoform  using antisense technology, w h ile retaining JNK activity for
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Chapter 4

The role p53 in A/3-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 o f neuronal cells, the role o f  

p53 is somewhat altered, with the cell cycle regulatory function o f  p53 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 o f  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 o f post-mitotic neurons was originally suggested 

based on the observation o f increased p53 expression following neuronal injury 

(M omson 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 p53 gene protects 

hippocampal neurons from seizure-induced cell death (Morrison et al., 1996) 

Furthermore, adenovirus-mediated transfection o f the p53 gene results in apoptotic cell 

death o f hippocampal and cortical neurons (Xiang et al., 1996; Jordan et al., 1997). p53 

expression is increased in the temporal and frontal lobes o f 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 o f p53 and DNA  

fragmentation in transgenic mice that overexpress Ap (LaFerla et al., 1996). Two recent 

studies have demonstrated that the APi.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 Ap 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 o f the
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protein (Apella and Anderson, 2000). In unstressed cells, p53 is kept at low levels due to 

targeted degradation o f the protein (Zomig et a l,  2001). However, in response to cellular 

stress, p53 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 o f p53 occurs at differing residues, depending on the 

phosphorylating kinase and the stress stimuli received, phosphorylation o f  p53 at serine- 

15 is thought to be one o f 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 o f select 

target genes. Pro-apoptotic genes regulated by p53 include the Bcl2 family member, Bax, 

and the p53 inducibile genes (PIGs; Herr and Debatin, 2000). p53 has been demonstrated 

to increase transcription o f  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 o f 

Bax from cytosol to mitochondria (Morrison and Kinoshita, 2000). Relocation o f Bax to 

the mitochondria has been associated with a reduction in mitochondrial membrane 

potential, mitochondrial release o f  cytochrome c and activation o f caspases (Xiang et al., 

1996; Karpinich et a l ,  2002). Evidence for the essential role o f 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 o f 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 Ap induced apoptosis in cortical neurons. The rationale behind this approach 

was based on the hypothesis that oxidative stress plays an essenfial role in Ap-mediated 

neurotoxicity (Behl et al., 1994) and that p53 is activated in response to diverse cellular

100



stress, including oxidative stress (Zomig et al., 2000). Expression o f  p53 and Bax were 

assessed at both the mRNA and protein level, in order to determine the mechanism by 

which AP-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 JN K l in Ap-mediated neuronal 

apoptosis, I considered whether the Ap-mediated alterations in p53 stability occurred in a 

JN K l-dependent manner. To investigate this, p53 expression was examined in the 

presence or absence o f Ap, in cells which had first been depleted o f  JN K l, using 

selective JNK l antisense oligonucleotides. To investigate the events which occur 

downstream o f p53 in Ap-treated neurons, the synthetic p53 inhibitor, pifithrin-a, was 

applied to cells. This inhibitor acts by inhibiting p53 DNA binding activity, and so 

inhibits transcription o f p53-responsive genes such as bax (Culmsee et al., 2001). The 

role o f p53 in AP-mediated induction o f the apoptotic cascade, namely Bax expression, 

caspase-3 activity, DNA repair enzyme PARP cleavage and DNA fragmentation, was 

assessed in pifithrin-a-treated cells
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4.2 Results

4.2.1 A(3 induces increased expression of p53 protein.

To determine whether Ap impacts on the cell cycle regulatory protein, p53, 

expression o f  total cellular p53 protein was monitored, following exposure o f cultured 

neurons to Ap over a range o f time points. Cells were incubated with Ap (2 |j.M) 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 

temiinus o f p53. Figure 4.1 demonstrates that Ap did not significantly modulate p53 

expression at 5 min post Ap-treatment. Thus, p53 expression was 0.99 ± 0.06 (mean 

band width ± SEM; arbitrary units) in control and 0.95 ± 0.05 in Ap-treated cells at 5 

min (n=4). Conversely, following Ap treatment for 1 hr, a significant 30 % increase in 

protein expression was observed in AP-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 o f neurons to Ap for 6 hours, expression o f 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 p53 

protein expression, mediated by Ap is shown in Figure 4 .IB.

4.2.2 Effect of AP on p53 mRNA expression.

To establish whether the Ap-mediated increase in expression o f p53 protein 

was due to increased transcription o f the p53 gene, cortical neurons were incubated 

with Ap over a range o f time points from 5 - 18 hr. Levels o f p53 mRNA expression 

were examined by RT-PCR, with gene-specific primers for p53 and P-actin (Figure 

4.2). Analysis o f densitometric data demonstrates that Ap had no significant 

modulatory effect on p53 mRNA at any o f the examined time points (control: 1.067 ±
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Figure 4.1 Ap increases expression of p53 protein

A. Cortical neurons were treated with A|3 (2 |^M) over a range o f time points (5 min 

-1 8  hr). Expression o f p53 was examined by western immunoblot. Ap significantly 

increased p53 expression at Ihr. 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 |a,M) 

over a range o f 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 p53 mRNA

A. Cells were exposed to Ap (2 |iM ) over a range o f time points (5 min -1 8  hr) and 

p53 mRNA was assessed using RT-PCR. AP had no effect on expression o f  p53 

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

B. Representative image o f agarose gel demonstrating levels o f p53 and P-actin 

mRNA expression in control cells (lanel) and in cells treated with AP(2 |aM) 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 o f 

p53 was normalised to that o f the housekeeping gene P-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 o f p53 at residue serine-15

Since the Ap-mediated increase in p53 protein expression was not due to 

increased transcription o f  p53, we investigated whether the increase in p53 expression 

was due to a posttranslational modification event. Phosphorylation o f  p53 at specific 

residues has been demonstrated to stabilise p53 by preventing ubiquitin-mediated 

degradation (Pena et al., 2000). Therefore, I examined whether the increase in p53 

expression was due to increased phosphorylation o f the protein. Phosphorylation o f 

p53 at residue serine-15, a key target site for p53 stabilisation (Appella and Anderson, 

2001), was assessed following treatment o f cells with Ap (Figure 4.3). Cells were 

treated with Ap 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 Ap 

increases p53 protein expression by stabilisation o f the protein via phosphorylation at 

serine-15. Figure 4.3B demonstrates the Ap-mediated increase in p53 phosphorylation 

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

A. Cortical neurons were treated with Ap (2 |a.M) for 5 min and 1 hr. p53 

phosphorylation at residue serine-15 was examined by western immunoblot. Ap 

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 o f phosphorylated p53 in control 

(lane 1) and Ap-treated cells (lane2; 5 min) and control (lane 3) and AP-treated cells 

(lane 4; Ihour).



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 Ap for a range o f  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 Ap failed to induce phosphorylation o f 

p53 at residue serine-392 at 5 min, 1 hour and 6 hr post Ap treatment. Thus, phospho- 

p^3!,ei392 expression was 0.092 ± 0.054 (mean band width ± SEM, arbitrary units) in 

control, and 0.91 ± 0 .1 2  in Ap-treated cells at 5 min (n = 4); 0.97 ± 0 .13  in control, and 

0.94 ± 0 .1 2  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 o f  1.17 ± 0.026 to 1.35 ± 0.041 in 

Ap -treated cells (p < 0.05, student’s t-test, n =3) indicating that phosphorylation o f 

p53 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 o f the p53 protein at 1 hour post A p-treatm ent. The sample immunoblot in 

Figure 4.4B demonstrates the effect o f Ap on p53 phosphorylation at residue serine- 

392.

4.2.5 Phosphorylation o f p53 at residue serine-15 is JN K l dependent

p53 is a target substrate for JNK (Alder et a i ,  1997). Since the observed Ap- 

mediated activation o f  JN K l was an early event that could potentially be upstream o f 

p53 phosphorylation, the AP-mediated phosphorylation o f p53 at residue serine-15 was 

assessed in JN K l depleted cells. Cells were treated with JNK scrambled and antisense 

oligonucleotides (2 |aM) for 48hr, prior to treatment with Ap for Ihr, and 

phosphorylation o f p53 at residue serine-15 was analysed by western immunoblot. 

Figure 4.5A demonstrates that in cells treated with the JN K l scrambled 

oligonucleotide, phospho-p53*‘̂ '̂ '̂  was significantly increased from a control value o f 

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). JNK l antisense alone had no 

effect on p53 phosphorylation. However, it abolished the stimulatory effect o f  Ap on 

p53 phosphorylation (JNKl antisense: 0.83 ± 0.071; Ap + JN K l antisense: 0.83 ± 

0.064, p<0.05, one way ANOVA, n=7). A sample immunoblot illustrating the effect o f 

JNKl  depletion on phospo-p53*^'^'^ expression is shown in Figure 4.5B. This result 

demonstrates that JN K l plays a role in phosphorylation o f 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 |^M) over a range o f  time points (5 min 

-1 8  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 Ap (2 |iM ) over a range o f time points - 5 min, 1 hr (panel a), 6 hr and 18 hr 

(panel b)



4.2.6 Effect o f Ap on Bax protein expression

Since pro-apoptotic Bax is a target for modulation by p53, the effects of A(3 on 

total cellular Bax protein expression was investigated. Neurons were incubated with 

Ap over a range o f 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=6) 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 Ap (p<0.001 one­

way ANOVA, n=5). This demonstrates that Ap-mediated regulation o f 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 detemiine whether the increase in Bax protein expression was a result of increased 

transcription of the hax gene, mRNA expression of Bax was assessed by RT-PCR, 

using gene specific-primers for Bax and P-actin (Figure 4.7). Since Ap significantly 

increased protein expression of Bax at 6 hr, this time point was selected to assess Bax 

mRNA expression. Ap (2 |.iM) significantly increased expression o f 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 Ap-mediated increase in 

expression o f Bax protein is as a direct result of increased transcription o f the bax gene. 

The mRNA expression of Bax was normalised to that of the housekeeping gene P- 

actin. A sample agarose gel demonstrating the effect o f Ap on Bax mRNA expression 

is depicted in Figure 4.7B.
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Figure 4.6 A(3-mediates a temporal increase in Bax protein expression

A. Cortical neurons were treated with Ap (2 |j.M) over a range o f time points (5 

min -12  hr). Bax protein expression was examined by western immunoblot. Ap 

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 o f Bax and actin expression in 

control (lane 1) and Ap-treated cells at 1 hr (lane 2), 6 hr (lane 3) and 12 hr (lane 4).
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Figure 4.8 AP-niediated increase in Bax mRNA expression is p53 dependent

A. Cortical neurons were treated with pifithrin-a (100 nM) in the presence or 

absence o f Ap (2 ).iM) for 6 hr and Bax mRNA expression was assessed using RT- 

PCR. Ap significantly increased Bax mRNA expression at 6 hr. In the presence o f 

pifithrin-a the AP-mediated increase in Bax mRNA expression was significantly 

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

B. Representative image o f agarose gel demonstrating levels o f Bax and P-actin 

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

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

A. Cortical neurons were treated with pifithrin-a inhibitor (100 nM) in the presence 

or absence o f  Ap (2 )aM) for 6 hr and Bax protein expression was assessed using 

western immunoblot. Ap significantly increased Bax protein expression at 6 hr. hi 

the presence o f pifithrin-a 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 o f Bax and actin protein 

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

(lane 3) and Ap + pifithrin-a-treated cells (lane 4).
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Figure 4,10 AP-mediated caspase-3 cleavage is p53 dependent.

A. Cortical neurons were treated with pifithrin-a inhibitor (100 nM) in the presence 
or absence o f  Ap (2 jiM) for 24 hr and caspase-3 activity was examined by 
immunocytochemistry. Ap significantly increased the percentage o f cells displaying 
active caspase-3 immunoreactivity at 24 hr. In the presence o f pifithrin- a , the 
A p-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 o f cortical neurons stained for activated caspase-3 
immunoreactivity. Arrows indicate active caspase-3 in cells treated with (i) vehicle 
control (ii) Ap (iii) pifithrin-a (iv) Ap + pifithrin-a. Arrows indicate cells 
displaying representative caspase-3 immunostaining. Scale bar is 25 |im.
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Figure 4.11 AP-mediated PARP cleavage is p53 dependent.

A. Cortical neurons were treated with pifithrin-a inhibitor (100 nM) in the presence 
or absence o f Ap (2 juM) for 72 hr and PARP cleavage was examined by 
immunocytochemistry. Ap significantly increased cleavage o f  PARP at 72 hr. In 
the presence o f  pifithrin- a  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 o f  cortical neurons displaying cleaved PARP 
immunoreactivity in cells treated with (i) vehicle control (ii) Ap (iii) pifithrin-a (iv) 
Ap + pifithrin- a . Arrows indicate cells displaying representative cleaved PARP 
immunostaining. Scale bar is 25 fam.



immunoreactivity for the cleaved form o f PARP from 38 ± 3 % (mean ± SEM) to 67 ± 

3 % (p < 0.01, one-way ANOVA, n=6 coverslips). The percentage o f cells displaying 

immunoreactivity for the cleaved form o f PARP was 37 ± 2 % in the presence o f the 

p ifithrin-a alone (n=6 coverslips). The AP-mediated increase in cells displaying 

immunoreactivity for the cleaved form o f PARP was significantly reduced to 30 ± 2.6 

% in ceils 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 o f 

cells stained for the cleaved fragment o f PARP is shown in Figure 4.1 IB.

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

To further demonstrate the role o f  p53 in Ap-mediated neuronal apoptosis, 

levels o f 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 o f cells displaying 

fragmented DNA. Exposure to Ap (2|iM ; 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 o f TUNEL positive cells was 27 ± 2 % 

in the presence o f the pifithrin-a alone (n=6 coverslips). The Ap-mediated increase in 

the percentage o f TUNEL positive cells was significantly reduced to 21 ± 1.4% in cells 

co-treated with Ap + pifithrin-a p<0.05, one way ANOVA, n=6). This result 

demonstrates the involvement o f p53 in the Ap-mediated induction o f DNA 

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

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

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

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



4.3 Discussion

The aim  o f  th is study was to estabhsh the ro le o f  the transcription factor, p53, in 

A p-m ediated  neurotoxicity  o f  cultured cortical neurons. The results dem onstrate that Ap 

increases p53 expression in a tem poral m anner. The increase in p53 expression was found 

to be independent o f  transcription. Increased p53 expression occurred as a result o f  

increased stabilisation o f  p53 protein via phosphorylation at residue se rine-15 o f  the 

protein. A candidate kinase which can phosphorylate and thus stabilize p53 is JN K  (Adler 

et  ciL, 1997). Using an antisense approach to selectively deplete cells o f  specific JN K  

isofonns, I established that phosphorylation o f  p53 in response to A p-treatm ent occurs in 

a JN K l-dependen t m anner. Expression o f  pro-apoptotic Bax, a p53-responsive gene, was 

significantly  increased follow ing A p-treatm ent. To determ ine the signalling events which 

occur dow nstream  o f  p53 in A p-m ediated neuronal cell death, the p53 inhibitor, pifithrin- 

a ,  was applied to cells. The A p-m ediated increase in Bax expression was reversed in 

p ifith rin -a  treated cells. Furtherm ore analysis o f  caspase-3 activity, PA RP cleavage and 

nuclear DNA fragm entation dem onstrated that p53 signalling plays an integral role in the 

A P-m ediated induction o f  the apoptotic cascade.

The previous chapter dem onstrated that 2 |iM  A p was sufficient to induce JN K  

activation, and induction o f  the apoptotic cascade in cultured cortical neurons. Therefore, 

this concentration w as again employed, to further exam ine signalling events associated 

w ith Ap neurotoxicity. A p increased expression o f  p53 in a tim e dependent m anner. A t 5 

min exposure, A p had no effect on p53 protein expression. H ow ever, by 1 hr, A p had 

significantly increased p53 protein expression by 30 %. This increased p53 expression 

was short-lived and by 6 hr p53 expression rem ained elevated by 12 % , but not 

significantly so. At 18 hours, A p no longer had any effect on p53 expression. It was 

concluded from  this experim ent that the A p-induced increase in p53 expression was an 

early signalling event, potentially  leading to an alteration in associated dow nstream  

signalling events.

Evidence o f  alterations in neuronal p53 expression, in response to cellu lar stress is 

provided by m any studies. For exam ple, increased expression o f  p53 occurs in dam aged
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neurons in acute m odels o f  injury such as ischem ia (M iller et al., 2000), and in brain 

tissue sam ples, derived from animal m odels, and patients w ith chronic neurodegenerative 

diseases (LaFerla et al., 1996; De la M onte et al., 1997). Increased p53 expression can 

occur as a result o f  increased transcription o f  the p53 gene, or due to stabilisation o f  the 

protein by post-translational m odification (Zom ig et al., 2001). In non-stressed neurons, 

p53 has a short half-life, being exported from  the nucleus by the associated regulatory 

protein, M dm 2, and targeted for ubiquitin-m ediated degradation in the cytosol. H ow ever, 

m odification o f  p53 by phosphorylation or acetylation at its am ino-term inal dom ain can 

change the confirm ation o f  p53, thus abolishing the interaction betw een p53 and the 

negative regulator M dm2 (A shcroft et al., 2000). As a result, p53 is not shuttled to the 

cytoplasm  for degradation, but instead accum ulates in the nucleus and is trans-activated 

in its capacity  as a transcription factor to activate transcription o f  its target genes. To 

clarify the m echanism  leading to the A(3-mediated increase in expression o f  p53 protein, 

by A p, R T -PC R  was carried out to determ ine w hether increased expression o f  p53 was 

due to increased transcription o f  the p53 gene. A previous study has observed increase 

transcription o f  p53 follow ing treatm ent w ith A P i . 3 5  in cultured cortical neurons (Yan et 

al., 2000). How ever, my results dem onstrated that APi_4 o did not m odulate transcription 

o f  p53 at the tim e points exam ined. This indicated that the increased expression o f  p53, 

following A p treatm ent, m ight be due to a stabilisation event. In response to cellular 

stress, p53 can be stabilised via phosphorylation at critical residues (A shcroft et al., 

2000). Phosphorylation at one such residue, serine-15, has been shown to be critical in 

m ediating the p53 response to stress (Siliciano et al., 1997) and serine-15 has been show n 

to be phosphorylated in response to the D N A dam aging agents, cisplatin, cam ptothecin 

and etoposide (A ppella et al., 2001). Phosphorylation at this residue is associated w ith the 

apoptotic effect o f  p53 (U nger et al., 1999). W e investigated w hether A p m ight m ediate 

stabilisation o f  p53 by phosphorylation at serine-15. Since the increased p53 protein 

expression observed, occurred at 1 hr, it seem ed likely that any stabilisation event w ould 

occur at, or before, this tim e. Accordingly, phosphorylation o f  p53 at serine-15 was 

m onitored at the 1 hr tim e point and at the earlier tim e point o f  5 min. Follow ing 

treatm ent w ith A p, p53 phosphorylation at se rine-15 was increased by 44 %  at 5 m in and 

34 % at 1 hr. The A p-m ediated phosphorylation o f  p53 strongly correlates w ith the 

tem poral pattern o f  increased p53 protein expression, indicating that increased
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phosphorylation o f p53 at serine-15 is responsible for the increased p53 protein 

expression observed. In support for this idea, phosphorylation o f  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 o f 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 o f  times from 5 min -  18 hr, 

increased phosphorylation o f  p53 at residue serine-392 was found to occur at 18 hr, but 

not at earlier time points. This result suggests that phosphorylation o f p53 at serine-392 

does not play a role in the increased protein expression o f p53, observed at 1 hr. At 18 hr 

post Aj3 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 A(3-mediated phosphorylation at serine-392 found to occur at 18 hr may be 

a consequence o f possibly a cellular response to DNA damage within the cell.

The evidence from this study and others (Laferla et al, 1996, Culmsee et al., 

2001) supports an interaction between p53 and Ap. However, the mechanism o f AP- 

induced stabilisation o f p53 remains to be elucidated. Several candidate kinases have 

been proposed as stabilisers o f p53, including DNA-PK and JNK (Lees-Miller et al., 

1990; Adler et al., 1997). In the previous chapter, I demonstrated that JN K l and JNK2 

were activated by Ap, so in order to detemiine the relationship between Ap-mediated 

JNK activation and p53 stabilisation, cells were depleted o f  JNK using antisense 

oligonucleotides. Since Ap-mediated activation o f 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 Ap-treatment. Activation o f JN K l was an earlier event, which 

could potentially be upstream o f p53 phosphorylation. Consequently, cells were depleted 

o f  JN K l, with selective JNK l antisense oligonucleotides, to establish the role o f JNKl in 

the Ap-mediated phosphorylation o f p53. p53 phosphorylation at serine-15 was abolished 

in JN K l depleted cells, placing JN K l upstream o f p53. In non-neuronal cells, JNK 

signalling has previously been reported to stabilise and activate p53, by phosphorylation 

at Threonine-81 (Fuchs et al., 1998; Buschmann et al., 2001). Furthermore, JN K l 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 betw een JN K l activation and p53 phosphorylation at serine-15, 

has not previously  been reported in neurons. Conversely, non-active JN K  has been 

dem onstrated to negatively regulate p53 expression and target p53 for ubiquitin-m ediated 

degradation in an M dm 2-independent m anner (Fuchs et al., 1997). A further degree o f  

com plexity  is added to the interrelationship betw een JN K  and p53 signalling, by the fact 

that follow ing D N A  dam age activation o f  p53 can occur upstream  o f  JN K  activation. 

A ditionally, p53 can regulate activity o f  JN K l and JN K 2 in tum our cell lines (Zhang et 

al., 2002b). Interactions betw een JN K  and p53 are therefore likely to be dependent on 

cell type and stim ulus type received by the cell. JN K 2 and JNK3 can also serve as p53 N- 

tem iinal serine 34 kinases in response to cellular stress (Hu et al., 1997). H ow ever, since 

depletion o f  JN K l com pletely abrogated the A(3-mediated phosphorylation o f  p53 and 

A p-m ediated  activation o f  JNK 2 was only detected at the later tim e points o f  24hr and 48 

hr, w hich w as m uch later than the tim e required to stabilise p53, it was concluded that 

JNK 2 was not pertinent in the A(3-mediated activation o f  p53.

The pro-apoptotic protein Bax is a p53-responsive gene, w hich plays an im portant 

role in apoptosis. Increased Bax im m unoreactivity has been observed in AD brain 

(Tortosa et al., 1998). Since m y study dem onstrates an increase in p53 phosphorylation in 

A P-treated neurons, 1 investigated w hether expression o f  the p53 substrate, Bax, was 

altered follow ing treatm ent w ith Ap. N eurons were exposed to A p over a range o f  tim e 

points and expression o f  Bax m R N A  and Bax protein w ere m onitored. Bax protein 

expression w as significantly increased by 25 % follow ing exposure to A p for 6  hr and by 

38 % follow ing a 12 hr exposure to Ap. This was m irrored by a 24 % A p-induced 

increase in Bax m RN A  at 6  hr post A p-treatm ent. U pregulation o f  Bax m RN A  has 

previously been reported to occur w ithin 1 hr o f  exposure to A P 3 1 .3 5  (Yan et al., 2 0 0 0 ). 

That study used a higher concentration o f  Ap (25 |aM), w hich m ay account for the earlier 

increase in Bax m RN A  observed. In addition, two recent studies have reported increased 

Bax protein expression in the C A l region o f  the hippocam pus, and in the differentiated 

SK -N -BE neuroblastom a cell line, follow ing adm inistration o f  A P i.4 0 , thus providing 

further evidence for the involvem ent o f  Bax in A p-m ediated neurotoxicity  (M inogue et 

al., 2003; Tam agno et al., 2003).
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Downstream consequences o f  p53-mediated induction o f  Bax include release o f  

mitochondrial cytochrome c and activation o f  caspase-3 (Karpinich et a i ,  2001). This 

process is regulated by members o f  the Bel family o f  proteins. W hile translocation o f  

pro-apoptotic Bax to the mitochondrial membrane facilitates release o f  cytochrome c 

through formation o f  a pore in the outer mitochondrial membrane, Bcl-2 is anti-apoptotic 

by virtue o f  its ability to inhibit cytochrome c release (Zom ig et al., 2001). The ratio o f  

bcl-2 :bax expression represents a mechanism which dictates whether cells w ill survive or 

undergo apoptosis in response to particular stimuli (Rosse et al., 1998). Alternatively, 

p53 can target directly to the mitochondria to induce a transcription-independent 

apoptotic signal (Marchenko et a i ,  2000). To further delineate the relationship between 

Ap, p53, and induction o f  the apoptotic cascade, the p53 inhibitor pifithrin-a was applied 

to cells. This inhibitor acts to interfere with the DNA-binding ability o f  p53 and thus, 

inhibits the transcriptional activity o f  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 Ap-mediated increase in Bax expression 

occun'ed as a direct result o f  p53 signalling. In accordance with this result, pifithrin-a has 

previously been reported to selectively inhibit A P i .42 mediated induction o f  Bax in 

hippocampal neurons (Culmsee et al., 2001). In contrast, a study by Giovanni et al. 

(2001) described AP-induced apoptosis in cultured embryonic neurons obtained from p53 

knock out m ice as being p53-independent. This highlights the com plexity o f  ascertaining 

the involvement o f  a given signalling pathway in neuronal cells. It is probable that 

multiple signalling pathways interact to determine the fate o f  a given neuronal cell, 

following a stressful stimulus, and it is likely that compensatory signalling occurs in the 

absence o f  expression o f  certain regulatory genes. Thus, in a model whereby expression 

o f  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 o f  p53 in Ap-mediated neurotoxicity, the effect o f  

pifithrin-a on aspects o f  the Ap induced apoptotic cascade were examined. The proclivity 

o f  Ap to activate caspase-3 was significantly attenuated in pifithrin-a treated cells. 

Moreover, Ap failed to promote significant cleavage o f  the DN A repair enzyme PARP, 

and to induce increased levels o f  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. p53 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 o f  temporarily inactivating p53 protein and potentially preventing further 

brain damage is an attractive one. Administration o f pifithrin-a offers a potential drug 

therapy in the treatment o f 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 a i ,  2001; Tamagno et a i ,  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 o f  p53 protein. This increase in p53 protein expression was not attributable to 

increased transcription o f the p53 gene, as no associated increase in p53 mRNA was 

observed. Instead the observed increase in protein expression occurred by stabilisation of 

the p53 protein through phosphorylation o f p53 on its amino-terminal domain, at residue 

serine-15. Treatment with JNK l antisense reversed the Ap-mediated increase in p53 

phosphorylation, placing p53 stabilisation via phosphorylation downstream o f JNK l in 

the Ap signalling cascade. Ap also induced increased expression o f  the p53-responsive 

gene, Bax. Application o f  pifithrin-a, an inhibitor o f p53-induced transcriptional 

activation, attenuated the Ap-mediated increase in Bax expression. This suggests that 

Ap-induced Bax expression occurs downstream o f JNK-mediated stabilisation o f p53. In 

addition, exposure to pifithrin-a significantly reduced Ap-mediated induction o f  the 

apoptotic events, caspase-3 cleavage, PARP cleavage and DNA fragmentation. These 

results demonstrate the importance o f p53 signalling in AP-mediated neuronal cell death.
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Chapter 5

Subcellular localisation o f  p53 and Bax in cultured cortical neurons



5.1 Introduction

Disruption o f intracellular organelles is a common event in apoptosis. The 

involvement o f the mitochondria is often considered an initiating and basic event in 

apoptosis (Zomig et al., 2001). Mitochondria control apoptosis by sequestering pro- 

apoptotic proteins, such as cytochrome c and apoptosis inducing factor (AIF), in the 

mitochondrial intermembrane space (Blatt and Click, 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 o f ATP, and thus 

activates the inactive precursor, procaspase-9, to its active form. This leads to initiation 

o f a caspase cascade culminating in activation o f  the effector caspase, caspase-3, and 

induction o f  DNA fragmentation and apoptosis (Raff, 1998). Release o f  cytochrome c 

from the mitochondria can occur in association with loss o f mitochondrial membrane 

potential and rupture o f the outer mitochondrial membrane or can occur independent o f 

collapse o f mitochondrial membrane potential due to a transient opening if the 

penneability transition pore (Blatt and Click, 2001).

As well as mitochondria being involved in apoptosis, there is an increasing 

body o f evidence to suggest a role for the lysosomes in the apoptotic process (Li et al., 

2000; Brunk et al., 2001). However, the role o f  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 nonnally concerned with cellular 

housekeeping, removing damaged macromolecules from the cellular environment and 

converting them into reusable products, thus replenishing pools o f  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 o f 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 o f death. This is due to the 

observation o f seemingly intact lysosomes even in the later stages o f apoptosis (Li et
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al.,  2000). H ow ever, lysosom es m ay look ultrastructurally intact, even after the leakage 

o f  a substantial amount o f  lysosom al enzym e into the cytosol (Brunk and Ericsson, 

1972). M ore recent studies have shown that moderate release o f  lysosom al enzym es 

leads to apoptosis, w h ile  more pronounced release is associated w ith necrotic cell death 

(Brunk et al.,  2001; Salvesen, 2000). It is suggested that leakage o f  lysosom al 

proteases can prom ote apoptosis directly by activation o f  procaspases, or indirectly by 

attacking the m itochondria leading to release o f  pro-apoptotic factors such as 

cytochrom e c. (Li et  al., 2000). Evidence for the role o f  lysosom es 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 o f  caspase-3 in 

the cytosol, w ith subsequent apoptosis (H ishita et al.,  2001; Boland and Cam pbell, 

2003b). In addition, cathepsin-D  is proposed to m ediate translocation o f  cytochrom e c 

from the m itochondria to the cytosol (Roberg et al.,  2002).

A bnorm alities in both m itochondria and lysosom es occur in A D . Reduced rate 

o f  brain m etabolism , due to com prom ised m itochondrial function, is one o f  the best- 

docum ented abnorm alities in A D  (B lass, 2001). A lso , the endosom al-lysosom al system  

in A D  brain is m arkedly altered. This alteration is an early event in the d isease, with  

alm ost all pyramidal neurons in vulnerable prefrontal and hippocam pal areas exhibiting  

abnom ially  high densities o f  en dosom es/lysosom es (Cataldo et  al.,  1996). This 

accum ulation o f  lysosom es is associated with an upregulation o f  the lysosom al system  

by means o f  increased expression o f  lysosom al hydrolases (Cataldo et al.,  1995) and 

increased trafficking o f  cathepsins from their site o f  translation in the trans-golgi 

network to their entry into the lysosom es (Cataldo et al.,  1996). W hile the role o f  

m itochondria in A P-m ediated apoptosis is w id ely  reported (Fu et al.,  1998; Butterfield  

et al., 1999; C ulm see et al.,  2001), there is an increasing body o f  ev idence to suggest 

that lysosom es are also involved in AP-m ediated neuronal apoptosis. In a neuronal cell 

line, A P i -42 has been show n to prom ote lysosom al membrane instability and subsequent 

apoptosis (Ji et  al.,  2002). In addition, recent work from this laboratory has show n that 

A p, -40 prom otes release o f  lysosom al proteases into the cytosol (Boland and Cam pbell, 

2003b) as an early event in the neurodegenerative cascade. The exact m echanism s by 

which Ap leads to deregulation o f  m itochondria and lysosom es remain to be fully  

elucidated.



The previous chapter demonstrated an increase in expression o f  the tumour 

suppressor protein, p53, through increased phosphorylation o f  p53 at ser in e-15, and an 

associated increase in expression o f  pro-apoptotic Bax. Therefore, in this aspect o f  the 

study, I sought to determ ine the m echanistic role o f  these proteins in orchestrating A|3- 

m ediated neuronal apoptosis. Previous studies from this laboratory have demonstrated  

that A p m ediates release o f  cytochrom e c from m itochondria (Boland and C am pbell, 

unpublished observation) and cathepsin-L from lysosom es (Boland and Cam pbell, 

2003b), p ossib ly  due to A P i .4 0  altering the membrane integrity o f  these organelles. 

Consequently, the aim o f  this aspect o f  the study w as to exam ine w hether p53 and Bax 

impact on the m itochondria and lysosom es. Irrespective o f  the initiating stim ulus, all 

apoptotic pathways generally converge to a com m on execution  phase o f  apoptosis that 

requires activation o f  caspase-3 (Stoka et al.,  2001). S ince activation o f  caspase-3 can 

occur in response to release o f  apoptotic factors such as cytochrom e c  from  

m itochondria (Blatt and C lick , 2001) and also fo llow in g release o f  proteases such as 

cathepsin-L from the lysosom es (H ishita et al.,  2001), 1 hypothesised that the 

m echanism  by which these apoptotic factors are released, m ight be sim ilar for both 

organelles. Pro-apoptotic Bax is critical in the control o f  m itochondrial-m ediated  

apoptosis and can associate w ith the m itochondrial membrane and thus regulate the 

release o f  cytochrom e c (Blatt and C lick , 2001). p53 has also been shown to directly  

interact w ith the m itochondrial membrane and fonn  com plexes w ith the anti-apoptotic 

B cl-2 proteins resulting in the release o f  cytochrom e c  (Mihara et al.,  2003). W hile the 

role o f  p53 and Bax in regulating the lysosom al branch o f  the apoptotic pathway is less 

clear, lysosom al destabilisation has been reported to occur in p53-induced apoptosis 

(Yuan et al.,  2002) and overexpression o f  bcl-2 has been show n to inhibit lysosom al- 

dependant apoptosis by stabilising the lysosom e (Zhao et al.,  2000).

The experim ental work carried out in this chapter therefore aim ed to detennine  

a role for p53 and Bax in A(3-mediated alterations o f  m itochondrial and lysosom al 

membrane integrity. Expression o f  B ax w as assessed  in cytoso lic  and m itochondrial 

fractions, in order to determ ine i f  the increased expression o f  Bax demonstrated in the 

previous chapter was accom panied by a redistribution o f  Bax from the cytoso l to 

specific intracellular organelles in order to serve its pro-apoptotic function. The 

association o f  Bax and phospho-p53^*^'^'^ with m itochondrial and lysosom al m em branes
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was investigated by immunocytochemistry in conjunction with the specific 

mitochondrial dye, M itotracker Red, and the specific lysosomal dye, Lysotracker Red 

(M olecular Probes, The Netherlands), respectively. Lysosomal integrity was assessed 

using the acridine orange (AO) relocation technique. Finally to determine the role o f 

p53 in the previously reported Ap-mediated increased cytosolic activity o f  cathepsin-L 

(Boland and Campbell, 2003b), cathepsin-L activity was assessed in cells which had 

been treated with the p53 inhibitor, pifithrin-a.
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5.2 Results

5.2.1 Ap reduces expression of Bax in the cytosol

To establish whether cellular relocation o f Bax occurs following Ap treatment, 

cells were incubated in the presence or absence o f Ap for 6 hr and cytosolic and 

mitochondrial fractions were prepared as described in Section 2.5.1(ii). Cytosolic 

expression o f Bax was assessed by western immunoblot using a monoclonal antibody 

that recognises the full form o f Bax. Figure 5.1 demonstrates that Ap (2 |^M) 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 Ap may 

mediate translocation o f 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 .IB.

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 Click, 2001), the effect o f  Ap on Bax expression at the 

mitochondria was examined. Cells were incubated in the presence or absence o f Ap for 

6 hr and mitochondrial expression o f Bax was assessed by western immunoblot. Figure

5.2 demonstrates that Ap increases expression o f 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 Ap-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 jiM) for 6 hr and expression of Bax 

protein was assessed in cytosolic fractions using western immunoblot. Ap 

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 AP on mitochondrial expression of Bax

A. Cortical neurons were treated with AP (2 |j,M) for 6 hr and mitochondrial 

expression o f Bax protein was assessed by western immunoblot. AP increased 

expression o f 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 o f mitochondrial Bax and 

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



5.2.3 Bax expression co-Iocalises with mitochondria in Ap-treated cells

To further examine the effect o f  Ap on redistribution o f  Bax from the cytosol to 

mitochondria, expression o f Bax was assessed in association with the specific 

mitochondrial marker, Mitotracker Red. Cells were incubated in the presence or 

absence o f  Ap (2 |iM ) for 6 hr, prior to incubation with M itotracker 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 o f mitochondria in control and AP-treated 

cells, respectively, following loading with M itotracker 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 o f  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 o f 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 o f  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 a i,  2000). To determine whether p53 interacts with 

mitochondria in Ap-treated neurons, co-localisation o f  p53 expression and 

mitochondria was assessed. Since the previous chapter demonstrates that Ap induced 

an increase in p53 expression at 1 hr, via phosphorylation o f  p53 at residue serine-15, 

expression o f  phospho-p53*®'^'^ was assessed. Cells were incubated in the presence or 

absence o f Ap (2 (iM) for 1 hr and 6 hr, prior to a 30 min incubation with Mitotracker
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Figure 5.3 A(i increases expression of Bax at the mitochondria

Fluorescence microscopy was used to visualise the distribution o f Bax within 
cortical neurons following treatment with Ap (2 jiM, 6 hr). Cells were double 
labelled with the mitochondrial-specific marker, M itotracker Red, and a FITC- 
labelled Bax antibody.

Mitotracker Red staining represents the distribution o f mitochondria in (i) control 
(ii) and AP-treated cells (excitation 579 nm; emission, 599 nm). Analysis o f Bax 
immunostaining in (iii) control and (iv) Ap-treated cells demonstrated increased 
expression o f Bax in Ap-treated cells (excitation, 490 nm; emission, 520 nm). Co­
localisation analysis o f Bax and mitochondria in (v) control and (vi) Ap-treated 
cells (v, vi) revealed increased localisation o f Bax at the mitochondria in Ap-treated 
cells. Arrows indicate regions o f co-localisation. Stars indicate regions where co­
localisation does not occur. The image displayed in (vii) is a negative control. Scale 
bar is 10 |u.m.
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Figure 5.4 Effect of AP on phospho-p53**' '̂* expression at the mitochondria 
at 1 hr

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

Mitotracker Red staining represents the distribution o f  mitochondria in (i) control 
and (ii, iii) AP-treated cells (excitation 579 nm; emission, 599 nm).
Analysis o f phospho-p53®®' '̂^ expression in (iv) control and (v,vi) Ap-treated cells 
demonstrated increased expression o f phospho-p53^'''^'^ in Ap-treated cells 
(excitation, 490 rmi; emission, 520 nm).
Co-localisation analysis o f phospho-p53^^'^'^ and mitochondria in (vii) control and 
(viii,ix) AP-treated cells revealed increased localisation o f phospho-p53^^'^’  ̂ at the 
mitochondria in Ap-treated cells. Arrows indicate areas o f co-localisation. Scale bar 
is 10 |xm.



Figure 5.5 Effect of Ap on phospho-p53*®'^'^ expression at the mitochondria 
at 6 hr

Fluorescence microscopy was used to visualise the distribution o f phospho-pSS^"^'^ 
within cortical neurons following treatment with Ap (2 |aM, 6 hr). Cells were 
double labelled with the mitochondrial-specific marker, Mitotracker Red, and a 
FITC-labelled phospho-p53®‘̂'̂ ’  ̂antibody.

M itotracker Red staining represents the distribution o f mitochondria in (i) control 
and (ii) Ap-treated cells (excitation 579 nm; emission, 599 nm).
Analysis o f  phospho-p53"**"^‘  ̂ expression in (iii) control and (iv) Ap-treated cells 
demonstrated increased expression o f  phospho-p53®®' '̂^ in Ap-treated cells 
(excitation, 490 nm; emission, 520 nm).
Co-localisation analysis o f  phospho-p53^’̂ '̂  and mitochondria in (v) control and 
(vi) AP-treated cells revealed increased localisation o f  phospho-p53^‘̂ '̂  at the 
mitochondria in AP-treated cells. Arrows indicate areas o f co-localisation. Scale bar
is 10 )u,m.



Red (400 nM). Phospho-p53^‘̂ '̂ '̂  expression was detected by immunochemistry using 

an antibody which specifically recognises p53 phosphorylated at serine-15 and cells 

were visualised using fluorescence microscopy. Figure 5.4(i) and (ii,iii) demonstrates 

the location of mitochondria in control and AP-treated cells at 1 hr, respectively, 

following loading with Mitotracker Red. Figure 5.4(iv) represents p53 immunostaining 

in control cells and this p53 immunofluorescence was increased in Ap-treated cells at 1 

hr (Figure 5.4(v,vi)). Furthermore, in Ap-treated cells increased co-localisation of 

phospho-p53^‘̂ '̂ '̂  expression with mitochondria was observed at 1 hr (Figure 

5.4(vii,ix)).

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 p53 immunostaining in control cells and this p53 immunofluorescence was 

increased in AP-treated cells at 6 hr (Figure 5.5(v)). Furthermore, in Ap-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 Ap-mediated increase in 

phospho-p53^‘̂ '̂ '̂  expression is coupled with increased association of phospho-pSS^*^" '̂  ̂at 

the mitochondria. Regions remained within the cell where phospho-p53^^'^'^ expression 

did not co-localise with mitochondria, indicative of alternative intracellular sites for 

phospho-p53*'"’'̂ '̂  within the cell.

5.2.5 Ap increases cytosolic cytochrome c expression

A potential consequence of disruption of mitochondrial membrane stability is 

translocation o f mitochondrial cytochrome c into the cytosol. To determine whether AP 

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 c was assessed by western 

immunoblot using a polyclonal antibody that recognises free cytosolic cytochrome c at 

11.4 kDa (Pettigrew and Seilman, 1982). Figure 5.6 represents a sample immunoblot
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Figure 5.6 Ap increases cytosolic cytochrome c expression

Cortical neurons were treated with A p (2 |j.M) for 6 hr and expression o f cytochrome c 

was assessed in cytosolic fractions using western immunoblot. Sample immunoblot 

demonstrating cytochrome c and actin expression in control (lane 1) and AP-treated 

cells (lane 2). Ap increased expression o f cytochrome c in the cytosol at 6 hr.



demonstrating that Ap leads to an increase in cytosolic cytochrome c expression at 6 

hr.

5.2.6 Bax expression co-localises with Lysosomes in A(3-treated cells

In order to determine whether Bax impacts on the lysosomal system, expression 

o f Bax was assessed in association with the lysosomal specific dye, Lysotracker Red. 

Cells were incubated in the presence or absence o f Ap (2 )o,M) 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 o f 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 Ap-treated cells (Figure 5.7(iv)). 

Figure 5.7(v) and 5.7(vi) demonstrates co-localisation o f 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 vv'ilhin 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-pSS**^'expression co-Iocalises with lysosomes in AP-treated cells at 

1 hr and 6 hr

In order to determine whether p53 impacts at the lysosomal membrane, 

expression o f  phospho-p53^‘̂ '̂ '̂  was assessed by immunocytochemistry. Cells were 

incubated in the presence or absence o f Ap (2 )^M) 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 o f  lysosomes in control
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Figure 5.7 A(3 increases expression of Bax at the lysosome at 6 hr

Fluorescence microscopy was used to visualise the distribution o f Bax within 
cortical neurons following treatment with A(3 (2 |aM, 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 o f lysosomes in (i) control and 
(ii) Ap-treated cells (excitation 579 nm; emission, 599 nm).
Analysis o f Bax expression in (iii) control and (iv) A^-treated cells (excitation, 490 
nm; emission, 520 nm) demonstrated increased expression o f Bax in Ap-treated 
cells.
Co-localisation analysis o f Bax and lysosomes in (v) control and (vi) Ap-treated 
cells revealed increased localisation o f  Bax at the lysosomes in Ap-treated cells. 
Arrows indicate regions o f co-localisation. Scale bar is 10 jim.
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Figure 5.8 Effect of Ap on phospho-p53*®'̂ *'*’expression at the lysosomes at 1 hr

Fluorescence microscopy was used to visualise the distribution o f phospho-p53®®' '̂^ 
within cortical neurons following treatment with Ap (2 |j M, 1 hr). Cells were 
double labelled with the lysosomal specific agent, Lysotracker Red, and a FITC- 
labelled phospho-p53*®'^’  ̂antibody.

Distribution o f  lysosomes was visualised in (i) control and (ii) Ap-treated cells 
(excitation 579 nm; emission, 599 nm).
Analysis o f  phospho-p53^‘̂'̂ ‘  ̂ expression in (iii) control and (iv) Ap-treated cells 
(excitation, 490 nm; emission, 520 nm) demonstrated increased expression o f 
phospho-p53®®' '̂^ in AP-treated cells.
Co-localisation analysis o f  phospho-p53*®'^'^ and lysosomes in (v) control and (vi) 
AP-treated cells revealed increased localisation o f  phospho-p53*‘̂ '̂ '̂  at the 
lysosomes in Ap-treated cells. Scale bar is 10 p,m.



Figure 5.9 Effect of Ap on phospho-pSS*®"̂ ** expression at the lysosomes at 6 hr

Fluorescence microscopy was used to visualise the distribution o f phospho-p53*®'^'^ 
within cortical neurons following treatment with Ap (2 |^M, 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 o f lysosomes (i) control and (ii) 
AP-treated cells (excitation 579 nm; emission, 599 nm). Analysis o f phospho- 
p53seri5 expression in (iii) control and (iv) AP-treated cells (excitation, 490 nm; 
emission, 520 nm) demonstrated increased expression o f phospho-p53^'^'^ in AP- 
treated cells.
Co-localisation analysis o f phospho-p53“ '̂ '̂  and lysosomes in (v) control and (vi) 
AP-treated cells revealed increased localisation o f phospho-p53^'^’  ̂ at the 
lysosomes in Ap-treated cells. Scale bar is 10 pm.



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 Ap-treated cells at 1 hr (Figure 5.8(iv)). Furthermore, in Ap-treated cells 

increased co-localisation o f phospho-p53^‘̂ '̂ '̂  expression with lysosomes was observed 

at 1 hr (Figure 5.8(vi)).

Figure 5.9(i) and (ii) demonstrates the location o f  lysosomes in control and AP- 

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 AP-treated cells increased co­

localisation o f  phospho-p53^‘̂ '̂ '̂  expression with mitochondria was observed at 6 hr 

(Figure 5.9(vi)). This result indicates that the Ap-mediated increase in phospho-p53®‘̂ '̂ '̂  

expression is coupled with increased association o f phospho-pSS^*^" '̂^ 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,p leads to alterations in lysosom al m em brane integrity.

Lysosomal rupture can result in apoptosis o f the cell (Li et al., 2000). To assess 

the effect o f  Ap on integrity o f lysosomal membranes, cellular location o f acridine 

orange (AO) was assessed. Relocation o f AO from lysosomes to the cytosol is 

indicative o f lysosomal disruption (Brunk et al., 1997). Neurons were incubated with 

AO (5 jJ^g/ml) for 15 min, prior incubation with Ap (2 |j,M) for 6 hr and lysosomal 

integrity was visualised by fluorescence microscopy (Figure 5.10). In control cells, AO 

can be seen in discrete regions o f the cell, representative o f localised AO within intact 

lysosomes. However, in Ap-treated cells, the distribution o f AO is mainly cytosolic, 

with a diffuse pattern o f staining, indicating lysosomal leakage. This result suggests 

that Ap may disrupt the integrity o f  lysosomes leading to release o f AO from 

lysosomes.
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Figure 5.10 Effect of Ap on lysosomal membrane integrity

Neurons were exposed to acridine orange (AO; 5 fxg/ml) for 15 min prior to incubation 

with Ap for 6 hr. Relocation o f  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 o f AO.

ii. Exposure to Ap for 6 hr resulted in the disappearance o f AO orange fluorescence 

and an increase in diffuse cytosolic fluorescence. Scale bar is 10 |im.



5.2.9 Ap-mediated increase in cathepsin-L activity is p53 dependent

To further clarify the role o f  p53 in Ap-mediated lysosomal disruption, activity 

o f the lysosomal protease, cathepsin-L, was assessed in cells treated with the p53- 

inhibitor, pifithrin-a. Previous studies from this laboratory have shown that Ap 

significantly increases cathepsin-L activity within 6 hr o f treatment (Boland and 

Campbell, 2003b). Cells were treated with pifithrin-a for 1 hr, prior to treatment with 

Ap for 6 hr and activity o f cathepsin-L was assessed by measuring cleavage o f  a 

fluorogenic cathepsin-L substrate. Figure 5.11 demonstrates that Ap significantly 

increased activity o f  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). P ifithrin-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 Ap-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-a. This result provides further evidence that p53 

impacts on the lysosomes, in Ap-treated cells.
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Figure 5.11 Ap-m ediated increase in cathepsin-L activity is p53-dependent

Cortical neurons were treated with p ifithrin-a inhibitor (100 nM ) in the presence or 

absence o f  A p  (2 |aM) for 6 hr and cathepsin-L activity was m easured using the 

fluorogenic substrate Arg-Phe-AFC. A p  significantly increased cathepsin-L activity at 

6 hr. In the presence o f p ifithrin-a, the AP-m ediated 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 o f  A p on 

the subcellular distribution o f  the cell cycle  regulatory protein, p53, and the pro- 

apoptotic protein, Bax. The data provide evidence for A p prom oting Bax translocation  

to lysosom al membranes, in addition to m itochondrial m embranes. A nalysis o f  cellular 

location o f  phospho-p53^‘̂ '̂ '̂  protein expression revealed increased expression o f  

phospho-p53®®'^'^ at both mitochondrial and lysosom al m embranes. The tim e-course for 

phospho-p53“‘̂ '̂ '̂  and Bax association w ith lysosom al mem branes coincided with the 

A p-m ediated  reduction in integrity o f  the lysosom al mem brane and increase in 

cytoso lic  activity o f  the lysosom al protease, cathepsin-L. The proclivity o f  A p to 

increase activity o f  cathepsin-L was abolished by the p53 inhibitor, pifithrin-a, 

dem onstrating that the A p-m ediated increase in cathepsin-L activity w as p53- 

dependent. T hese results indicate that p53 and Bax can associate with lysosom es, as 

w ell as w ith m itochondria, in cultured cortical neurons, suggesting that Bax and p53 

may play an important role in the regulation o f  release o f  lysosom al and mitochondrial 

constituents during the neurodegenerative process. The observation that the AP- 

mediated increase in activity o f  cathepsin-L within the cytosol w as p53 dependent 

suggests an interplay betw een p53 and the release o f  lysosom al proteases. Thus, p53 

m ay have an important role in the lysosom al branch o f  the apoptotic pathway.

Bax is a m em ber o f  the B cl-2 fam ily o f  proteins that can induce (B ax, Bid) or 

inhibit (B cl-2 , B cl-x l), apoptosis by virtue o f  their ability to associate with the 

m itochondrial membrane and induce or block cytochrom e-c release, respectively. In its 

inactive state, Bax norm ally resides in the cytosol o f  the cell. U pon activation Bax 

translocates to the m itochondria, where it can facilitate release o f  cytochrom e c  through 

formation o f  pores in the outer m itochondrial membrane (Gao and D ou, 2000). A P i .4 0  

has recently been reported to increase m itochondrial expression  o f  Bax in the C A l 

region o f  the hippocam pus (M inogue et ciL, 2003). In order to determ ine whether Ap  

leads to translocation o f  Bax from the cytosol to m itochondria in Ap-treated cultured 

cortical neurons, expression o f  Bax protein was assessed  in cytoso lic 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 o f Bax failed to reach statistical significance. To 

further examine the reiocalisation o f 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 o f  Bax was monitored in association with the fluorescent mitochondrial 

marker, M itotracker Red. hicreased expression o f 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 o f Bax in Ap-treated cells, suggested that Ap may evoke 

translocation o f Bax to other intracellular organelles.

The previous chapter demonstrated an increased expression o f p53 protein in 

Ap-treated cortical neurons at 1 hour post AP-treatment. The increased p53 expression 

occuiTed as a result o f  stabilisation o f p53 at residue serine-15. In this part o f  the study, 

the cellular location o f phospho-p53^®'^'^ in A^-treated cells was investigated. Phospho- 

p53 expression was found to associate with the mitochondrial membrane at 1 hour 

and 6 hour following Ap-treatment. This provides evidence that along with mediating 

transcriptional induction o f Bax (see chapter 4), phospho-p53®®' '̂^ may play a direct role 

in regulation o f  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 o f Bax expression with mitochondria, regions remained within the cell where 

phospho-p53^‘̂ '̂ '̂  expression did not co-localise with mitochondria and this reflects the 

association o f  phospho-p53 with other subcellular compartments.

A key event in the apoptotic cascade is the translocation o f mitochondrial 

cytochrome c into the cytosol. The present study demonstrates an Ap-mediated 

increase in cytosolic cytochrome c expression at 6 hr. The release o f  cytochrome c to 

the cytosol is nonnally regulated by members o f the Bel family o f  proteins (Zomig et
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al.,  2001). The present study demonstrates that A(31 .4 0  prom otes the association o f  Bax 

with m itochondria, it is therefore likely that this contributes to the A P-m ediated release 

o f  cytochrom e c observed w ithin a similar tim e frame. In addition, an association o f  

p53 with the m itochondrial membrane has previously been demonstrated to precede 

cytochrom e c  release and caspase-3 activation fo llow in g D N A  dam age (M archenko et  

al.,  2000). This represents an alternative m echanism  whereby m itochondrial membrane 

stability m ay be altered as a consequence o f  p53 association  w ith the m itochondrial 

m embrane, resulting in release o f  m itochondrial cytochrom e c  to the cytosol.

There is increasing evidence to suggest that lysosom es are involved  in the cell 

death cascade (Zhao et al.,  2001; W ang, 2000). Therefore, in this aspect o f  the study 

the cellular location o f  pro-apoptotic Bax in relation to the lysosom es was investigated. 

To this end the lysosom al specific marker, Lysotracker Red, w as em ployed. 

Lysotracker probes are fluorescent acidotropic probes for labelling and tracing acidic 

organelles in live and fixed  cells. They are freely permeant to cell mem branes and 

typically have high selectiv ity  for acidic organelles such as lysosom es and therefore 

concentrate in these organelles. F ollow ing a 6  hour Ap-treatm ent, expression o f  Bax  

was found to associate with lysosom es. Previous results from this laboratory have 

demonstrated that A P i . 4 0  prom otes release o f  cathepsin-L from the lysosom e (Boland  

and Cam pbell, 2003b). It is therefore possib le that lysosom al-associated  Bax plays a 

role in destabilising the lysosom al membrane to prom ote cathepsin release, in a similar 

fashion to the role o f  Bax in inducing cytochrom e c  release from the m itochondria, 

how ever this remains to be established. In support for this idea an increase in Bax 

expression correlates with deficits in lysosom al integrity during glioblastom a apoptosis 

(Chen et al.,  2001). In addition, there is an increasing body o f  evidence to suggest a 

functional interaction betw een the Bel fam ily o f  proteins and lysosom es. 

Phosphorylation o f  B cl-2  has been demonstrated to block oxidative stress-induced  

apoptosis by stabilising lysosom es (Zhao et al.,  2 001) and cleavage o f  bcl-2 by the 

calcium -dependent protease, calpain, is thought to be another likely  m echanism  for 

disruption o f  lysosom al membrane integrity (W ang, 2000) Thus, B el proteins m ay be 

intricately linked with lysosom al 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 Ap-mediated alterations in lysosomal membrane integrity.

Downstream o f lysosomal membrane disruption, cathepsins have been shown 

to interact with the Bel family o f proteins to promote apoptosis. In a cell free system, 

the pro-apoptotic Bel family member, Bid, was found to be cleaved in the presence o f 

lysosomal proteases (Stoka et a l ,  2001). Cleaved Bid then went on to induce 

cytochrome c 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 o f  the 

relationship between lysosomes and the Bel family o f proteins. In some systems the 

Bel family acts to regulate lysosomal stability (Zhao et al., 2001; Chen et al., 2001) 

while in other systems following disruption o f lysosomal membrane integrity, 

lysosomal proteases regulate the Bel proteins in the cytosol (Stoka et al., 2001; Bidere 

et al., 2003). The role o f Bel proteins in lysosomal-mediated apoptosis is therefore 

likely to be cell type specific as well as being dependent on the nature o f the apoptotic 

stimulus. The association o f Bax with lysosomal membranes in Ap-treated cortical 

neurons is a novel finding which warrants further investigation in order to clarify the 

exact nature o f  the interactions between Bel proteins and lysosomal membranes in Ap- 

mediated neuronal apoptosis.

p53 has previously been reported to play a role in initiation o f lysosomal 

destabilisation (Yuan et al., 2002) with ensuing apoptosis. Therefore it was appropriate 

to investigate whether phospho-p53®‘̂ '̂ ’  ̂ might be redirected to the lysosome following 

treatment with Ap. Increased expression o f phospho-p53*®'^'^ with lysosomes was 

evident at 1 hour and 6 hour post Ap-treatment. An important question arising from the 

increased expression o f p53 and Bax with lysosomes is: what are the downstream 

consequences o f association o f these proteins with the lysosomes? In an effort to 

address this question the integrity o f lysosomal membranes was assessed.

Lysosomal rupture has been observed to be an early event preceding apoptosis 

caused by a variety o f  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 o f  lysosomal membranes. AO is a lysomotropic 

weak base that can diffuse across cellular membranes and becom e protonated in acidic 

environments. Once protonated it is prevented from passing through the hydrophobic 

layers o f  membranes and therefore becomes trapped and accumulates in acidic 

organelles such as lysosom es and thus labels them. It is generally accepted that leakage 

o f  AO from lysosom es to the cytosol is representative o f  decreased lysosomal 

membrane integrity (Li et al., 2000; Yuan et at., 2002). The results o f  the present study 

demonstrated that in the control situation AO fluorescence exhibited a punctate 

distribution, reflective o f  a lysosomal distribution o f  AO. In contrast, a diffuse pattern 

o f  AO fluorescence was observed in Ap-treated cells, reflecting leakage o f  the dye 

from the lysosomal compartment.

Previous work carried out in this laboratory has demonstrated that A P i .4 0  

promotes a time- and dose-dependent release o f  the lysosomal protease, cathepsin-L, 

into the cytosol, with increased cytosolic activity o f  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 

tim e-scale o f  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 o f  p53 in the AP-mediated increase in cathepsin-L 

activity was investigated. In the previous chapter the p53 inhibitor, pifithrin-a, was 

demonstrated to abrogate the Ap-induced increase in Bax expression. There is also 

evidence that pifithrin-a can inhibit phosphorylation o f  p53 at serine-15 (Lin et a l ,  

2002) but whether pifithrin-a abolished Ap-induced phosphorylation o f  p53 at serine- 

15 was not confirmed for this study. The Ap-mediated increase in cathepsin-L activity 

at 6  hour was abolished in pifithrin-a treated cells, indicating that the Ap-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 o f  the lysosomal protease, cathepsin-L.
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W hether p53 and Bax act in a synergistic manner or have a separate function in 

regulation o f  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 o f cathepsins from the lysosomes by fonnation o f pores in the lysosomal 

membrane, in a similar fashion to which Bax facilitates release o f cytochrome c from 

the mitochondria (Zomig et al., 2001). The effect o f Ap on the pore forming ability o f 

Bax was not addressed in the present study but it merits consideration for future 

experimentation. In addition, given that A(3 alters the integrity o f  lysosomal 

membranes, the effect o f p53 and Bax on lysosomal membrane proteins such as 

LAM Pl and LAMP2 (lysosomal associated membrane proteins) warrants 

investigation. These proteins are extensively glycosylated to protect them from 

intracellular proteolysis (Kundra and Komfeld, 1999). The loss o f these proteins in a 

double knock out transgenic model has been reported to lead to embryonic lethality 

(Andrejewski et al., 1999), demonstrating the importance o f these proteins in 

lysosomal stability. A p53 or Bax mediated alteration in integrity o f LAMP may serve 

as a trigger for lysosomal cathepsin release.

There is a good deal o f 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 o f 

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 al (2000) report that 

lysosomal mediated cell death in a macrophage cell line, which was exposed to the 

lysosomtrophic agent 0-m ethyl-serine dodecylamide hydrochloride (MSDH), can 

occur either indirectly via mitochondrial attack by lysosomal proteases or can occur 

directly by lysosomal protease activation o f caspase-3. In contrast, Hishita et al (2001) 

report that lysosomal dependent death in a myelomonocytoid cell line does not involve 

mitochondria. It is therefore likely that the involvement o f mitochondria in lysosomal 

mediated apoptosis is cell type specific. The observations from the present study, that

132



A p-m ediated  release o f  cytochrom e c  from the m itochondria, and release o f  cathepsin- 

L from lysosom es at 6  hour post A[3-treatment is concom itant w ith the association o f  

phospho-p53 and Bax with the m itochondria and the lysosom es indicates that there is 

at least som e degree o f  cross-talk occurring in this system . Further experim ents w ill 

need to be carried out to clarify the importance o f  cross talk betw een m itochondria and 

lysosom es in Ap-treated cells and to determ ine w hether disruption o f  lysosom al 

m embrane integrity occurs upstream o f  m itochondria mem brane perm eabilisation.

An alteration in neuronal endosom al-lysosom al system s is an early event in A D  

(Cataldo et al., 1995). Furthermore, lysosom al leakage is thought to be the earliest 

detectable event during apoptosis induced by lysom otrophic agents. This corroborates 

the work presented in this thesis demonstrating an early association o f  the apoptotic 

effectors p53 and Bax w ith the lysosom es fo llow in g  Ap-treatm ent. C onsistent with the 

idea that A P i.4 o-mediated neuronal cell death m ay involve lysosom es, a number o f  

studies have demonstrated that A P i -4 2  prom otes lysosom al leakage and subsequent 

apoptosis in vitro  (Y ang et al., 1998; Ji et al., 2002). Therefore, the cellular 

m echanism s underlying the role o f  lysosom al com ponents in A P-m ediated cell death 

warrant further investigation, as inter.'ention at an early stage w ou ld  have important 

im plications for disease progression o f  A D . It is important to note that A D  is not the 

only neurodegenerative d isease featuring lysosom al instability. For exam ple, lysosom al 

dysfunction has been show n to accom pany alpha-synuclein aggregation in a m ouse  

m odel o f  Parkinson’s D isease (M eredith et al., 2001). In H untington’s disease, 

abnormal protein deposition has also been linked to lysosom al dysfunction (Bahr and 

Bendiske, 2002. Therefore a greater understanding o f  the signalling pathways involved  

in lysosom al dysfunction w ill be o f  benefit to a variety o f  neurodegenerative 

conditions.

In conclusion, the results presented in this chapter dem onstrate that A p leads to 

tranlocation o f  Bax from the cytosol in cultured cortical neurons. The reduction in 

cytosolic Bax expression correlated with an association o f  Bax w ith both the 

mitochondrial and lysosom al membrane. The observation that Bax associates w ith the 

lysosom e is a novel d iscovery which has not been previously docum ented in neuronal 

cells. Phospho-p53^‘̂ '̂ '̂  w as also found to associate w ith both m.itochondrial and
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lysosomal membranes in Ap-treated cells. The association o f phospho-p53 with 

lysosomal membranes correlated with A|3-mediated alterations in lysosomal membrane 

integrity. In addition, application o f pifithrin-a, an inhibitor o f  p53-induced 

transcriptional activation, attenuated the Ap-mediated increase in cathepsin-L activity, 

providing further evidence that p53 is involved in regulation o f lysosomes. These 

results indicate a possible mechanism whereby p53 and Bax contribute to a lysosomal 

and mitochondrial branch o f  the apoptotic pathway in AP-treated cultured cortical 

neurons.
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Chapter 6

Effect o f A P on the L-type Ca2+ channel in cultured cortical neurons



6.1 Introduction

D isruption o f  intracellular neuronal calcium  (Ca^"^) hom eostasis is thought to be 

an underlying m echanism  contributing to AD pathology (M attson et al, 1992; M attson 

et a l 1993a). Ca^"  ̂ is an im portant intracellular m essenger in the brain, being essential 

for neuronal developm ent and synaptic transm ission and plasticity  (M attson et al, 

1993b). Intracellular free calcium  levels, [Ca^"^]!, are usually  m aintained at 

approxim ately  100 nM and neurons w hich cannot m aintain the intracellular levels 

w ithin certain lim its are rendered vulnerable to excitotoxicity  and cell death (M attson 

et al., 1993a). Persuasive evidence indicates that aggregated A p m ediates its neurotoxic 

effects by dysregulation o f  Ca "̂  ̂ hom eostasis. M attson et al., (1992) and U eda et al 

(1997) dem onstrated that exposure o f  hum an cortical cell cultures to A P i .4 2  and A P 2 5 -3 5  

destabilises Ca^^ hom eostasis. C hronic exposure to A p results in an elevation o f  resting 

[Ca^^]i which is directly related to the aggregation state o f  the peptide (M attson et al., 

1992). In addition, previous studies carried out in this laboratory have dem onstrated 

that acute application o f  A P i .4 0  increases influx resulting in increased [Ca^^]i in

rat cortical synaptosom es and cultured cortical neurons (M acM anus et al., 2000).

A p can destabilise intracellular Ca^^ balance via two pathw ays, either by 

enhancing extracellular Ca^^ influx, or by triggering intracellular store release o f  Ca^^ 

from organelles such as the m itochondria, endoplasm ic reticulum , or lysosom e (He et 

al., 2002). Enhanced extracellular Ca^^ influx is postulated to occur due to the AP- 

m ediated form ation o f  Ca^"  ̂ perm eable channels on the cell m em brane (A rispe et al., 

1994; Sanderson et al., 1997) or by A p-m ediated m odulation o f  voltage-dependent 

channels (VDCCs; U eda et al., 1997; M acM anus et al., 2000) or ligand-gated 

C a'^  channels (Zamani and Allen, 2001). A previous report from  this laboratory has 

dem onstrated that the APi_4 o-m ediated  increase in influx in rat cortical

synaptosom es occurred via activation o f  the L- and N -type o f  V D CC (M acM anus et 

al., 2000). In addition, APi_ 4 o and A P 2 5 - 3 5  have both been dem onstrated to augm ent L- 

type V D CC s in PC12 cells (Green and Peers, 2001). Sim ilarly, APas-ss-mediated 

neurotoxicity  was found to be attenuated in cultured neurons by application o f  the L- 

type Ca^^ channel blocker, nim odipine, 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 o f the involvement o f Ap in the regulation o f 

VDCCs.

Intracellular free Câ "̂  serves as a second messenger and regulates a wide 

variety o f cellular processes including cell cycle control and signal transduction 

(Bedridge et al., 2003). The MAPKs, which play crucial roles in signal transduction

from the cell surface to the nuclear and cytoplasmic effectors, have been demonstrated
2+  2"1‘ to be regulated by Ca (Nozaki et al., 2001). Ca has been demonstrated to mediate

activation o f  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 o f JNK. In addition, disruption o f  Câ "̂  homeostasis has been

proposed to be a critical event in apoptosis and has been demonstrated as a mechanism

for Ap-mediated neuronal cell death in a variety o f studies (Mattson et al., 1992;

Ekinci et al., 2000 Yagami et al., 2002). The discovery that the Bcl-2 family o f

proteins can modulate Ca^^ compartmentalisation within the cell has provided further

support for the link between Ca^^ and apoptosis (Orrenius et al., 2003).

The experimental work carried out in this chapter aimed to clarify the role o f 

the L-type VDCC in AP-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 o f the L-type Câ "̂  channel in Ap-mediated 

activation o f  JNK, p53, and cathepsin-L was investigated. In addition the role o f the L- 

type Ca^^ channel in the Ap-mediated regulation o f components o f 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^^li in dissociated suspension cells and this increase in |Ca^^]i 

is attenuated by the L-type [Ca^^Ji blocker, nicardipine.

Since Ap has been shown to alter homeostasis (MacManus et a l ,  2000) 

the effect o f  Ap on intracellular Ca^^ concentration, [Ca "̂ ]̂!, was determined in 

suspensions o f dissociated neuronal cells. Cells were treated with Ap (2 |iM ) for 1 hr

and 6 hr. Cells were then loaded with Fura-2AM and [Ca^" ]̂i was recorded on a Cairn
2+spectrophotometer (Figure 6.1). Following a 1 hr incubation with Ap, [Ca ]j 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 Ap, [Ca ]j was significantly increased from 

449 ± 88 nM to 883 ± 166 nM (p<0.05, student’s t-test, n=8). The role o f the L-type 

Ca^^ channel in the AP-mediated increase in [Ca^^]i was investigated using the L-type 

Ca"^ channel blocker, nicardipine. In cells treated with nicardipine (0.5 |.iM) for 30 

min, prior to treatment with Ap, Ap failed to increase [Ca^^]j concentration; where 

[Ca^^Jj 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 Ap-mediated increase in [Ca "̂ ]̂,

6.2.2 Ap mediated increase in phospho-JN K l is attenuated in cells treated with 

the L-type Ca^^-channe! blocker, nicardipine

To establish whether the L-type Câ "̂  channel plays a role in the Ap-mediated 

activation o f  JNK l observed at 1 hr (see Figure 3.2), cells were treated with the L-type 

Ca^^ channel blocker, nicardipine (5 |.tM) for 30 min, prior to treatment with 

Ap (2 |iM ) for 1 hr. Expression o f phospho-JNKl was assessed by western 

immunoblot using an anti-active JNK antibody. Figure 6.2 demonstrates that Ap 

induced a significant increase in phospho-JNKl expression at 1 hr. Thus, phospho- 

JNKl  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 
AP-mediated increase in [Ca^^]i

Cortical neurons were treated with the L-type Câ "̂  channel blocker, nicardipine (0.5 

|iM ) in the presence or absence o f Ap (2 |aM) for 1 hr or 6 hr. [Ca^^Jj was measured 

in Fura-2AM (2 |iM ) loaded cells and recorded on a Cairn spectrophotometer.

Ap increased mean basal [Câ "̂ ]! at 1 hr but not significantly so. The Ap-mediated 

increase in mean basal [Ca^^]j 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^^]i at 6 hr. The AP-mediated increase in 

mean basal [Ca ]i 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 A|3 (p<0.05, one-w ay 

A N O V A , n=12). N icardipine alone had no effect on phospho-JN K l expression (1.000 

± 0.169, n=7), but it abolished the A(3-mediated increase in phospho-JN K l expression; 

w here expression o f  phospho-JN K l was 0.979 ± 0.126 (n=7) in cells which were co- 

treated w ith A p + nicardipine. This result is suggestive o f  a role for the L-type Ca 

channel in A p-induced increase in phospho-JN K l expression. A  sam ple im m unoblot 

illustrating the effect o f  nicardipine on the A p-m ediated  increase in expression o f  

phospho-JN K l is show n in Figure 6.2B.

6.2.3 Ap mediated increase in phospho-p53*‘̂ '̂ '̂  is attenuated in cells treated with 

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

Since the A p-m ediated increase in phospho-p53^‘̂ '̂ '̂  expression at 1 hr was 

found to be JN K l dependent (see Figure 4.5), the role o f  the L-type Ca^"  ̂ channel in 

this com ponent o f  the signalling pathw ay was investigated. Cells w ere treated w ith the 

L-type Ca^^ channel blocker, nicardipine (0.05 |.iM), for 30 m in prior to treatm ent with 

Ap (2 ).iM) for 1 hr, and expression o f phospho- w as assessed by w estern

im m unoblot using an antibody which recognises p53 phosphorylated at this residue. 

Figure 6.3 dem onstrates that A p induced a significant increase in phospho-p53^^’̂ '̂  

expression at 1 hr. Thus, phospho- p53®®'̂ '̂  expression in control cells was 1.017 ± 

0.010 (m ean band width ± SEM ; arbitrary units) and this w as increased to 1.306 ± 0.1 

by Ap (p<0.05, one-w ay AN OVA, n=7). N icardipine alone had no effect on phospho- 

J NKl  expression (1.011 ± 0.058, n=7), but it abolished the A p-m ediated  increase in 

phospho-JN K l expression; where expression o f  phospho-JN K l w as 0.988 ± 0.08 (n=7) 

in cells w hich were co-treated with A p + nicardipine. This result indicates that the L- 

type Ca^^ channel plays a role in the A p-induced increase in phospho-p53^‘̂ '̂ '̂  

expression. A  sam ple im m unoblot illustrating the effect o f  nicardipine on the A p- 

m ediated increase in expression o f  phospho-p53^‘̂ '̂ '̂  is shown in Figure 6.3B.

138



2-1

c/D

' S:3
E-1
c3

cd

O-J

I I c o n tro l 
EZ] A P

■ ' i ' ; { •

nicardipine

phospho-p53

Figure 6.3 The AP induced increase in phospho-p53*‘̂ '̂ '̂  expression is reduced 
by the L-type channel antagonist, nicardipine

2+A. Cortical neurons were treated with the L-type Ca channel blocker nicardipine 
(0.5 |j.M) in the presence or absence o f Ap (2 |j.M) for 1 hr. p53 phosphorylation at 
residue serine-15 was examined by western immunoblot. Ap significantly increased 
phospho-p53*‘̂ '̂ '̂  protein expression at 1 hr. In the presence o f  nicardipine the Ap- 
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 o f phospho-p53 protein 
expression in control (lanel); Ap-treated cell (lane2); nicardipine-treated cells (lane 
3) and AP + nicardipine-treated cells (lane 4).



6.2.4 A(3-induced increase in catliepsin-L activity is blocked by the L-type Ca^^- 

channel blocker, nicardipine

Ap was found to increase cytosolic activity  o f  the lysosom al protease 

cathepsin-L  (Figure 5.11) and since Ca "̂  ̂ is know n to play a role in disruption o f  the 

lysosom al m em brane (G ardella et ciL, 2001), the role o f  the L-type C a channel m the 

A p-m ediated  increase in cathepsin-L activity was assessed. Cells w ere treated w ith the 

L-type Ca^"  ̂ channel blocker, nicardipine (0.5 jaM), for 30 m in prior to treatm ent with 

Ap (2 |.iM) for 6 hr, and activity o f  cathepsin-L  was assessed by m easuring cleavage o f  

a fluorogenic cathepsin-L  substrate. Figure 6.4 dem onstrates that A p significantly 

increased m ean basal activity o f  cathepsin-L  at 6 hr from 28.49 ± 1,46 pm ol AFC 

produced/m g protein/m in (mean ± SEM ) to 39.32 ± 5.46 pm ol A FC /m g/m in (p<0.05; 

one w ay A N O V A , n=12). N icardipine alone had no effect on cathepsin-L  activity 

(31.78 ± 3.24 pm ol A FC/m g/m in, n=7), but it abolished the A p-m ediated  increase in 

cathepsin-L  activity; w here cathepsin-L activity was 33.2 ± 4.08 pm ol A FC/m g/m in 

(n=7) in cells w hich w ere co-treated w ith A p + nicardipine. This result suggests that 

A p-m ediated  activation o f  cathcpsin-L involves upstream  activation o f  the L-type Câ "  ̂

channel.

6.2.5 Ap-induced cleavage of caspase-3 is abrogated by the L-type Ca^^- 

channel blocker, nicardipine

To exam ine the role o f  the L-type Ca^^ channel in A p-m ediated  induction o f  the 

apoptotic cascade, caspase-3 activity was evaluated. Cells w ere treated with the L-type 

Ca^^ channel blocker, nicardipine (5 |aM), for 30 m in prior to treatm ent w ith 

A p (2 |aM) for a further 24 hr, and caspase-3 activity w as assessed by 

im m unocytochem istry using an anti-active caspase-3 antibody (Figure 6.5). In control 

conditions the percentage o f  cells displaying active caspase-3 im m unoreactivity  was

19.5 ± 2.41 %  (m ean ± SEM ) and this was significantly increased to 38.7 ± 6.43%  in 

A P-treated cells (p < 0.01, one-w ay A N O V A , n=6 coverslips). The percentage o f  cells
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Figure 6.4 A p-m ediated increase in catliepsin-L  activity is blocl^ed by 
by the L-type Ca^^ channel antagonist, nicardipine

2+Cortical neurons were treated with the L-type Ca channel blocker nicardipine (0.5 

laf/I) in the presence or absence o f  Ap (2 |iM ) for 6 hr and cathepsin-L activity was 

measured using the fluorogenic substrate Arg-Phe-AFC. Ap significantly increased 

ca;hepsin-L activity at 6 hr. In the presence o f  nicardipine, the Ap-mediated 

in:rease 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 AP-mediated caspase-3 cleavage is attenuated by the L-type 
Ca^  ̂channel antagonist, nicardipine

A. Cortical neurons were treated with the L-type Câ "̂  channel blocker nicardipine 

(5 |aM) in the presence or absence o f Ap (2 |j.M) for 24 hr and caspase-3 activity 

was examined by immunocytochemistry. Ap significantly increased the percentage 

o f cells displaying active caspase-3 immunoreactivity at 24 hr. In the presence o f 

nicardipine, the AP-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 im m unoreactivity was 25.75 ± 3.18 % in the presence o f  

nicardipine alone (n=6 coverslips) and 25.75 ± 2.51 % (n=6 coverslips) in cells treated 

with A p + nicardipine. This result indicates that the A p-induced activation o f  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 Câ "̂ - channel 
blocker, nicardipine

To further dem onstrate the role o f  the L-type Ca^"  ̂ channel in A p-m ediated 

neuronal apoptosis, levels o f  DNA fragm entation w ere assessed in cells treated with 

the L-type channel blocker, nicardipine (2 |iM ), for 30 m in prior to treatm ent with 

Ap for 72 hr (Figure 6.6). TU N EL analysis was carried out to m easure the percentage 

o f  cells displaying fragm ented DNA. Exposure to A p (2 |iM ; 72hr) significantly 

increased the percentage o f  TU N EL positive cells from 16.92 ± 2.44 % (m ean ± SEM ) 

to 36.69 ± 7.22 (p < 0.01, one-w ay A N O V A , n=6 coverslips). The percentage o f  

TU N EL positive cells was 17.55 ± 2.43 % in the presence o f  the nicardipine alone and 

15.32 ± 1.76 % in cells co-treated with A p + nicardipine. Thus, nicardipine prevented 

the A P-m ediated increase in DNA fragm entation and this result dem onstrates the 

involvem ent o f  the L-type Ca^^ calcium  channel in the A p-m ediated  induction o f  DNA 

fragm entation in cortical neurons.
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Figure 6,6 Ap-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 

|j.M) in the presence or absence o f Ap (2 |u,M) for 72 hr and DNA fragmentation 

was assessed using TUNEL analysis. Ap significantly increased DNA 

fragmentation at 72 hr. In the presence o f nicardipine the Ap-induced increase in 

DNA fragmentation was abolished. Results are the mean ± SEM for 6 independent 

observations,** P<0.01.



6.3 Discussion

The aim o f  this aspect o f  the study w as to determ ine the role o f  the L-type 

voltage dependent calcium  channel (V D C C ) in A(3 signalling and induction o f  neuronal

apoptosis. The results obtained demonstrate an increase in [Câ "̂ ]! in Ap-treated cells.
2+

The observed m crease in [Ca ]j was attenuated in ce lls  w hich  had been treated with  

the L-type Ca^^ channel blocker, nicardipine. To determ ine the signalling events which  

occur downstream  o f  A p-m ediated influx, nicardipine w as applied to cells prior to 

Ap treatment. AP-m ediated phosphorylation o f  JN K l and p53 w as blocked in 

nicardipine treated cells. Sim ilarly, the A p-m ediated increase in cytoso lic cathepsin-L  

activity w as blocked by nicardipine. This result suggests a link betw een dysregulation  

o f  [Ca^^]i and disruption o f  lysosom al membrane stability in Ap-treated cells. Temporal 

downstream  A p-induced events such as cleavage o f  caspase-3 and D N A  fragmentation, 

were also blocked by nicardipine providing further evidence that disruption o f  neuronal 

[Ca^^]i is integral to A p-m ediated apoptosis. The L-type Ca^^ channel is a key protein  

involved  in the early A p effects that ultim ately lead to the dem ise o f  the cell.

S ince disruption o f  calcium  hom eostasis is thought to be fundamental in 

induction o f  apoptosis (Orrenius et al.,  2003), it w as o f  interest in the present study to 

determ ine the effect o f  A p on [Ca^^]j levels in cultured cortical neurons. [Ca^^]j w as 

quantified by the Câ "̂  indicator dye Fura2-AM . In d issociated cortical neurons treated 

with A p , [Ca '̂ Ĵj w as 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 A p-m ediated  increase in 

[Ca^^jj. This result indicates that the A p-m ediated  increase in [Ca^^]j occurs via the L- 

type Ca^^ channel. W hile this resuU is in agreement w ith other studies (U eda et al.,  

1997; Green and Peers, 2001), it disagrees w ith a previous study from this laboratory 

which reports that in primary cultured cortical neurons A P i -4 0  led to an increase in 

am plitude o f  the N - and P-type calcium  channels but had little effect on amplitude o f  

the L-type calcium  channel (M acm anus et al.,  2000). It is important to note that for the 

present study the quantification o f  [Ca^^]j was carried out on freshly dissociated
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cortical neurons in suspension. This type o f  cell preparation is possibly more 

vulnerable to calcium  influx, as neuronal cells in culture norm ally require adherence to 

a negatively charged surface for stability. A lso, in the previous study carried out by 

M acM anus et al (2000) a lower concentration o f  1 (.iM A p was applied to cells; it is 

possible that the higher concentration o f  2 |aM A p em ployed in this study leads to 

activation o f  the L-type VDCC.

Since it w as dem onstrated in an earlier chapter (C hapter 3) that A p-m ediates 

phosphorylation o f  JN K l, the role o f  the L-type V D CC in A p-m ediated  JN K  activation 

was assessed. The A p-m ediated phosphorylation o f  JN K l was attenuated in

nicardipine treated cells, suggesting a role for the L-type Ca^"  ̂ channel in this signalling
2+event. The role o f  Ca in the activation o f  JN K  rem am s to be fully established. It has 

been dem onstrated that increased Ca^^ influx leads to increased production o f  reactive 

oxygen species w ithin the cell (K rum an and M attson, 1999; Ekinci et al., 2000). 

M itochondria are the prim ary site o f  reactive oxygen species (ROS) generation w ithin

the cell (Brunk and Term an, 2002). In addition, m itochondria also play im portant roles
2 + 2 + in regulating cellular Ca hom eostasis. They can rem ove large quantities o f  Ca from

the cytoplasm  via the activity o f  a uniporter located on the inner m itochondrial

m em brane. Excessive uptake o f  Ca^^ by the m itochondria has been dem onstrated to

result in increased ROS production and subsequent apoptosis (K rum an and M attson,

1999). JN K  is activated by ROS (M ielke and H erdegen, 2000) and so RO S-m ediated
2+activation o f  JN K  represents one m echanism  w hereby increased [Ca ]j m ay m directly 

lead to activation o f  JN K l. How ever, it has previously been reported that extracellular 

Ca^^ is necessary and sufficient for rapid JN K l activation in N M D A  treated cortical

neurons, indicating that the activation o f  JN K l can occur as a direct result o f  increased
2+ 2+Ca influx to the cell (Ko et al., 1998). In line w ith this, the Ca -sensitive kinase,

Pyk2, and the calcium /calm odulin-dependent kinase IV, have been dem onstrated to be

involved in upstream  signalling pathw ays involved in JN K l activation (Enslen et a i ,

1996; Yu et al., 1996). A ctivation o f  another m em ber o f  the M A PK  family, ERK, has

previously been shown to be prevented by blocking the L-type Ca^"  ̂ channel in

neuronal cells (Ekinci et al., 1999a), thus providing further evidence that voltage-

dependent Ca^^ channels can impact on kinase cascades.
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Since phosphorylation o f  p53 at serine-15 was established to be dow nstream  o f  

JNKl  activation in A(3-treated neurons (see Figure 4.5), at this stage o f  the study it was 

appropriate to investigate w hether phosphorylation o f  p53 by A p also occurred via the 

L-type Ca^"  ̂ channel. The result dem onstrated that nicardipine prevented the A p- 

m ediated phosphorylation o f  p53. This result strengthens the case o f  a role for the L- 

type channel as an upstream  regulator in the A p-m ediated  phosphorylation o f  

JNKl  and p53 and dem onstrates that the proclivity  o f  A p to m odulate Ca 

hom eostasis underlies the A P-m ediated im pact on the JN K  / p53 pathway.

Previous studies from this laboratory have dem onstrated a A P-induced increase 

in cytosolic activity o f  cathepsin-L (Boland and Cam pbell, 2003b). In addition, in the 

previous chapter it w as dem onstrated that A p leads to alterations in lysosom al 

m em brane integrity possibly via a m echanism  involving association o f  p53 at the 

lysosom e. Therefore, the involvem ent o f  the L-type Ca channel in the A p-m ediated 

increase in cytosolic cathepsin-L  activity was exam ined. The stim ulatory effect o f  Ap 

on cathepsin-L  activity was abrogated in nicardipine treated cells, providing evidence 

o f  a link betw een the L-type VDCC and the A p-m ediated increase in cytosolic 

cathepsin-L  activity. The effect o f  nicardipine on the A P-m ediated increase in 

cathepsin-L  activity m ay be due to a num ber o f  sources. G iven that A p prom otes 

association o f  phospho-p53 with the lysosom es, and since nicardipine prevents p53 

phosphorylation, the im pact o f  nicardipine on the A p-m ediated  increase in cathepsin-L  

activity m ay be due to the prevention o f  p53 activation. p53 has previously been 

reported to induce lysosom al destabilisation (Y uan et al., 2002), and it was 

dem onstrated in the previous chapter that treatm ent w ith the p53 transcriptional

inhibitor, p ifith rin -a , attenuated the A p induced increase in cathepsin-L  activity.
2_|.

Therefore an interaction betw een Ca and p53 m ay represent a possible m echanism  for

cathepsin-L  release from  the lysosome.
2+  • • •There is evidence that Ca m ay control lysosom es function m exocytosis by

inducing fusion o f  lysosom es with the plasm a m em brane (Rodriguez et al., 1997). In 

addition, in dendritic cells Ca^^-mediated lysosom al exocytosis is follow ed by release 

o f  cathepsins (G ardella et al., 2001). Interestingly, the Ca^^ binding protein, calpain.
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has been dem onstrated to be activated at the lysosom al m em brane and to cause release

o f  cathepsins from the lysosom es via proteolysis o f  the lysosom al m em brane
2+  ■ •(Y am ashim a et al., 1998). Calpain requires an increase in [Ca ]j to induce its

activation (Ishiura et al., 1978). Further evidence for the involvem ent o f  calpain in the 

A P-m ediated increase in cathepsin-L  activity is supplied by a previous finding in this 

laboratory o f  a A p-m ediated increase in calpain activity (Boland and Cam pbell, 

2003a). hi addition, the increase in cytosolic expression o f  cathepsin-L  induced by Ap 

was not observed in cells treated w ith the calpain inhibitor, M D L28170 (Boland and 

Cam pbell; unpublished observation). M y finding that the A p-m ediated  increase in 

cathepsin-L  activity involves the L-type V D CC suggests that Ca^"  ̂ influx through this 

channel m ay im pact on calpain, as well as JN K l and p53, leading to cathepsin-L 

release.

The results o f  the previous chapters dem onstrate that A Pi-4o-mediated 

induction o f  apoptotic events including caspase-3 acfivation and D N A fragm entation 

occur dow nstream  o f  the A p-m ediated increase in activity  o f  JNK , p53®®'̂ '̂  and 

cytosolic cathepsin-L  To further clarify the role o f  the L-type V D CC in A p-m ediated 

neuronal apoptosis, nicardipine was applied to cells to block this subtype o f  Ca^^ 

channel. The proclivity o f  Ap to activate caspase-3 was significantly attenuated 

consequent to nicardipine treatm ent. A p also failed to increase D N A fragm entation in 

nicardipine treated cells. These results are consistent w ith the idea that A p-m ediated 

neuronal apoptosis involves the L-type Ca^"  ̂ channel. A lthough, m ore experim ental 

work w ill need to be carried out to clarify the exact m echanism  o f  L-type Ca^^ channel 

coupling to the apoptotic pathway, it is likely that the neuroprotective effect o f  

nicardipine is due to the upstream  inhibitory effects o f  nicardipine on the A P-m ediated 

increase in JN K  and p53 phosphorylation and cathepsin-L  activity.

In sum m ary, the data presented in this chapter provide strong evidence that

dysregulation o f  Ca hom eostasis plays a role in A p-m ediated  neurodegeneration. The
2+ 2+ observed A p-m ediated increase in [Ca ]i can be attributed, at least in part, to Ca

influx through the L-type Ca^^ channel. Treatm ent w ith the L-type Ca^^ channel

blocker, nicardipine, reversed the A P-m ediated increase in JN K l placing increased
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influx upstream o f these phosphorylation events and indicating that increased
2^ .

activation o f the L-type Ca channel is an early event in the Ap-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 o f 

lysosomal membranes. In addition, exposure to nicardipine significantly reduced AP- 

mediated induction o f  the apoptotic events, caspase-3 cleavage and DNA 

fragmentation. Taken together, these results provide ample evidence o f a role for the L- 

type Câ "̂  channel in Ap-mediated neurodegeneration.

145



Chapter 7

AP and IL-1P regulate mRNA expression o f pro- and anti-apoptotic genes



7.1 Introduction

Neuroinflammation involves an innate immune reaction o f sufficient intensity 

that self-attack on neurons occurs. Along with neuritic plaques and neurofibrillary 

tangles, neuroinflammation is considered a hallmark feature o f AD (McGeer and 

McGeer, 2001). Although it has not yet been fully established whether 

neuroinflammation occurs as a cause or consequence o f AD pathology, there is 

increasing evidence to suggest that inflammation plays an integral part in development 

o f AD (Moore and O ’ Banion, 2002). A long list o f infl.ammatory proteins, such as 

complement factors, acute-phase proteins, and pro-inflammatory cytokines, have been 

identified in AD brains (Akiyama et a l ,  2000). In addition, findings that amyloid 

plaques in AD brains are characterised by the presence o f  activated complement 

factors, as well as clusters o f activated microglia (Eikelenbloom et al., 2002), indicates 

that some form o f inflammatory process is taking place. Since there is no apparent 

influx o f leukocytes from the blood in AD brain it is assumed that Ap deposits in AD 

brains are associated with a locally induced, non-immune-mediated, chronic 

inflammatory-type response (Eikelenbloom et al., 2002). Inflammation can be 

triggered by the accumulation o f 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 o f  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 o f  the very 

neurons they were intended to protect. One way in which they do this is by initiating a 

cytokine response, releasing a number o f 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 TN F-a, 

IL-ip, IL - la  and IL-6 (McGeer and McGeer, 2003). Activated astrocytes in the AD 

b ran  have also been shown to secrete a wide range o f 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 o f neuroinflammation in AD (Moore and 

O ’Banion, 2002). Evidence for this comes from in vitro studies which have 

demonstrated that Ap and APP can activate glia in a dose- and time-dependent manner 

as measured by expression o f the potent pro-inflammatory cytokines interleukin- 

Ip  (IL -ip) 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 e? a/., 1995).

O f particular interest in our laboratory are the changes in expression in 

cytokines associated with the AD brain. TN F-a is a well-characterised mediator o f 

apoptosis, which sets up a delicate life/death balance within the cell (Smith, 1994). It 

can induce apoptotic changes in cells via activation o f caspase-3 (Guicciardi et al., 

2000). TN F-a has been reported to increase production o f  Ap and inhibit the secretion 

o f  soluble APPs (Blasko et al., 1999). TN F-a also activates the key transcription factor 

NF-kB which has a role in regulation o f neuronal survival. Analysis o f AD patients has 

revealed strong NF-kB activity in the centre o f primitive plaques and in neurons and 

aslroc>1.es surrounding these plaques (Kallscmidt et al., 1997). There is a great amount 

o f evidence in the literature to suggest that the NF-kB family o f transcription factors 

regulate cell survival by suppression o f apoptosis (Barkett et 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 o f NF-kB (Grilli et al., 1996). This signalling cascade is even more 

complicated by the fact that NF-kB can in turn induce gene production o f pro- 

inflammatory T N F-a (Mattson and Camandola, 2001). There is also evidence to 

suggest that TNF- a  may have a neuroprotective role through increased expression o f 

anti-apoptotic Bcl-2 (Tarkowski et al., 2003).

Overexpression o f  the pro-inflammatory cytokine, IL -ip , in AD brain was first 

shown by Griffin et al, (1989) and it is now known that 78% o f plaques containing 

aggregated Ap peptide contain IL -ip  immunoreactive microglia (Griffin et al., 1995). 

Excessive expression o f  IL -ip in the AD brain has been proposed to contribute to
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additional processing o f  Ap in neurons (Forloni et al, 1992). Furthermore, a common 

polymorphism in the IL -ip  gene is associated with a 4-fold increase in production o f 

IL -ip  and an associated increased risk o f AD (Mrak and Griffin, 2001). Previous 

results from this laboratory have demonstrated an IL -ip  dependent increase in calcium 

concentration in rat cortical synaptosomes (Campbell et al., 1998). In addition, IL -ip  

has been reported to increase activation o f JNK in vitro and in vivo (Vereker et al., 

2000) and recent work by Minogue et al (2003) shows an increased concentration o f 

IL -ip  in AP-treated cortical neurons. This provides evidence that IL -ip  may play a 

role in neurodegeneration and demonstrates IL -lp  as a worthy candidate for further 

investigation.

Although there is evidence that neurons, as well as glial cells, express pro- 

inflammatory cytokines such as TN F-a (Perry et al., 2001) and IL -ip  (Lechan et al., 

1990), little experimental work has been carried out to examine the role o f neuronal 

cytokine expression in neurodegeneration. The objective o f this study was to determine 

whether Ap lead to an alteration in mRNA expression o f the apoptosis-related genes 

caspase-3, Bcl-xl, TN F-a and NF-kB in cultured cortical neurons. Expression o f the 

endogenous NF-kB inhibitor, IkB, was also assessed, in addition, since the pro- 

inflammatory cytokine IL -ip  is also implicated in neuronal apoptosis, we chose to 

assess the effect o f IL -ip  on mRNA expression o f  the apoptotic effector caspase-3 and 

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

7.2.1 AP increases caspase-3 mRNA expression

Since caspase-3 is a key executioner o f  apoptosis, the effects o f  A p on caspase- 

3 m RN A  expression were exam ined. Cells were treated w ith A p (2 |iM ) for 18 hr and 

caspase-3 m RN A  expression was assessed by RT-PC R  w ith gene-specific prim ers for 

caspase-3 and GAPDH. Figure 7.1 dem onstrates that A p evoked a significant increase 

in caspase-3 m RN A  from 1.0 ± 0.025 (m ean band w idth ± SEM ; arbitrary units) to 

1.107 ± 0.03 (p<0.05, student’s t-test, n=9). The m R N A  expression o f  caspase-3 was 

nom ialised to that o f  the housekeeping gene GA PD H. A sam ple agarose gel 

dem onstrating the effect o f  A p on caspase-3 m RN A  expression is depicted in Figure 

7.1B.

7.2.2 Effect of AP on mRNA expression of Bcl-xl

The effect o f  A p on m RNA expression o f  anti-apoptotic Bcl-xl was assessed. 

Cells were treated with A p (2 |aM) for 18 hr and Bcl-xl m RN A  expression was 

assessed by RT-PC R with gene-specific prim ers for Bcl-xl and GA PD H. Figure 7.2 

dem onstrates that A p had no effect on Bcl-xl m RN A  expression. Thus Bcl-xl m RN A  

expression was 0.95 ± 0.082 (mean band w idth ± SEM ; arbitrary units) in control cells 

ard 1.0 ± 0.077 (n==9) in A p-treated cells. The m R N A  expression o f  Bcl-xl was 

ncrm alised to that o f  the housekeeping gene GA PD H. A sam ple agarose gel 

dem onstrating the effect o f  A p on Bcl-xl m RN A  expression is depicted in Figure 7.2B.

7.!.3 Ap increases expression of cytokine TN F-a

Since altered expression o f  cytokines such as T N F -a  have been observed in AD 

bn in  (M cG eer and M cGeer, 2003) and have been reported to potentiate the neurotoxic 

ac ion  o f  A p (Pollock et ciL, 2002) levels o f  expression o f  the m RN A  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 AP (2 ^iM) for 18 hr and caspase-3 mRNA 

expression was assessed using RT-PCR. AP 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-xl mRNA in cultured cortical 
neurons

A. Cortical neurons were treated w ith A(i (2 |j,M) for 18 hr and Bcl-xl mRNA 

expression was assessed using RT-PCR. There was no change in m RN A expression 

o f Bc1-k1 following treatment with Ap. Results are expressed as mean ± SEM for 6 

independent observations.

B. Representative image o f agarose gel dem onstrating levels o f  Bcl-xl and GAPDH 

mRNA expression in control (lane l) and AP-treated cells (lane 2).
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Figure 7.3 AP increases expression of TN F-a mRNA in cultured cortical 
neurons

A. Cortical neurons were treated with AP (2 jj,M) for 18 hr and TN F-a mRNA 

expression was assessed using RT-PCR. AP significantly increased mRNA 

expression o f TNF-a. Results are expressed as mean ± SEM for 8 independent 

observations * p<0. 05

B. Representative image o f agarose gel demonstrating levels o f TN F-a and 

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



the cytokine TN F-a was examined in Ap-treated cultured neurons. Cells were treated 

with Ap (2 |liM) for 18 hr and TN F-a niRNA expression was assessed by RT-PCR 

with gene-specific primers for TN F-a and GAPDH. Figure 7.3 demonstrates that AP 

evoked a significant 22 % increase in TN F-a mRNA expression from a control value 

o f 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 o f T N F-a was normalised to that o f the 

housekeeping gene GAPDH. Figure 7.3B is a sample agarose gel demonstrating the 

AP-mediated increase in TN F-a mRNA.

7.2.4 Ap increases expression of the transcription factor NF-kB but not IkB

The effect o f Ap on mRNA expression o f the cytokine-associated transcription 

factors N F -kB and IkB was assessed. Cells were treated with Ap (2 |aM) for 18 hr and 

mRNA expression o f N F -kB and IkB were assessed by RT-PCR with gene-specific 

primers for N F -kB, IkB and GAPDH. Figure 7.4 demonstrates that Ap evoked a 

sign ficant increase in levels o f the dual-functioning transcription factor N F -kB from 

1.12 ± 0.11 (mean band width ± SEM; arbitrary units) to 1.272 ± 0.069 (p<0.05, 

stud;nt’s t-test, n=6). In contrast, Ap had no modulatory effect on mRNA expression 

o f  li;B (Figure 7.5). Thus mRNA expression o f IkB was 0.99 ± 0.01 in control and 

1.073 ± 0.09 in AP-treated cells. The mRNA expression o f both N F -kB and IkB were 

normalised to that o f  the housekeeping gene GAPDH. Figure 7.4B and 7.5B arc sample 

agar)se gels demonstrating the effect o f Ap on N F -kB and IkB mRNA expression.
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Figure 7.4 AP increases expression of NF-kB mRNA in cultured cortical 
neurons

A. Cortical neurons were treated with Ap (2 |.iM) for 18 hr and NF-kB mRNA 

expression was assessed using RT-PCR. Ap significantly increased mRNA 

expression o f NF-kB. Results are expressed as mean ± SEM for 6 independent 

observations, * p<0.05.

B. Representative image o f agarose gel demonstrating levels o f NF-kB and 

GAPDH mRNA expression in control (lanel) and AP-treated cells (lane 2).
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Figure 7.5 AP has no effect on expression of IkB niRNA in cultured cortical 
neurons

A. Cortical neurons were treated with AP (2 |j.M) for 18 hr and IkB mRNA expression 

was assessed using RT-PCR. Ap 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 IkB and GAPDH 

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



7.2.5 IL-ip  increases caspase-3 mRNA expression

In order to assess the effect o f IL -ip  on caspase-3 mRNA expression, cells 

were treated with IL-1[3 (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 -ip  

significantly increased caspase-3 mRNA expression from a control value o f  1.02 ± 0 .17  

(mean band width ± SEM; arbitrary units) to 1.368 ± 0.04 (p<0.05, student’s t-test, 

n=6). The mRNA expression o f caspase-3 was normalised to that o f  the housekeeping 

gene GAPDH. A sample agarose gel demonstrating the effect o f IL -ip  on caspase-3 

m ^NA expression is depicted in Figure 7.6B.

7.2.6 IL-ip  increases mRNA expression of pro-apoptotic Bax

The effect o f  IL -ip o n  mRNA expression o f Bax was assessed. Cells were 

treated with 5 ng/ml IL -ip  for 18 hr and RT-PCR was carried out using gene specific 

prm ers for Bax and GAPDH. Figure 7.7 demonstrates that IL -ip  significantly 

in:reased Bax mRNA expression from a control value o f 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 

opression  o f  Bax was normalised to that o f  the housekeeping gene GAPDH. A sample 

atarose gel demonstrating the effect o f IL -ip  on Bax mRNA expression is depicted in 

Figure 7.7B.

1 .1.1 IL-ip  leads to an increase in mRNA expression of anti-apoptotic Bcl-xl.

Expression o f the bcl-2 family member, Bcl-xl, was assessed following 

e>posLire o f cells to IL -ip  for 18 hr. RT-PCR was carried out with gene specific 

prm ers for Bcl-xl and GAPDH (Figure 7.8). IL -lp  (5ng/ml) lead to a significant 25 % 

increase in expression o f Bcl-xl from a control value o f 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 

opression o f  Bcl-xl was normalised to that o f the housekeeping gene GAPDH. A



sample agarose gel demonstrating the effect o f IL -ip  on Bcl-xl mRNA expression is 

depicted in Figure 7.88.
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Figure 7.6 IL -ip  increases expression of caspase-3 mRNA in cultured 

cortical neurons

A. Cortical neurons were treated with IL -ip  (5 ng/ml) for 18 hr and caspase-3 

mRNA expression was assessed using RT-PCR. IL -lp  significantly increased 

mRNA expression o f caspase-3. Results are expressed as mean ± SEM for 6 

independent observations * p<0. 05.

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

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



1.5-|
c_o

' c / 3c/i C/5(U
a *5
X(U

< ^31.0-
;z
Qi
S cd
Xa

DQ

0.5 J

I I co n tro l

CZl IL-lp

GAPDH 532 bp

Figure 7.7 IL-1P increases expression of Bax niRNA in cultured 

cortical neurons

A. Cortical neurons were treated with IL -ip  (5 ng/ml) for 18 hr and Bax mRNA 

expression was assessed using RT-PCR. IL -lp  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 o f Bax and GAPDH 

mRNA expression in control (lanel) and IL -1 P-treated cells (lane 2).
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Figure 7.8 IL-ip increases expression of Bcl-xl mRNA in cultured cortical 
neurons

A. Cortical neurons were treated with IL-ip (5 ng/ml) for 18 hr and Bcl-xl mRNA 

expression was assessed using RT-PCR. IL-ip 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-xl and GAPDH 

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



7.3 Discussion

The aim o f  this study was to identify the nature o f  the pro-and anti-apoptotic 

m RNA species regulated by Ap and the proinflammatory cytokine, IL -ip , in cultured 

cortical neurons. The results demonstrate that Ap evokes a significant increase in 

m RNA expression o f  pro-apoptotic caspase-3, but no change in expression o f  anti- 

apoptotic Bcl-xl. hi addition, Ap increased mRNA expression o f  the pro-inflammatory 

cytokine, TN F-a, and the associated transcription factor, NF-kB. N o alteration in 

m RNA expression o f  the endogenous NF-kB inhibitor, IkB, occurred following Ap- 

treatment. Analysis o f  the effects o f  IL-ip on mRNA expression in cultured cortical 

neurons demonstrated a significant increase in mRNA expression o f  pro-apoptotic Bax 

and caspase-3, and anti-apoptotic Bcl-xl. These results indicate that neurons, as well as 

glial cells, can produce cytokines such as TN F-a in response to stressful stimuli and 

that exposure to stressors such as Ap or IL-ip leads to an alteration in neuronal mRNA  

expression o f  apoptosis-related genes.

Altered levels o f  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 o f  cortical neurons with A P i .40  and IL-ip. Having previously demonstrated 

that Ap mediates an increase in expression o f  pro-apoptotic Bax protein but does not 

alter mRNA expression o f  p53, the effect o f  Ap on mRNA expression o f  the apoptosis- 

related genes caspase-3 and Bcl-xl was examined. Increased activity o f  caspase-3 in 

response to Ap treatment has been reported in numerous studies (Bozyczko-Coyne et 

a i ,  2001; Marin et a l ,  2000; Allen et al., 2001). In our system, increased activity o f  

caspase-3 has been demonstrated to occur following 24 hrs A P i .4 0  treatment (Boland 

and Campbell, 2003a), therefore a time point upstream o f  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 o f  caspase-3 m RNA at 18 hr. 

Although an AP-induced increase in caspase-3 m essage has not previously been 

reported, the present finding is in accordance with other studies o f  neuronal apoptosis
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where an increase in caspase-3 m R N A  w as observed in injured brain (Y ang et al., 

2002; Eldadeh et al., 1997; Ginham et al., 2001). Yang et a l  (2002) found transcription 

o f  caspase-3 m R N A  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 Cam pbell, 2003a). S ince our results 

demonstrate an A p-m ediated increase in caspase-3 m R N A  expression  at 18 hours, it is 

therefore probable that A p leads to an increase in transcription o f  the caspase-3  gene, 

which is likely fo llow ed by increased translation o f  the protein and an upregulation o f  

enz\m atic activity.

The Bel fam ily member, B cl-x l, is the c losest m am m alian relative o f  B cl-2  and 

similarly to B cl-2  it acts as a cell death repressor. B cl-x l is expressed in the human 

n er\ous system  and expression is found to be particularly high in the brain (Z om ig  et 

al., 2001). S ignificant B cl-x l expression has been demonstrated in reactive m icroglia o f  

patients w ith A D , and B cl-x l-p ositive m icroglia have been found to co loca lise  with Ap  

placues in A D , suggesting a general role for B cl-x l in areas o f  pathology (Drache et al., 

1997). In this study A p w as found to have no effect on m R N A  expression  o f  B cl-xl. 

This is in contrast to the findings o f  a number o f  other studies. Luetjens et a l  (2001) 

found increased expression o f  B cl-xl m R N A  and protein fo llow in g  treatment o f  PC 12 

cells w ith A P i.4o and Kim et a l  (1998) report a decrease in the ratio o f  B cl-x l / B cl-xs  

fo lb w in g  treatment w ith A P 2 5 - 3 5 .  In a further study, exposure o f  cultured neurons to 

A p was associated with a transient, non-persistent increase in B cl-x l m R N A  expression  

(Iw isaki et al., 1996). W hile the study carried out by Luetjens’s group exam ined  

exp-ession o f  B cl-x l fo llow in g  a 6 hour exposure to A p , the present study exam ined  

gene expression fo llow in g  18 hours Ap-treatm ent. It is possib le that increased  

trarscription o f  B cl-xl m ay have occurred at an earlier tim e point in an attempt to 

inciease resistance o f  neurons to A P-neurotoxicity and that by 18 hour levels o f  B cl-x l 

mRMA have returned to basal levels. H ow ever, further experim ents w ill need to be  

canied out to determine whether this is the case.

O verexpression o f  cytokines in the brain is an important factor in the 

pathogenesis o f  neurodegenerative disorders and altered expression o f  cytokines is
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observed in the brain o f  A lzh eim er’s disease patients (Bauer et  a i ,  1991). 

Neurodegeneration is c lo se ly  related to the shift o f  cytokine balance tow'ards the side o f  

pro-inflam m atory cytokines like T N F -a . Expression o f  TN F- a  is rapidly induced by  

m icroglia  and astrocytes in injury brain and leads to apoptosis in a number o f  cell types 

(W allach  et al., 1999). The experim ents carried out in this study demonstrated  

increased expression o f  TNF- a  in cultured neurons fo llow in g  treatment w ith A[3, 

indicating that neurons as w ell as glial ce lls  produce cytokines in a stressful 

environm ent. H ow ever, the in vitro  situation is not alw ays reflective o f  the events 

occurring in the brain and it can not be ruled out that, in the presence o f  glia, the 

production o f  cytokines by neurons m ay prove to be negligib le. T N F -a-induced  

apoptosis is mediated by the TNF-receptor-1 (T N FR -1) and results in initiation o f  the 

caspase cascade by activation o f  caspase - 8  (Z om ig  et al.,  2001). Caspase - 8  in turn 

leads to cleavage and activation o f  caspase-3. Work carried out in our laboratory has 

demonstrated that A P i .4 0  leads to increased activity o f  caspase-3 in cultured cortical 

neurons (Boland and Cam pbell, 2003a) Therefore, increased expression o f  T N F -a  in 

AP-treated cultured neurons m ay represent a m echanism  whereby increased activity o f  

caspase-3 m ay occur. In addition, T N F -a  can lead to activation o f  JNK (Barbin et al. 

2001; M ielke and Herdegen, 2002). G iven that JNK activation w as demonstrated to be 

integral to A p-m ediated apoptosis in an earlier chapter, T N F -a  -m ediated activation o f  

JNK m ay be an upstream event in A p signalling in cultured cortical neurons. 

Interestingly, T N F -a  also activates the dual functioning transcription factor N F-kB . 

N F-kB  has been demonstrated to act as a powerful suppressor o f  apoptosis in many 

system s (M attson and Camm andola, 2001). In this w ay TN F- a  can act as a regulatory 

m olecule within the cell leading to activation o f  anti-apoptotic factors such as N F-kB , 

in addition to pro-apoptotic factors such as caspase-3.

A p lead to a significant increase in m R N A  expression o f  N F -kB , with no 

concom itant increase in transcription o f  its endogenous inhibitor, IkB. N F -kB  norm ally 

resides in a com plex with IkB and is sequestered in the cytosol in an inactive form. On 

activation by an inducing stim ulus, N F-kB  is released and can migrate to the nucleus 

and activate transcription o f  its target genes (D enk et al.,  2000). The increased
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expression o f NF-kB is possibly reflective o f a compensatory effort by neurons to 

counteract the numerous pro-apoptotic events occurring such as activation o f JNK and 

caspase-3. However, since a pro-apoptotic role for NF-kB has also been suggested 

(Grilli et al., 1996, Wang et al., 1996) the significance o f  increased NF-kB expression 

by Ap in the neurodegenerative cascade remains to be established.

Several reports have provided evidence o f a role for IL -ip  in the etiology o f 

AD (Griffin et al., 1989; Mrak and Griffin, 2001). A link between Ap and IL -ip  has 

also been described in several studies; for example Ap has been shown to stimulate 

production o f IL -ip  in a microglial cell line (Szczepanik et al., 2001). IL -ip  in turn, in 

combination with IFNy, can positively influence the production o f  additional Ap by 

supporting P-secretase cleavage o f the immature APP molecule (Blasko et al., 2000). 

The present study demonstrates an IL-1 P-mediated increase in expression o f  caspase-3 

mRNA. This is consistent with other reports in which increased caspase-3 activity has 

been linked with expression o f IL -ip  (Lynch and Lynch, 2002; Martin et al., 2002). 

The finding that IL -ip , as well as Ap, leads to increased caspase-3 mRNA expression 

suggests the possibility that some o f the actions o f Ap may be mediated through IL-1 p. 

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 inifial proteolytic cleavage o f inactive 

pro-lL -ip  to active IL -ip  is carried out by the protease, caspase-1, so the finding that a 

caspase-1 inhibitor prevents these Ap-mediated effects suggests a role for IL-1 p in  

mediating some o f the actions o f Ap.

The present study demonstrates that IL -ip  lead to an increase in mRNA 

expression o f Bax. In an earlier chapter o f this thesis (Chapter 4), it was demonstrated 

that Ap also leads to increased mRNA expression o f Bax, strengthening the possibility 

o f the involvement o f IL -ip  in Ap-mediated events. However, while IL -ip  evoked a 

significant increase in mRNA expression o f  Bcl-xl, Ap did not alter Bcl-xl mRNA 

expression. This result demonstrates that while IL -ip  may be responsible for mediating 

some o f the effects o f 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 o f  the 

link between Ap and IL -lp  in Ap-mediated neurotoxicity.

In conclusion, the results presented in this chapter demonstrate that Ap leads to 

increased mRNA expression o f pro-apoptotic caspase-3. In addition, Ap modulates 

neuronal transcription o f the cytokine TN F-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 Ap. Analysis o f the effects o f IL -ip  

on neuronal cells demonstrates that IL -ip  mirrors some o f the effects o f Ap, leading to 

increased mRNA expression o f caspase-3 and Bax. This suggests the possibility that 

some o f the apoptotic effects o f Ap in cultured cortical neurons may be mediated 

through IL -ip  signalling.
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Final Discussion

Chapter 8



8.1 General Discussion

Alzheimer’s Disease (AD) is the most common neurodegenerative disorder and 

the most prevalent cause o f  dementia with aging. Although a number o f 

phannacological treatments for AD have been demonstrated to have some beneficial 

effects on cognitive, functional, and behavioural symptoms o f AD, there is still no 

effective treatment for prevention or cure o f this dehabilitating disease. The 

pharmacological treatments employed over the last decade largely involve the use o f 

acetylcholinesterase inhibitors to compensate for cholinergic deficits which occur in 

AD (Hirai, 2000). These inhibitors prevent the break down o f acetylcholine and 

prolong cholinergic transmission at synapses. One o f the major pathological hallmarks 

o f AD is the presence o f amyloid plaques throughout the cerebral cortex and 

hippocampus o f the brain, the main constituent o f these plaques is an aggregated form 

o f Ap peptide. Evidence gathered from studies carried out on the inherited form o f AD 

has demonstrated a central role for this Ap peptide in the pathogenesis o f AD since all 

AD causing mutations identified to date increase the production o f Ap (Selkoe, 2001).

New therapeutic approaches are targeted more closely to the pathogenesis o f 

the disease and are based on Ap biology. Pharmacological inhibition o f P and y 

secretase is one approach which is currently under investigation. Inhibition o f  P- 

secretase is thought to be an ideal therapeutic target as it catalyses the first step o f  Ap 

production (Scarpini et ciL, 2003). P-secretase knockout mice have no clinical 

phenotype except for low Ap concentration (Luo et al., 2001). However, little is known 

about the function o f Beta site APP cleaving enzyme 2 (BACE2), the second P- 

secretase enzyme identified (Saunders et al., 1999) and it will be important to elucidate 

its physiological role. In the case o f 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 o f  Ap or to enhance its clearance from 

the brain. This approach, termed immunotherapy, involves active or passive Ap
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immunisation, in which antibodies to A(3 decrease cerebral levels o f the peptide, by 

promoting microglial clearance (Bard, 2000), or by redistributing peptide from the 

brain (DeMattos et a i ,  2001). However, the first clinical trials using an A p 4 2  peptide, 

coupled with an immune adjuvant, were halted when 17 out o f  360 patients developed 

signs o f brain inflammation (Shenk, 2002). Since then studies are ongoing to develop 

modified fonns o f the vaccine which will not elicit an inflammatory response. Studies 

on a new form o f the vaccine containing just residues 4-10 o f 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 Ap-mediated apoptosis (W aldmeier, 2003).

The mechanisms o f  Ap toxicity have been a major focus o f AD research for 

the past decade and are likely to involve dysregulation o f  Ca^^ homeostasis, generation 

o f reactive oxygen species resulting in oxidative stress and neuroinflammation 

(Mattson et a i ,  1993a; Storey and Cappai, 1999). Indeed, previous findings from this 

laboratory have demonstrated the proclivity o f AP to lead to disruption o f intracellular 

Ca^^ homeostasis in cultured neurons (MacManus et al., 2000).

The primary objective o f this study was to investigate the downstream cellular 

and molecular signalling events associated with the neurodegeneration observed in 

APi_4 ()-treated cultured cortical neurons, with particular emphasis on the role o f the 

MAPK superfamily o f kinases. The application o f  Ap directly to cultured cells 

represents an in vitro model for extracellular Ap deposition in the cerebral cortex o f the 

brain. Several observ'ations lead to the establishment o f this project. Firstly, previous 

experiments carried out in this system, applying the aggregated form o f A Pi .4 0  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 APi_4 o leads to cleavage o f the DNA repair enzyme, PARP, 

suggests that the observed APi_4o -dependent neurodegeneration is as a result o f 

apoptotic cell death. Secondly, the MAPK family, which are the principal intracellular 

signalling kinases linking activation o f cell surface receptors to cytoplasmic and 

nuclear effectors, have been demonstrated to play important roles in the regulation o f
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neurodegeneration in num erous studies. Specifically , the stress activated protein 

kinase, JNK, has been demonstrated as a potent effector o f  neurodegeneration in 

response to a variety o f  stim uli including oxidative stress and Ca^^ signalling (M ielke  

and H erdegen 2000; Ko et a l ,  1998). Furthermore, several JNK  substrates including  

p53 and Bax have been demonstrated to be upregulated in A D  brain (D e la M onte et  

al.,  1998; Tortosa et al.,  1998). It w as therefore appropriate to exam ine the role o f  

M A PK  fam ily members and downstream substrates, as potential effectors in the A p - 

m ediated neurodegenerative cascade.

The results presented in this study provide a strong case for the involvem ent o f  JNK in 

A p-m ediated  neurodegeneration. M y finding that JNK activity is increased fo llow ing  

exposure to A P i .4 0  in cortical neurons concurs with the effects o f  other A p fragments in 

neuronal system s (B ozcyzko-C oyne et al.,  2001; Troy et al.,  2001). H ow ever, it is o f  

note that the time frame for JNK  activation varies considerably betw een the different 

JNK isofom is. M aximal activafion o f  JN K l w as found to occur at 1 hr, w h ile  maximal 

activation o f  JNK2 did not occur until 24  hours fo llow in g  treatment with A p i.4 0 . 

H ow ever, A P i .4 0  failed to have any effect on the brain-specific JNK isoform , JNK3. 

T hese results demonstrate the functional diversity that exists betw een JNK isoform s. 

Since, the com m ercially available inhibitors o f  JNK do not differentiate betw een  

sp ecific  JNK isofon ns, an antisense approach w as em ployed in order to resolve the 

respective roles o f  JN K l and JNK2 in the AP cascade. The results obtained  

dem onstrate that JN K l is the principal JNK isoform  involved in A p-m ediated neuronal 

cell death and place JN K l upstream o f  caspase-3 activafion and D N A  fragmentafion in 

Ap-treated cortical neurons. In contrast, JNK 2 w as not found to be involved in A p -  

m ediated regulation o f  these cell-death events. T hese results m ay have important 

im plications in the search for therapeutic approaches to prevent A P-associated  

neurodegeneration. JNK can be linked to neuroprotection, as w ell as neurodegeneration  

and plays a role in regulating the final cellular outcom e depending on cellular context 

and the effects o f  other signalling pathways acting sim ultaneously (H erdegen et al.,  

2000). Therefore, com plete inhibition o f  JNK m ay result in a loss o f  this regulatory 

function and result in preserving dysfunctional cells. The results presented herein 

suggest that JN K l is the principal JNK  isoform  involved  in carrying out the
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neurodegenerative effects o f  Ap. Therefore, a therapeutic strategy targeted specifically 

to depletion, or inactivation, o f JNK l may offer an efficient method o f preventing 

apoptosis o f functional cells while retaining activity o f  the other JNK isoforms 

involved in the physiological removal o f dysfunctional cells. Antisense technology is 

ideally suited to the purpose o f selectively blocking the biosynthesis o f harmful 

proteins in the brain. However, technical limitations which need to be overcome 

include sufficient penetration o f the blood-brain barrier, which is only permeable to 

lipophilic molecules o f less than 600 kDa (Boado et a i ,  1998), and the prevention o f 

antisense oligonucleotide catabolism in vivo. Some progress has been made in 

enhancing stability o f oligonucleotides through the introduction o f  phosphorothioate 

oligonucleotides to the phosphate backbone o f 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 o f  antisense to a monoclonal antibody 

to the rat transferrin receptor (Boado et a i ,  1998).

In order to determine whether the JNK and ERK signalling cascades were 

simultaneously activated, phosphorylation o f ERK was assessed over the same time 

frame at which JNK phosphorylation had been assessed. No alteration in ERK activity 

was observed at any o f the examined time points. This result is in agreement with a 

study by Ekinci et al (1999) where it was demonstrated that no change in ERK activity 

occurs following Ap 1.40-treatment, instead the authors observe an A^-dependent 

relocation o f ERK activity from cytosol to membrane. In addition, that study reports 

that the enhanced activity o f ERK at the membrane leads to activation o f the L-type 

Ca^^ channel in neurons, proposing a mechanism whereby Ap leads to Ca^^ 

dysregulation in neurons through redirection o f  ERK from cytosolic to membrane 

proteins. While the cellular distribution o f ERK was not assessed as part o f this study, 

the possibility that ERK activity may modulate the previously reported dysregulation 

o f Ca'^ homeostasis observed in this system following Ap-treatment (Macmanus et al., 

2 0 0 0 ) is an appealing prospect which will warrant future experimentation.
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Analysis o f p53 expression in Ap-treated cells revealed an Ap-mediated 

stabilisation o f p53 protein via phosphorylation at residue serine-15 o f the protein. This 

stabilisation o f p53 occurred in a transcription-independent manner and was evident 

within 5 minutes and 1 hr o f  AP-treatment. The evidence o f an interaction between Ap 

and p53 is supported by other studies (Laferla et a l ,  1996; Culmsee et a l ,  2001). 

Targeted depletion o f JN K l using specific antisense oligonucleotides demonstrated 

that phosphorylation o f p53 was JN K l dependent and therefore provides evidence that 

p53 is downstream o f JN K l in Ap-mediated signalling events. Analysis o f the effects 

o f Ap on the pro-apoptotic Bcl-2 family member, Bax, indicated that A Pi .4 0  increases 

niRNA and protein expression o f Bax in a time-dependent manner, with significantly 

increased Bax expression o f mRNA and protein being observed at 6  hours post­

treatment. Application o f the p53 inhibitor, pifithrin-a, revealed that the Ap-mediated 

increase in Bax expression was mediated through p53, placing Bax downstream of 

JN K l and p53 in the Ap cascade. These findings are consistent with the time frame at 

which Ap-mediated effects are observed, with JN K l and p53 being phosphorylated 

within 5 minutes and 1 hour o f AP-treatment and increased expression o f  Bax being 

observed at the later time point o f 6  hours. Furthermore, the proclivity o f  Ap to impact 

on markers o f the apoptotic cascade -  namely caspase-3 activity, PARP cleavage and 

DNA fragmentation was significantly attenuated in pifithrin-a-treated cells placing p53 

upstream o f these apoptotic events. The emerging paradigm from these results is o f  an 

Ap pathway involving early activation o f JNK and p53 and a later increased expression 

o f  Bax (see proposed scheme). The consequences o f  these Ap-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 o f  the 

cell death pathway, makes it a prime candidate for therapeutic intervention. The 

findings o f this study, along with other studies investigating the effects o f  A Pi -42 

fragments (Culmsee et al., 2001; Tamagno et al., 2003), demonstrate that pifithrin-a 

offers protection against Ap-mediated neurotoxicity. The prospect o f using
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antiapoptotic com pounds in the treatment o f  chronic neurodegenerative d iseases, such  

as A lzh eim er’s disease, w h ile  attractive, also m ay lead to problem s such as the 

preservation o f  dysfunctional ce lls  or a shift from apoptosis to necrosis, which could  

w orsen the target pathology by eliciting inflam m atory responses. The potential o f  

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 o f  this study dem onstrating an early activation o f  JNK  and p53 in A P i .4 0  

treated cells p laces them at a proxim al point for intervention in the apoptotic cascade.

H aving established a role for p53 and Bax in A p-m ediated  signalling events, 

the next series o f  experim ents aimed to assess the subcellular distribution o f  p53 and 

Bax fo llow ing treatment w ith A|3. Bax norm ally resides in the cytosol o f  the cell. Upon  

activation, Bax translocates to the m itochondria, where it can facilitate release o f  

cytochrom e c  through formation o f  pores in the outer m itochondrial membrane (Gao 

and Dou, 2000). A nalysis o f  Bax expression in cytoso lic  and m itochondrial fractions 

demonstrated an A p-m ediated  reduction in Bax expression in cytosolic  fractions. This 

coincided with an increase in Bax expression in m itochondrial fractions. H ow ever, the 

increase in Bax expression in mitochondrial fractions did not reach significance. Closer 

inspection o f  cellular expression o f  Bax in association with the fluorescent 

mitochondrial marker, Mitotracker Red, revealed increased association o f  Bax with  

m itochondria in Ap-treated cells. In addition, increased expression o f  phospho-p53®‘̂ '̂ '̂  

w as also found to be associated with the m itochondria. The tim e frame o f  Bax and p53 

association with m itochondria at 6  hours coincides w ith relocation o f  the apoptotic- 

mediator cytochrom e c  from the inner m itochondrial space to the cytosol. 

Translocation o f  cytochrom e c  to the cytosol is a defining characteristic o f  the cells  

com m itm ent to apoptotic cell death (Y ang et ciL, 1997) w hich  is often regulated by 

members o f  the B cl-2  fam ily, including Bax (Z om ig  et al.,  2001). Additionally, 

association o f  p53 w ith the m itochondrial membranes has been demonstrated to 

precede cytochrom e c  release and caspase activation (M archenko et al.,  2001). These  

results provide evidence that p53, as w ell as B ax, m ay be involved  in regulation o f  

mitochondrial membrane stability. The co-localisation  analysis o f  Bax and p53 

expression with m itochondria demonstrated that regions remained w ithin the cell 

where expression o f  Bax and p53 did not co-loca lise  w ith m itochondria. T hese results
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suggest that Ap may evoke translocation o f 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 o f  the lysosomal protease, 

cathepsin-L (Boland and Campbell, 2003b), suggestive o f  an Ap-mediated 

translocation o f cathepsin-L from the lysosome to the cytosol. In addition, inhibition o f 

cathepsin-L prevented the Ap-mediated increase in caspase-3 activity, PARP cleavage 

and DNA fragmentation. These findings led to the investigation o f the cellular location 

o f  Bax and p53 in the present study. Expression o f  Bax and p53 was assessed in 

association with the fluorescent lysosomal marker, Lysotracker Red. At 6 hr post AP- 

treatment, increased expression o f Bax was observed at the lysosome. Since Bax is 

integral in inducing cytochrome c release from the mitochondria in the apoptotic 

process (Zomig et al., 2001), the observation o f  increased association o f 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 o f phospho-p53^^'^'^ at the lysosomes was also evident at 6 

hrs post AP-treatment. Since p53 has previously been reported to play a role in 

initiation o f lysosomal destabilisation (Yuan et al., 2002), the effect o f  AP on 

lysosomal integrity was assessed using the Acridine Orange (AO) technique. A diffuse 

pattern o f AO staining was observed in Ap-treated cells reflective o f a compromised 

lysosomal membrane. Application o f  pifithrin-a abolished the Ap-mediated increase in 

cytosolic cathepsin-L indicating that the Ap-mediated increase in cathepsin-L activity 

is p53-dependent. These findings indicate a possible mechanism whereby p53 and Bax 

contribute to a lysosomal and mitochondrial branch o f 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 o f the 

earliest detectable event during apoptosis (Cataldo et al., 1996), the finding that p53 is 

involved in destabilisation o f the lysosomal membrane offers a target for therapeutic 

intervention at an early stage.
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Previous reports from this laboratory have demonstrated an A P i .4 0  m ediated  

m crease m [Ca ] j  in rat cortical synaptosom es via  activation o f  the L- and N -type o f  

voltage-dependent Ca^  ̂ channels (V D C C ; M acM anus et  al. ,  2000). H aving established  

som e o f  the downstream events involved in A p-m ediated  neurotoxicity, I sought to 

identify the potential upstream m echanism s leading to initiation o f  these degenerative  

events. To this end, the role o f  the L-type V D C C  in A p-m ediated  signalling and 

induction o f  neuronal apoptosis were investigated. The results demonstrate that A p- 

prom otes as increase in [Ca^^]j in d issociated cortical neurons; an effect that is reversed  

by the L-type VDC C blocker, nicardipine. Furthermore, the A p-m ediated  increases in 

JN K l phosphorylation, p53 stabilisation, cytoso lic  cathepsin-L activity, caspase-3  

activity and D N A  fragmentation w ere attenuated in nicardipine-treated cells. 

P reviously published data from this laboratory indicate that the Ca^"^-activated protease, 

calpain, is likely to be involved  in this signalling cascade stem m ing from A p-m ediated  

dysregulation o f  Ca^^ (Boland and Cam pbell, 2003a). The results presented here 

im plicate the L-type Ca^^ channel as a key player involved  in the early effects o f  A p  

that ultim ately lead to the dem ise o f  the cell.

The final set o f  experim ents carried out w ere aim ed at establishing the role o f  

neuroinflam m ation in A p-m ediated  events. In addition, the nature o f  the pro-and anti- 

apoptotic m R N A  sp ecies regulated by AP and the proinflam m atory cytokine, IL -ip  

were assessed. AP increased m R N A  expression o f  the pro-apoptotic effector, caspase- 

3. This result provides evidence that the A p-m ediated increase in caspase-3 activity  

m ay be attributed to the A p-m ediated increase in caspase-3 m R N A . A p also increased  

m R N A  expression o f  the pro-inflam m atory cytokine, T N F -a  and its associated  

transcription factor, N F-kB . T hese results demonstrate that neurons, as w ell as glial 

cells, can produce cytokines such as T N F -a  in response to stressful stim uli. T N F -a -  

mediated apoptosis involves activation o f  the caspase cascade including activation o f  

caspase-3 and has also been demonstrated to lead to JNK  activation (Z om ig  et al., 

2001, Barbin et al., 2001). Therefore, T N F -a  -m ediated activation o f  JNK m ay be a 

further upstream event in A p signalling in cultured cortical neurons. The 

proinflammatory cytokine, IL -ip , increased m R N A  expression  o f  pro-apoptotic Bax
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and caspase-3, and anti-apoptotic, Bcl-xl. Since a link between A(3 and IL -ip  has been 

demonstrated in several studies (Szczepanik et a l ,  2001; Minogue et a i ,  2003) the 

finding that IL -ip , as well as Ap, leads to increased mRNA expression o f caspase-3 

and Bax supports the notion that some o f the actions o f  Ap may be mediated through 

IL -ip .

In summary, this study characterised cellular and molecular mechanisms 

leading to cell death in AP-treated cultured cortical neurons. Previous results from this 

laboratory described the proclivity o f  Ap to disrupt Ca^^ homeostasis and the present 

study provides evidence that at least some o f the effects o f Ap leading to neuronal 

apoptosis stem from Câ "̂  influx through the L-type Câ "̂  VDCC (see proposed 

scheme). These include JNK activation, p53 stabilisation, cathepsin-L activity,

caspase-3 activation and DNA fragmentation. Increased activity o f  the stress activated 

protein kinase, JNK, occuiTed following AP-treatment. Antisense-mediated depletion 

o f specific JNK isoforms demonstrated that JN K l was the principal JNK isofonn 

involved in AP-induced cell death, mediating caspase-3 activation and DNA

fragmentation. Increased stability o f p53, mediated by Ap, was found to be JNK l 

dependent. Ap provoked increased expression o f Bax mRNA and protein and this was 

abolished by the p53 inhibitor, pifithrin-a, placing it downstream o f p53 in this 

pathway. Furthermore, caspase-3 activity, PARP cleavage, and DNA fragmentation 

were found to be mediated by p53. On further investigadon o f  the cellular location o f 

p53 and Bax, it was found that p53 and Bax associate with the mitochondria in Ap- 

treated cells and that this associafion coincided with release o f cytochrome c from the 

mitochondria. One o f the most interesting findings o f this study is the Ap-mediated 

association o f p53 and Bax with the lysosomes. Inhibition o f  p53 attenuated the Ap- 

mediated increase in cytosolic cathepsin-L, supporting a role for p53 in regulating

lysosomal membrane integrity. Evidence is also provided that Ap provokes a local

inflammatory response leading to increased mRNA expression o f the pro-inflammatory 

cytokine TN F-a and it’s associated transcription factor NF-kB. The pro-inflammatory 

cytokine, IL -ip , was found to increase mRNA expression o f caspase-3, Bax and Bcl- 

xl, suggesting that some o f the effects o f Ap may be mediated by IL -ip .
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This study revealed som e o f  the m olecular m echanism s involved in the m ulti­

faceted nature o f  the cell-death response m ediated by A p. It is im portant to note that it 

is likely that several pathw ays and interactions betw een these pathw ays are involved in 

A p-m ediated signalling and that the final outcom e o f  w hether apoptosis will occur 

depends on m ultiple signalling events. Inhibition o f  the L-type calcium  channel, the 

stress activated protein kinase, JN K l, and the transcription factor, p53, protected 

neurons from A p-m ediated  cell death. An understanding o f  the m ultiple signalling 

pathw ays involved in A p-induced cell death w ill allow  design o f  com pounds w hich 

will interfere w ith the cell death process, in a specific m anner and w ill prove to be 

beneficial in slow ing or preventing the progression o f  AD.
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8.2 Future Work

Several important questions arise from the data presented in this study. Inhibition o f 

JNK l prevented Ap-induced p53 stabilisation, caspase-3 activity, and DNA 

fragmentation. Inhibition o f p53 prevented the Ap-mediated increase in Bax 

expression, cathepsin-L activity, as well as the preventing the later stage markers o f 

apoptosis, PARP cleavage and DNA fragmentation. Since inhibition o f JNK l 

prevented the AP-mediated stabilisation o f p53, it will be important to assess whether 

JNK l inhibition is capable o f preventing the events occurring downstream o f p53, 

namely increased expression o f Bax, and increased activity o f  cytosolic cathepsin-L 

activity. This will establish whether the Ap-signalling pathway diverges at the stage o f 

p53 or at the level o f Bax or whether the Ap-mediated signalling events stem from 

increased activation o f  JN K l. Although JNK2 was activated within 24 hours o f  AP- 

treatment, JNK2 did not participate AP-mediated apoptosis. The function o f activated 

JNK2 in the Ap cascade therefore remains to be clarified.

Analysing the effect o f p53 inhibition on cytochrome c release will determine 

whether the observed association o f p53 with mitochondria has a direct role in release 

o f cytochrome c from the mitochondria. Also, assessment o f Bax expression in 

association with the mitochondria in p53 inhibited cells will determine whether p53- 

mediated inhibition o f Bax will prevent the Ap-mediated increase in Bax expression at 

the mitochondria.

One o f 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 o f  cathepsin-L to the cytosol. Some clues are provided 

from the observation o f  increased expression o f p53 and Bax at the lysosomes. 

Analysis o f lysosomal membrane stability in p53-inhibited cells using the AO 

relocation technique will be beneficial in determining the exact involvement o f  p53 in 

lysosomal destabilisation. Isolation o f lysosomal fractions from cultured cells will aim 

to clarify the quantity o f  increased p53 and Bax expression at these organelles. In 

addition, it will be important to detemiine whether p53 and Bax play a role in 

regulating lysosomal membrane proteins. Target proteins for investigation include the
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lysosom al associated m em brane proteins (LAM P) proteins, w hich have been 

dem onstrated to play an im portant role in m aintaining lysosom al m em brane stability 

(A ndrejew ski et al., 1999). To clarify w hether the role o f  Bax at the lysosom e is 

sim ilar to the docum ented role o f  Bax in regulating m itochondrial stability (Z om ig  et 

al., 2001), experim ents investigating the pore form ing ability o f  Bax at the lysosom e 

will be necessary. The effects o f  targeted Bax inhibition on lysosom al stability will 

also be useful in determ ining the role o f  Bax in A[3-mediated destabilisation o f  the 

lysosom es.

The present study dem onstrated a role for the L-type V D CC in A p-m ediated 

neurodegeneration. Studies aim ed at determ ining the m echanism  o f  activation o f  this 

channel will provide an insight into the early events w hich occur in the A p cascade. It 

will be interesting to determ ine w hether ERK plays a role in activation o f  these 

channels since previous work has dem onstrated the ability o f  ERK  to relocate from  the 

cytosol to the m em brane and to phosphorylate m em brane proteins such as the L-type 

V D CC (Ekinci eta l . ,  1999).
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IX Appendix 1 - Solutions

Cell Culture Solutions

70%  Ethanol, lOOmL

70mL, EtOH; 30mL, H 2O.

PBS (cell culture)

lOmL Dulbecco’s Modified Phosphate Buffered Saline (DM -PBS, Na2H P 0 4  (80mM), 

N aH 2P0 4  (20mM), NaCl, (lOOmM)/ lOOmL H2O.

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), M gS 0 4  (O.IM) /mL 

PBS.

Supplem ented Neurobasal M edium  (day 1)

Heat inactivated horse serum (10%, lOmL); Penicillin/Streptomycin (lOOU/mL; ImL); 

Glutamax; (2mM ; 1ml); B27 (1%, ImL) / lOOmL Neurobasal Medium.

Antimitotic Neurobasal M edium  (day 4)

Heat inactivated horse serum (lOmL); Penicillin/Streptomycin, lOOU/mL (Im L);

Glutamax; 2mM  (1ml); ARA-C (5ng/mL) / lOOmL Neurobasal Medium.

Replacement Neurobasal M edium  (day 5)

Heat inactivated horse serum (lOmL); Penicillin/Streptomycin, lOOU/mL (Im L);

Glutamax; 2m M  (1ml)/ lOOmL Neurobasal Medium.
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Cell H arvesting Solutions

Lysis Buffer, pH 7.4 (Harvesting total protein)

HEPES (20m M ), KCl (lOmM ), EGTA (Im M ), M gC h (1.5m M ), ED TA, (Im M ), DTT, 

(Im M ), PM SF, (O .lm M ), Leupeptin, (2|^g/ml), A protinin, (2 |ig/m l), Sucrose, (200mM ).

Permeabilisation Buffer pH 7.2 (Harvesting cytosolic extracts)

Sucrose (250m M ), KCl (70mM ), N aCl (137m M ), Na2HP04 (4.5m M ), KH2PO4 (1.4m M ), 

PM SF (lOOuM ), leupeptin (10|ig/m L), aprotinin (2 |ig/m L), digitonin (200|j,g/mL).

M itochondrial Lysis Buffer pH 7.4 (Harvesting mitochondrial extracts)

Tris Base (50m M ), NaCl (150m M ), EG TA  (2m M ), Triton-X  (0.2% ), Igepal P-40 (0.3% ), 

PM SF (lOOfiM), leupeptin (10|ig/m L), aprotinin (2|ag/mL).

SD S-PA G E Solutions

Phosphate buffered saline-Tvveen 20 (PBS-Tween), pH 7.4

N a2H P0 4  (80m M ), N aH 2P0 4  (20m M ), NaCl, (lOOmM), Tw een 20 (0.1%).

Tris buffered saline-Tween 20 (TBS-Tween), pH 7.4

Tris-H C l, (20m M ), NaCl, (150mM ), Tw een 20 (0.1%).

Sample buffer (pH 6.8)

Tris-H C l (0.05M ), Glycerol 20%  (v/v), SDS 2%  (w/v), p-M ercaptoethanol 5%  (v/v), 

brom ophenol blue 0.05%  (w/v).

Stacking gel (4”/o, pH 6.8)

A crylam ide/bis-acrylam ide (30%  stock, 13% (v/v), dH 20 60%> (v/v), Tris-H C l (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)), 

TEM ED , 0.5%  (v/v).
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Separating gel (lOVo, pH 8.8)

Acrylamide/bis-acrylamide (30%  stock, 33%  (v/v)), dH20, 40%o (v/v), Tris-HCl, (0 .05M , 

pH 6.8 , 25%  (v/v)), SDS (10%o w/v stock, l%o (v/v), APS (10%  w/v stock, 0.5%o (v/v)), 

TEMED, 0.05%  (v/v).

Separating gel (12%, pH 8.8)

Acrylamide/bis-acrylamide (30%> stock, 40% (v/v)), dH20, 3 3% (v/v), Tris-HCl, (0.05M, 

pH 6.8, 25% (v/v), SDS (10%> w/v stock), 1%> (v/v), APS (10%) w/v stock),, 0.5%> (v/v), 

TEMED, 0.05% (v/v).

Electrode running buffer

Tris base (25mM), Glycine (192mM), SDS (0.1 %> (w/v)).

Transfer buffer (pH 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 Assav 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 (lOOmM) DTT (5mM)
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X Appendix II -  Suppliers addresses

ALEXIS Corporation LTD., P.O. Box 6757, Bingham, Nottingham, N G I3 8LS, England.

Alomone Labs, Shatner Center 3, P.O. Box 4287, Jerusalem, Isreal.

Amersham pic, Amersham Place, Little Chalfont, Buckinghamshire, HP79NA, England.

Astec-M icroflow Systems, 2180 Andrea Lane, Fort Myers, FL33912, U.S.A.

B.Braun M elsungen AG, Carl-Braun SrtaPe 1, D-34212 Melsungen, Germany.

Bachem Ltd., PO Box 260, 17 Westside Industrial Estate, Jackson Street, St. Helens, 

Meyerside WA9 3AJ, England.

BD Biosciences Phamiingen, 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, ST 1 SOSA, England.

Biognostik GmbH., Gerhard-Gerdes-Str.l9, 37079 Gottingen, Germany.

Biometra GmbH, Rudolph-Wissell StraPe 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,W est 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 o f Warwick Science Park, M illbum 

Hill Road, Coventry , CV4 7HS, England.

InVitrogen Ltd., Inchinnan Business Park, 3 Fountain Drive, Paisley PA49RF, Scotland.

Jencons Scientific Ltd., Cherrycourt Way Industrial Estate, Stanbridge Road, Lancashire, 

WN8 9SP. England.

Leica Microsystems AG, 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 W agner Road, Ann Arbour, M I48103-9019 U.S.A.

Perkin Elmer Ltd., 710 Bridgeport Avenue Shelton, Connecticut 06484-4794, U.S.A. 

Pierce Biotechnology, 3747 N.Meridian Rd, P.O. Box 117, Rockford, IL61105, U.S.A. 

Priorclave Ltd., 129-131 Nathan Way, Thamesmead, London, SE280A B, England. 

Promega Sciences, 2800 Woods Hollow Road Madison W1 5371, U.S.A.

Roche Diagnostics Ltd., Bell Lane, Lewes, East Sussex, BN7 ILG, England.

Rocol Ltd, Rocol House, Wakefield Road, Swillington, Leeds, LS268BS, England. 

Sanyo-Gallenkamp Ltd., Monarch Way, Loughborough, LEI 15XG, England.

Sarstedt Ltd., 68 Boston Road, Beumount Leys, Leicester, LE41AW, England,

Sartorius AG Ltd., 94-108 W eender Landstrape, D-37075 Goettingen, Germany. 

Scanalytics Inc. 8550 Lee Highway, Suite 400, Fairfax, VA 22031, USA.
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Sigma-Aldrich Company Ltd., The Old Brickyard, New Road, Gillingham, Dorset, 

SP84XT, England.

Swann-Morton Limited, Owlerton Green, Sheffield, S62BJ, England.

Thermo Labsystems, Thermo Labsystems Oy, Ratastie 2, P.O.Box 100, Vantaa, 01620, 

Finland.

Vector Laboratories Inc., Burlingame, CA94010, U.S.A.

Whatman International Ltd., Whatman House, St. Leonard’s Road, 20/20 Maidstone, 

Kent, M E160LS, England.
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lA role for c-Jun N-terminal kinase 1 (JNK1), but not JNK2, in the 
)9-amyloid-mediated stabilization of protein p53 and induction of 
the apoptotic cascade in cultured cortical neurons

i

M arie  P. FO G ARTY, Eric J. D O W N ER  and Veronica C A M P B E L L
b e p a r tm e n t  o f P tiy s io lo g y , T rin ity  C o lle g e  In stitu te  o f N eu ro sc ie n c e , T rin ity  C o lle g e , D u b lin  2 , Ire land

/ i-A m y lo id  (A / i)  peptide has been shown to induce neuronal 
apoptosis; however, the mechanisms underlying A /i-induced 
neuronal cell death remain to be fu lly  elucidated. The stress- 
activated protein kinase, c-Jun N-term inal kinase (JNK), 
is activated in response to ce llu lar stress and has been identified as 
a proxim al m ediator o f cell death. In the present study, expression 
o f active JN K was increased in the nucleus and cytoplasm o f 
A /i-treated cells. Evaluation o f  the nature o f  the JN K isoforms 
activated by A / i revealed a transient increase in JN K 1 activ ity  that 
reached its peak at I h and a later activation (at 24 h) o f  JNK2. The 
tum our suppressor protein, p53, is a substrate fo r JN K  and can 
serve as a signa lling  molecule in apoptosis. In cultured cortical 
neurons, we found that A / i increased p53 protein expression and 
phosphorylation o f p53 at S e r '\  Thus it appears that k p  increases 
p53 expression v ia  phosphorylation-mediated stabilization o f the 
protein. G iven the lack o f ava ilab ility  o f a JNK inh ib ito r that

can distinguish between J N K l-  and JNK2-mediated effects, we 
employed antisense technology to deplete cells o f JNK 1 or JNK2 
selectively. Using this strategy, the respective roles o f J N K l and 
JN K2 on the A /i-m ediated activation o f the apoptotic cascade (i.e. 
p53 stabilization, caspase 3 activation and D N A fragmentation) 
were examined. The results obtained demonstrate a role fo r JNK 1 
in the A /i-induced stabilization o f p53, activation o f caspase 3 
and D N A  fragmentation. In  contrast, depletion o f JNK2 had no 
effect on the p roc liv ity  o f  Aj6 to activate capase 3 or induce 
D N A  fragmentation. These results demonstrate a significant role 
fo r J N K l in A /i-m ediated induction o f the apoptotic cascade in 
cultured cortical neurons.

Key words: antisense, apoptosis, /i-am ylo id , c-Jun N-term inal 
kinase, p53, caspase-3.

INTRODUCTION

Deposition o f / i-am y lo id  (A/5) protein around neurons is a feature 
o f A lzhe im e r’s disease (A D ) [1]. A lthough the 1 -42  fib rilla r 
form  o f  A / i is the most abundant in the A D  senile plaque, 
the 1 -40  peptide also has the p roc liv ity  to form  fib rils  and 
is present in the senile plaque, but to a lesser extent than the 
1—42 species [2]. In A D  brains, neuropathological hallinarks o f  
apoptosis such as D N A  fragmentation have been detected [3] 
and A / i is assumed to contribute d irectly to this pathology by 
inducing neuronal apoptosis [4]. In support o f the hypothesis 
that A / i deposition drives the neurodegenerative process, both 
A / i 1- 40 and A / i | „ 4 2  have been shown to induce neuronal apoptosis 
in vi tro [5,6]. There has been a significant interest in identify ing  
the pathways that underlie neuronal responses to A / i in an attempt 
to develop novel neuroprotective therapeutic strategies. To date, 
many signalling pathways have been proposed as mediators o f 
A /i-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-term inal kinase 
(JN K), has been proposed as a mediator o f cell death in response 
to a variety o f s tim u li such as growth factor deprivation [10], 
exc ito tox ic ity  [11] and oxidative stress [12]. Recent studies 
[13 -15 ] have also suggested that JN K plays a role in A /i-m ediated 
effects. In sympathetic neurons and PC 12 cells, the 1-42 fragment 
o f A / i activates JN K  and the synthetic JNK inh ib itor, C E P -1347, 
blocks A /i-m ediated neurotoxicity [14]. Three JNK isofom ishave 
been identified, J N K l,  JNK2 and JN K3, and these are encoded

by independent genes. Since each o f these isoforms is expressed 
in the brain [16], A f i  has the potential to couple w ith  J N K l, 
JNK2 or JNK3. Thus although the study o f Troy et al. [14] 
provides com pelling evidence o f  a role fo r JNK in A /i-m ediated 
neurodegeneration, the synthetic JNK inh ib ito r used in their study 
is unable to distinguish between the d ifferent JNK isoforms. 
In the present study, we used antisense technology to determine 
the respective roles o f  the JN K isoforms in A / i|^ 4,|-mediated 
neurodegeneration o f cultured cortical neurons.

The m ultifunctiona l tumour suppressor protein, p53, has been 
suggested to play a role in the cell death pathway as w ell as having 
a role in the regulation o f the cell cycle and D N A  repair [17]. 
An increase in p53 expression has been reported in the brain o f 
patients w ith  A D  [18] and in transgenic mice that overexpress Af i  
[19]. cD N A  expression o f  a dominant-negative p53 mutant [20] 
and application o f a chemical inh ib ito r o f p53 [21 ] o ffe r protection 
against A/3-mediated tox ic ity . Taken together, these studies 
provide com pelling evidence o f  a role fo r p53 in A /i-m ediated 
neurodegeneration. However, the mechanisms that underlie A / i-  
mediated activation o f  p53 remain to be elucidated. p53 has the 
p roc liv ity  to regulate a variety o f functions and this diversity 
in function arises from  the presence o f several phosphorylation 
sites on p53 [22]. Thus phosphorylation on Ser'-' is associated 
w ith  the apoptotic effect o f p53 [23], whereas phosphorylation 
at Ser’”  promotes form ation o f  the p53 tetramer that activates 
transcription from  several cell-cycle-regulating genes in response 
to D N A  damage [24]. The stress-activated protein kinase, p38, 
has been shown to phosphorylate p53 at Ser‘  ̂ during hypoxic cell

Abbreviations used: Afi. /j-am yloid: AD, A lztieimer's disease: JNK, c-Jun N-terminal kinase: TUNEL, term inal transferase deoxytidyl urid ine end-labelling. 
' To wfnom correspondence sfiould be addressed (e-mail vacm pbll@ tcd.ie).
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death [25] and chemical stress-induced apoptosis [26]. p53 is also 
a substrate for JN K  [27] and there is evidence for a role for JN K  
signalling in the regulation o f p53 stability and apoptotic capacity 
[28]. G iven that A p  can couple with the JN K  pathway [13,15], 
the aim o f the present study was to evaluate the role o f the JN K  
isoforms, JN K  1 and JN K 2, in the A /i-m ed iated activation o f p53 
and induction o f the apoptotic cascade.

The results from  the present study demonstrate a differential 
tim e fram e o f J N K l and JN K 2 activation by A /i in this system 
with J N K l being activated rapidly by A/3 (w ithin minutes), 
whereas JN K 2  activation was delayed by 24 h. A f) caused an 
increase in p53 protein expression and phosphorylation o f p53 at 
S e r '\  Use o f JN K  antisense demonstrated that the regulation o f 
p53 by A / i | . 4() was mediated via J N K l as was the A /j-m ediated  
activation o f caspase 3 and D N A  fragmentation. These results 
demonstrate that A fi has a differential pattern o f signalling via  
the JN K  pathway and provide evidence for an interaction between 
J N K l and p53 in this system.

EXPERIMENTAL  

Culture of cortical neurons
Prim ary cortical neurons were established from postnatal I-d ay- 
old W istar rals and maintained in neurobasal medium (Gibco  
B R l., 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 (5 x ) in PBS containing soya­
bean trypsin inhibitor (0.1 % )  and DNase (0.2 m g/m l) and gently 
filtered through a sterile mesh filter. A fte r centrifugation (2000 g 
for 3 m in at 20 °C ), the pellet was resuspended in neurobasal 
m edium , supplemented with heat-inactivated horse serum (1 0 % ,  
v/v ), penicillin  (100  units/m l), streptomycin (100 unit,s/ml) and 
glutamax (2 m M ). Suspended cells were plated out at a density 
of 0 .2 5 x  10'’ cclls on circular 10 m m  diameter coverslips, coated 
with 6 ( )//g /m l o f poly(l,-lysine) and incubated in a humidified  
atmosphere containing 5 %  C O :/9 5  %  air at 37 °C . A fte r 48 h, 
5 ng/m l o f cytosine arabinofuranoside was included in the cul­
ture m edium  to prevent proliferation o f non-neuronal cells. 
Culture media were exchanged every 3 days and cells were grown 
in culture for 12 days before A /i treatment.

Drug treatm ent

A / i | - 4(i (BioSource International, U .K .) was made up as a 1 m M  
stock solution in PBS and allowed to aggregate for 48 h at 
30 °C . For treatment o f cortical neurons. A /i was diluted to a 
final concentration o f 2 / jM  in prewarmed neurobasal medium. 
This concentration has been previously used to induce activation 
o f the apoptotic cascade in these cclls [8j.

A ntisense-m ed iated  depletion of JNK1 and JNK2
20-m er phosphorothioate oligonucleotides were purchased from  
Biognostik (Gottingen, Germ any), and the sequences used were 
complementary with the m R N A  encoding rat J N K l and JN K 2  
proteins [26]. The sequences used were: J N K l antisense o ligo­
nucleotide, 5 -C T C A T G A T G G C A A G C A A T T A -3 '; J N K l scram­
bled oligonucleotide, 5 '-A C T A C T A C A C T A G A C T A C -3 '; JN K 2  
antisense oligonucleotide, 5 -G C T C A G T G G A C A T G G A T G A G -  
3'; and JN K 2 scrambled oligonucleotide, 5 -G G A C T A C T A C - 
A C T A G A C T A C -3 '. Neurons were incubated with 1.2 piM  
oligonucleotide in serum-free prewarmed neurobasal medium

containing 5 /xg/ml o f A '-[l-(2 ,3 -d io leo y lo xy)p ro p y l]-A ^ ,N ,N - 
trim ethylam m onium /dioleoyl phosphatidylethanolamine (L ife  
Technologies, Paisley, Renfrewshire, Scotland, U .K .). A fte r 4 h, 
the medium was replaced with supplemented prewarmed neuro­
basal medium containing 1.2 /xM  oligonucleotide. The cells were 
incubated for a further 48 h before treatment with A /i.

W estern-im m unoblot analysis of phospho-JNK  
and ptiospho-p53 expression
A fter incubation with A/3, cortical neurons were harvested 
in lysis buffer (20  m M  Hepes, 10 m M  K C l, 1.5 m M  M g C l2 , 
1 m M  E G T A , 1 m M  E D T A , 1 m M  dithiothreitol, 0.1 m M  
PM SF, 5 Atg/ml pepstatin A , 2 fig /m \ leupeptin and 2 /ig /m l 
aprotinin; pH  7.4 ) and left on ice for 20 m in. The cells 
were centrifuged (15 000 g  for 20 m in at 4 °C ) and the 
supernatant was diluted to 50 j.ig o f protein/nil w ith sample 
buffer [150 m M  Tri.s/HCI (pH  6.8 ), 1 0 %  (v /v ) glycerol, 
4 %  (w /v ) SDS, 5 %  (v /v ) 2-mercaptoethanol and 0.002 %  
(w /v ) Bromophenol B lue]. Samples were then heated to 
100 °C  for 3 min. Proteins (1 /xg/lane) were separated by 
electrophoresis on a 1 0 %  (v /v ) polyacrylam ide m inigel, 
transferred on to a nitrocellulose membrane and immuno- 
blotted with an anti-active JN K  monoclonal antibody (1 : 1000; 
Santa Cruz Biotechnology, C A , U .S .A .) purified from mouse 
serum, which recognizes the active forms o f J N K l (p46), JN K 2  
(p54) and JN K 3 (p57) after phosphorylation on Thr'*^ and 
Tyr'*’ . To monitor expression o f non-phosphorylated JN K , the 
blots were stripped and re-probed with an anti-JNK  polyclonal 
antibody purified from rabbit serum (1 : 1000; Santa Cruz B io ­
technology), which recognizes JN K  1, JN K 2  and JN K 3. To m oni­
tor p53 phosphorylation, the anti-[phosphoSer'’ ]p53 (1 : 1000; 
Cell Signaling Technology, Beverly, M A , U .S .A .) and anti- 
[phosphoSer” -]p53 (Biosource International, N ivelles, Belgium ) 
polyclonal antibodies purified from  rabbit serum, which recognize 
p53 phosphorylated on S er'' and Ser’’  ̂ respectively, were used. 
Expression o f the non-phosphorylated fom i o f p53 was es­
tablished using an anti-p53 polyclonal antibody purified from  
rabbit serum (Santa Cruz Biotechnology). Immunoreactive bands 
were detected using the horseradish peroxidasc-conjugated anti­
mouse IgG  (for active JN K ) or anti-rabbit IgG  (for non- 
phosphorylated JN K , active p53 and non-phosphorylated p53) 
and enhanced chemiluminescence. Bandwidths were quantified 
by densitometry (D -Scan PC software).

p53 mRNA expression
Total R N A  was extracted from cortical neurons using T R I Reagent 
(S ig m a -A ld r ic h ).c D N A  synthesis was performed on 1 ^ig o f total 
R N A  using o ligo(dT) prim er according to the m anufacturer’s 
instructions (L ife  Technologies). The R N A  was treated with  
RNase-free DNase I (L ife  Technologies) at 1 unit//xg o f R N A  
for 15 min at 37 °C . Equal amounts o f c D N A  were used for PCR  
am plification for a total o f 28 cycles. The cycling conditions were 
95 °C  for 5 m in, followed by cycles o f 95 °C  for 1 min 15 s ,52  °C  
fo r i  m in 15 s and 72 °C  for I m in 30 s. A  final extension step was 
performed at 70 °C  for 10 m in. Primers were pretested through 
an increasing number o f am plification 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 '-G G C C A T C T A C A A G A A G T C A C -3 ' 
and antisense, 5 -C C A G A A G A T T C C C A C T G G A G -3 '; rat /i-actin
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sense, 5 -GAAATCGTGCGTGACATTAAAGAGAAGCT-3' and 
antisense. 5-TCAGGAGGAGCAATGATCTTGA-3' [30], The 
primers generated a p53 PCR product o f 317 bp and a /?-actin 
PCR product o f 360 bp. To control for any residual genomic 
DNA contamination, /?-actin primers were chosen to span an 
intron. This meant that any amplification o f genomic, rather than 
cDNA, would result in larger products than those expected. This 
semi-quantitative technique facilitated estimation o f p53 mRNA 
expression using ^-actin as a reference gene. No observable 
change in /i-actin mRNA was observed in any o f the treatment 
conditions.

Term inal transferase ileoxytldyi urid ine end -lab e llin g  (TUNEL)
Apoptotic cell death w'as assessed using the DcadEnd colorimetric 
apoptosis detection system (Promega, IVIadison, W I, U.S.A.). 
Cells were treated w ith A /i 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- 
ylaled nucleotide was incorporated at 3-OH DNA ends using 
the enzyme terminal deoxynucleotidyl transferase. Horseradish 
peroxidase-labelled streptavidin then bound to the bio- 
linylated nucleotide and this was detected using the peroxidase 
substrate H ,0 ; and the chromogen diaminobenzidine. Cells 
were then viewed under light microscopy at x40 magnification, 
where the nuclei o f TUNEL-positive cells stained brown. 
Apoptotic cells (TUNEL-positive) were counted and expressed 
as a percentage of the total number o f cells examined. To 
exclude the possibility that the number o f living cells present 
on the coverslip had an effect on the TUNEL-positive ratio, 
the same number o f cells (approx. 400) was counted for each 
treatment.

M easurem en t of caspase 3 activity
Caspase 3 activity was assessed by immunocytochemistry using 
an anti-active caspase 3 antibody (Promega). Briefly, cells were 
treated with A /j 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 o f immunoreactive 
cells was counted and expressed as a percentage o f the total 
number o f cells examined (400-500 cells/coverslip).

Fluorescence im m unocytocfiem istry
Cells were fixed with 4 % paraformaldehyde, permeabilized with 
0.1 % Triton X-lOO and non-reactive sites were blocked with 5 % 
goat serum in PBS. To determine the intracellular distribution o f 
active JNK, the cells were incubated overnight with an anti-active 
JNK antibody (Santa Cruz Biotechnology) purified from mouse 
serum. To evaluate the efficacy o f the antisense oligonucleotides 
in down-regulating JNK expression, immunolocalization o f non- 
phosphorylated JN K l and JNK2 was assessed using anti-JNKl 
or anti-JNK2 monoclonal antibodies purified from mouse serum 
antibody (Santa Cruz Biotechnology). Cells were then incubated 
with anti-mou.se IgG conjugated to FITC (Sigma-Aldrich) 
and viewed by fluorescence microscopy at an excitation o f 
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 i test was 
performed and P < 0.05 or P <  0.01 were considered significant.

RESULTS 

activates JNK in cortical neurons
Cortical neurons were exposed to A/? (2 /xM) for 1 and 
24 h and JNK activity was examined by fluorescence 
immunocytochemistry using an antibody that recognizes 
phosphorylated JNK (Figure 1 A). In control conditions phospho- 
JNK immunoreactivity was detected in sorne cells, demonstrating 
a basal level o f JNK activation. However, in cells treated with 
A p, a higher intensity o f 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 o f 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 A fi 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].

Tim e course of A ^ -m e d ia te d  activation of JNK1 and JNK2
Western-immunoblot analysis was employed to characterize the 
time course o f A/i-mediated JNK activation and to determine 
the nature o f the JNK isoforms activated by A p  in lysates 
prepared from cortical neurons. A /i evoked a rapid increase 
in JN K l activation, as assessed by expression o f phosphorylated 
JN K l (Figure IB ). Thus at 5 min, the expression o f active JN K l 
in control cells was 449 +  36 (mean bandwidth +  S.E.M.; 
arbitrary units) and this was significantly increased to 541 +  
45 in A/i-treated cells (P <  0.05, Student’s paired I test, n = 6 ). 
Similarly, a significant increase in JN K l activity was observed 
after Ap  treatment for 1 and 6 h. At the 1 h time point, JN K l 
activity In control cells was 491 +  12 and this was significantly 
increa,sed to 593 ±  45 by AP (P <  0.01, Student’s paired t test, 
;i =  6). A t the 6 h time point, JNK 1 activity in control cells was 
450 +  15 and this was significantly increased to 522 ±  20 by 
A p (P <  0.05, Student’s paired t test, n =  6). In contrast, cells 
treated with A/3 for 18, 24 and 48 h had no observable increase in 
JN K l activation. This result demonstrates the temporal nature o f 
the A/i-mediated activation o f JN K l. Although JN K l activation 
in response to A/J occurs rapidly and is sustained for several 
hours, the activation is decreased by 18 h. A sample immunoblot 
illustrating the time-dependent activation o f JNK 1 by A p  is shown 
in Figure 1(D). Also shown is an immunoblot demonstrating that 
total JN K l protein expression is unaffected by Ap.

In contrast, a different pattern o f JNK2 activation by AP was 
observed. A p  had no effect on JNK2 activity at the earlier time 
points o f 5 min-18 h; however, JNK2 activity was significantly 
increased by A/J at the later time points o f 24 and 48 h (f* < 
0.05, Student’s r test, n =  6; Figure 1C). A sample immunoblot 
illustrating the time-dependent activation o f JNK2 by AP  is shown 
in Figure 1(D). Also shown is an immunoblot demonstrating that 
total JNK2 protein expression is unaffected by Ap. It is to be noted 
that significant basal activity o f JNK2 is observed in untreated 
cells; this is consistent with our immunocytochemical results.
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Figure 1 A/3 activates JNK1 and JNK2 w illiin  different time frames

(A) Cortical neurons were exposed to A /r (2 / iM )  lor 1 and 24 ti and expression of phosptio-JNK 
was monitored by immunofluorescence In untreated cells (i, iii) active JNK immunoreactivity 
IS apparent in a subpopulation o l cells. In cells exposed to A /t lor 1 ti (ii) or 24 h (iv) more 
intense ptiosptio-JNK immunostaining is observed in ttie nucleus and in discrete areas w ittiin  ttie 
cytosol. Arrows indicate cells displaying ptiosptio-JNK imm unoreacliv ily Scale bar =  20 ^ m .
(B) Cells were exposed to A /t over a range ol lim e points (5 min to 48 h) and phospho-JNKl 
expression was monitored by W estern-immunoblot analysis. A /i caused a significant increase 
in ptiospho-JN K l expression at 5 min, 1 and 6 ti, but not at subsequent time points. Results 
are means ±  S.E.M. Irom six independent observations. ' P  <  0.05, " P  <  0.01. Statistical 
analysis was performed using Student's paired / test. (C) Cells were incubated w itti A /i over 
a range o l time poinis (5 min to 48 h) and ptiospho-JI^K2 expression was monitored by 
W estern-imm unoblot analysis. A /i caused a s ignificant increase in pfiospho-JNK2 expression 
at 24 and 48 h ,b u l not at earlier time points. Results are means +  S.E.tvl. from six independent 
observations. ' P  <  0.05. Student's paired ( tesi was used lor statistical analysis. (D) Sample 
immunoblot demonstrating the A /i-m ediated Increase in ptiospho-JNK1 expression with no 
concomitant change in expression of p liospho-JNK2 or non-phosphorylated forms of JNK1 or 
JNK2 al (a) 5 min, 1 h, (b) 6 h and (c) 24 and 48 h.
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Figure 2 A/? increases p53 expression and phospliorylatlon at Ser'^

(A) Cells were exposed fo A /i (2 m M ) lor 1 h and p53 expression was assessed by W estern- 
immunoblot analysis. A /i evoked a s ignificant increase in p53 expression. A sample immunoblot 
demonstrating the A /i-m edia led increase in p53 expression is shown as an inset. Results are 
means +  S.E.M. Irom six independent observations. ' P  <  0.05 S lalisfical analysis was 
performed using Student's paired I test. (B) Cells were treated with A /i 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 elh ld ium  bromide-stained gel is stiown as an inset. 
No change in basal (lane 1) p53 mRNA expression was observed after treatment with A /i for 
5 min (lane 2), 30 min (lane 3), 1 h (lane 4) or 18 h (lane 5). Results are means +  S.E.M. 
Irom six independent observations. (C) Alfer incubation of the cells with A /i, the expression 
o l p53 phosphorylated on Ser'* was examined by W estern-imm unoblot analysis. A /i caused a 
significant increase in ptiosphorylation of p53 at Ser'* at 5 m in and 1 h. A sample immunoblot 
demonstrating the A /i-m ediated increase in [phosphoSer'*lp53 is shown as an inset. At 
5 min, basal expression of |phosphoSer'*]p53 (lane 1) is increased by A /i (lane 2). Similarly, 
at 1 h, basal expression of lphosphoSer'*lp53 (lane 3) is increased by A /i (lane 4). Results 
are means +  S.E.M. from eight independent observations. ' P  <  0.05, " P  <  0.01. Statistical 
analysis was performed using Student's paired I test. (D) The etfect of A / i on phosphorylation ol 
p53 al Ser™  was assessed by W estern-imm unoblot analysis. A /i had no effect on the expression 
of p53 phosphorylaled at Ser“  at 5 min or 1 h. A sample immunoblot demonstrating the lack ol 
effect ol A /i on phosphorylation of p53 at Ser^’  ̂ is shown as an inset. At 5 m in, basal expression 
of [phosphoSer^’ ^]p53 ('phospho-p53“ '™ ') (lane 1) is unaffected by A /i (lane 2). Similarly, at 
1 h basal expression of |phosphoSer'*lp53 ('phospho-p53“ '^ ') (lane 3) is unaffected by A /i 
(lane 4). Results are means +  S.E.M. from six independent observations.

where phospho-JNK Immunoreactivity was detected in some 
cells in the absence o f Aft.  Basal JNK activity also has been 
observed in other studies [3 1 ] and may reflect an endogenous role 
for JNK2 in regular cell physiology.

Effect of A /! on p53 mRNA and prote in  expression
Since p53 is u target for modulation by JNK [27], the cffect 
o f Ap  on p53 expression and phosphorylation was examined

in the present study (Figure 2). Figure 2(A) demonstrates that 
Af i  ( 2 I 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 r test, « =  6). 
This increase in p53 expression was not attributable to a 
transcription event, since A /i had no modulatory effect on p53 
mRNA expression at any o f 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 o f p53 niRNA expression and hence the 
control data were pooled on the graph for clarity. Since 
p53 phosphorylation at Ser'^ can stabilize p53 by preventing 
ubiquitin-mediated degradation [33], we examined the effect of 
A /i on p53 phosphorylation using an antibody that recognizes 
phospho-Ser'-’ on p53 (Figure 2C). A/J significantly increased 
expression o f [phosphoSer'’ ]p53 from 587 +  55 to 1030 +  116 
at 5 min {P < 0.01, Student’s paired t test, ;i =  8) and from 
837 +  19 to 1265 +  118 at 1 h (P < 0 .05 , Student’s paired 
I  test, n =  6). In contrast, A fi failed to induce phosphorylation 
o f p53 at Ser” - at these time points. This result suggests that A fi 
increases p53 protein expression by stabilizing the p53 protein 
via phosphorylation at S er'\

Depletion of JNK1 and JNK2 by antisense oligonucleotides

To examine the respective roles o f JN K l and JNK2 in the A fi-  
mediated modulation o f p53 stabilization, antisense technology 
was employed. We first evaluated the effectiveness o f the 
selected antisense oligonucleotide sequences in down-regulating 
expression o f the JN K l or JNK2 proteins using immunocyto- 
chemistry and Western-immunoblot analysis (Figure 3). 
Immunocytochemical analysis o f JN K l (Figure 3A, i and ii) 
and JNK2 (Figure 3A, iii and iv) expression revealed intra­
cellular JN K l and JNK2 immunoreactivity in control cells that 
was markedly down-regulated in cells transfected with the re­
spective JN K l and JNK2 antisense sequences. To quantify the 
antiscnse-mediated depletion o f the respective JNK isoforms, 
Western-immunoblot analysis was employed. Figure 3(B) dem­
onstrates that there was no difference in JN K l expression in 
untreated cells when compared with cells treated with the scram­
bled JN K l control oligonucleotide. However, in cells treated 
with the antisense JN K l oligonucleotide for 48 h, JN K l expres­
sion was significantly decreased by 80%  (P <  0.01, Student’s 
paired t test; compared with cells treated with JN K l scrambled 
oligonucleotide ) i= 4 ) .  Figure 3(C) demonstrates an identical 
result for JNK2. However, in cells treated with the antisense JNK2 
oligonucleotide for 48 h, JNK2 expression was also significantly 
attenuated. Sample immunoblots demonstrating the efficacy of 
the JN K l and JNK2 antisense oligonucleotides in down- 
regulating expression o f JNK 1 and JNK2 proteins respectively are 
shown as insets in Figures 3(B) and 3(C). We also verified that the 
JN K l antisense had no effect on JNK2 expression (Figure 3D) and 
that the JNK2 antisense too had no effect on expression o f 
JN K l (Figure 3E). These results demonstrate that the JN K l and 
JNK2 antisense sequences evoke a selective down-regulation in 
expression o f their respective target proteins.

We confirmed that this extent o f JNK depletion was sufficient to 
abrogate A/i-mediated JNK activation (Figures 3F and 3G). Since 
the maximal activation of JN K l and JNK2 occurred after 1 and 
24 h treatment with A/J respectively, the effect o f JNK depiction 
on JNK 1 and JNK2 activation was examined at these time points. 
For JN K l (Figure 3F) in scrambled oligonucleotide-treated cells, 
A /j (2 / iM , 1 h) evoked a significant increase in expression of 
phospho-JNK 1 (P < 0.05, ANOVA; compared with cells treated 
w ith JN K l scrambled oligonucleotide alone, n =  6). However, in 
JN K l antisense oligonucleotide-treated cells, the basal expression 
o f activated phospho-JNK 1 was 613 +  39, and 503 ±  57 after 
incubation with A/J ( 2 /.(M, 1 h, n = 6 ) ,  demonstrating that 
the JNKl antisense was effective in reducing the A/3-mediated 
stimulation o f JN K l phosphorylation. Figure 3(G) demonstrates 
that in cells treated with the JNK2 scrambled oligonucleotide, 
expression o f activated phospho-JNK2 was significantly increased 
by A/< (2 / /M ,2 4 h ; P < 0.05, ANOVA; compared w ithcells

anaMWiM

0  j y i r i  JN K l
KranbirU antnKwr

iN K t «owifc4nl J N K lM H iic n * Q *  !-------
JN KJ IS 'KZ j«n»en*#

F ig u re  3  D e te rm in a tio n  o f th e  e ffic a c y  o f th e  J N K  a n tis e n s e  s e q u e n c e s  in 
d o w n -re g u la tin g  J N K 1 /J N K 2  e x p re s s io n

(A) Cells were treated w ith eittier JNK1 or JNK2 antisense (2 ^ M ) lor 48 h and ttie consequence 
on JN K l and JNK2 expression was examined by fluorescence immunocytochemistry using 
monoclonal JNK1 or JNK2 antibodies, (i) In unlreated cells, JN K l expression was localized 
ttiroughoul the cytoplasm w ith a high level o( im munoreactivity at Ihe inner plasma membrane; 
(ii) JN K l immunostaining was significantly decreased in JN K l antisense-treated cells; (i i i)  in 
unlrealed cells, JNK2 expression was abundant in Ihe cytosol and Inner plasma membrane: 
and (iv) JNK2 immunostaining was significantly decreased in JNK2 antisense-lreated cells. 
Cells that have been successfully depleted of JNK are indicated by the arrows. Scale bar =  
5 n m .  (B) Antisense-medialed depletion of JN K l was quantified by Western-immunoblot 
analysis. The JN K l scrambled sequence had no effect on JN K l expression: however, the JNK1 
antisense significanlly decreased JN K l expression by approx, 80 %, A sample immunoblol 
demonstrating the JN K l aniisense-mediated depletion of JN K l is shown as an inset. JNKl 
is abundant in JN K l scrambled-lreated cells (lane 1) and JN K l expression is down-regulated 
in JNKl antisense-treated cells (lane 2). Results are expressed as means +  S.E.fvl. from four 
observations. " P <  0 .01. Student's paired I  test was used lo r  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 effeci on JN K l expression. Results are expressed as 
means (arbitrary units) +  S.E.M. from four observations. (E) Same as in (D), but w ith JNK2. (F) 
In JNKl scrambled oligonucleotide-treated cells, A /f (2 m M ,1 h) retained theability  to stimulate 
JN K l activity, as assessed by phospho-JNKl expression. However, JN K l antisense abrogated 
the A /j-m ediated increase in JNKl aclivity. Results are expressed as means +  S.E.fvl. from 
six observations. " P  <  0.05. Statistical analysis was performed using ANOVA. (G) In JNK2 
scrambled oligonucleotide-treated cells, A/s (2 i . M .  24 h) retained the ability to stimulate 
JNK2 activity, as assessed by phospho-JNK2 expression. However, JNK2 antisense 
abrogated Ihe A /i-m ediated increase in JNK2 activity. Results are expressed as 
means ±  S.E.fUI. from six observations, " P  <  0.05. Statistical analysis was performed using 
ANOVA.
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JNKl scrambled JNKl aiitiseiise

F ig u re  4  D e p le tio n  o f JN K 1 p re v e n ts  th e  A /3 -m e d ia te d  s t im u la t io n  of p 5 3  
p lio s p lio ry la t lo n

Ttie consequence ot JN K l deplelion on the ability  ol A /i to impact on p53 was examined 
by W estern-imm unoblot analysis using an aniibody that recognizes p53 phosphorylated 
at S e r '^  In control scrambled oligonucleotide-trealed cells. A / i (2 /uM , 1 h) significantly 
increased [phosphoS er® ]p53 expression. In conlrast. JNKl depletion prevented the A /i-  
mediated increase in |phosptioSef'^)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 o f activated phospho-JNK2 was unaffected by Afi  
(2 /.iM, 24 h, II = 6 )  and this result demonstrates that the JNK2 
antisensc had the capacity to reduce the A/i-mediated stimulation 
o f phospho-JNK2.

Having established the efficacy o f the JN K 1 and JNK2 antisense 
sequences in depleting expression o f their respective target 
proteins and abrogating the stimulatory effect o f A /i on JN K l 
and JNK2 phosphorylation, we used the antisense approach to 
determine the role o f the JNK isofonns in A/5-mediatcd activation 
o f p33 and induction o f the apoptotic cascade.

JNK1 is involved in A /i-m e d ia te d  phosphorylation of p53
Since JNK2 activation by A /i was only ob.served at the later time 
point o f 24 h, it seemed unlikely that JNK2 was involved in p53 
phosphorylation, since the impact o f A /i on p53 occurred within 
60 min. In contrast, A/i-mediated activation o f JN K l was an 
earlier event that could potentially be upstream o f p53 phos­
phorylation. Therefore the antisense approach was used to exam­
ine the role o f JNK 1 in the A/i-mediated phosphorylation o f p53 at 
Ser'’ (Figure 4). After treatment with Af i  (2 //M , 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, ii =  8). Although the JN K l antisense 
oligonucleotide alone had no effect on p53 phosphorylation, it 
abolished the stimulatory effect o f A /i on p53 phosphorylation 
at Ser” . A sample immunoblot demonstrating that JN K l anti­
sense abrogates the A/i-mediated increase in phospho-p53 ex­
pression in shown as an inset in Figure 4.

Thus this result provides evidence o f a role for JN K l in the 
A/i-mediated phosphorylation o f p53 at Ser'-'.

Role of JNK1 and JNK2 in A ^ -m e d ia te d  activation of apoptotic 
cascade
A downstream consequence o f JNK activation and p53 
phosphorylation at Ser'' is a commitment to the cell death pathway
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F ig u re  5  C o n s e q u e n c e s  of JN K 1 and  JN K 2  d e p le tio n  on A /3 -in d u ced  
a c tiv a tio n  on c a s p a s e  3  a c tiv a tio n

(A) The percentage of cells displaying anti-active caspase 3 immunoreaclivity was assessed 
by immunocytochemistry. In cells that had not been treated with oligonucleotide (untreated). 
A /i (2 24 h) significantly increased the percentage of cells displaying active caspase 3
immunostaining by 40 % In JNKf scrambled oligonucleotide-treated cells. A /f also evoked a 
signilicant increase in active caspase 3 immunoreacliv ity However, this effect was abrogated in 
JNKl antisense-treated cells. In contrast, neither the JNK2 scrambled nor the JNK2 antisense 
oligonucleotide had any effect on the procliv ity ol A /i 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 JN K l and JNK2 depletion on the A /i-m ediated activation of 
caspase 3 at 48 h was assessed. Other details are the same as in (A), " P  <  0,05: ++ P <  0.05, 
All statistical analyses were performed using ANOVA.

[17,32]. Since A /i activates both JN K l and JNK2 in cortical 
neurons, the respective roles o f JN K l and JNK2 in coupling A /i 
with activation o f the apoptotic cascade were examined using the 
JN K l and JNK2 antisense oligonucleotides. The components of 
the apoptotic cascade that were examined in the present study 
were activation o f 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 A /i for 24 h (^’ <0.05, ANOVA; compared with 
untreated cells, « =  6 coverslips). A fter transfection with the 
JNK 1 scrambled oligonucleotide, the A/i-mediated stimulation of 
caspase 3 was retained (P < 0 .05 , ANOVA, ii =  6 coverslips). 
In contrast, the JN K l antisense oligonucleotide significantly 
decreased the A/i-mediated stimulation o f caspase 3 activity 
(P < 0.05, ANOVA; compared with cells treated with Af i  -t- 
JN K l scrambled oligonucleotide, n = 6  coverslips). Thus in 
cells transfected with JN K l antisense alone, the percentage of 
cells with active caspase 3 immunostaining was 2 1 + 3 %  and, 
in cells treated with A /i in the presence o f JN K l antisense
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o l ig o n u c le o t id e ,  24  +  4 %  o f  c e l l s  d isp layed  ac t ive  casp ase  3 
im m u n o rca ct iv i ty  (n =  6  covers l ips ) .  T h is  result dem onstrates  
that J N K l  is pertinent in the A / i -n ied ia te d  activation o f  caspase  
3 in cultured cort ical neurons.  In contrast,  dep le t ion  o f  J N K 2  
had no  e f f e c t  on  A /J -m ed la ted  activation o f  c a sp a se  3 at 24  h. 
T h u s  in c e l l s  treated w ith  J N K 2  ant isense  a lo n e ,  2 5  +  3 % o f  
c e l l s  d is p la y e d  active  c a sp a se  3 im m unoreact iv ity  and this was  
s ign if ican t ly  in creased  to 38  +  4  % in J N K 2 -d ep le te d  cel ls  
treated w ith  AyS for 2 4  h { P  <  0 ,0 5 ,  A N O V A ; com pared  with  
c e l l s  treated w ith  J N K 2  ant isense  a lone,  n = 6 ) .  S in ce  the A/J-  
m ed ia ted  s t im u lat ion  o f  J N K 2  w a s  retained after deple t ion  o f  
J N K 2 ,  w e  c o n c lu d e  that J N K 2  is not invo lved  in the A/?-m ediated  
activation o f  ca sp a se  3 that is fou nd  to occur  at the 2 4  h time point.

S in ce  c e l l s  had to be incubated with A f i  for  2 4  h before  
J N K 2  activation  w as  d e tec ted ,  our f in ding that J N K 2  w as  not 
in vo lved  in the A /J -m ed ia ted  act ivation o f  ca sp a se  3 at 24  h is 
not surpris ing.  T o  determ ine  w h eth er  J N K 2  w a s  in volved  in 
c a sp a se  3 activation  at later t im e points ,  w e  repeated the 
ex p er im en t  by  m on itor in g  the e ffect  o f  J N K l  and J N K 2  
a n t ise n se  on  A / j - m e d ia te d  activation o f  c a sp a se  3 at 4 8  h, a 
t im e po in t  that w o u ld  be  dow nstream  o f  J N K 2  activation.  
F igure 5 ( B )  d em on strates  that in untreated cel ls ,  the 
p e rcentage  o f  c e l l s  d is p la y in g  active  casp ase  3 im m unoreact iv ity  
w a s  13 +  3 %  {m ea n s  +  S .E .M .)  and th is  w as  s ignif icantly  
increased  to 45  ±  8 % after treatment w ith  A f i  for 4 8  h 
( P < 0 . 0 5 ,  A N O V A ;  co m pared  with untreated ce l l s ,  n =  6  
c o v er s l ip s ) .  After  transfection with the J N K l  scram bled  
o l ig o n u c le o t id e ,  the A/<-r7)ediated s t im ulation  o f  ca.spa.se 3 wa.s 
retained (/■' < 0 . 0 5 ,  A N O V A ; n =  6  covers l ip s ) .  In contrast, the 
J N K l  a nt isense  o l ig o n u c le o t id e  signif icantly  d ecreased  the A f i -  
m ed ia ted  s t im u lat ion  o f  c a sp a se  3 activity (P  <  0 .0 5 ,  A N O V A ;  
c o m p a re d  w ith  c e l l s  treated with A f i  +  J N K l  scrambled  
o l ig o n u c le o t id e ,  ii =  6  covers l ip s ) .  Thus  in c e l l s  transfected with  
J N K 1 a nt isense  a lone ,  the percentage  o f  c e l l s  w ith  active  c asp ase  3 
im m u n o s ta in in g  w a s  19 +  4  %  and, in c e l l s  treated with A p  in the 
p r ese n c e  o f  J N K l  ant isense  o l ig o n u c le o t id e ,  25 +  4 %  o f  ce l l s  
d is p la y e d  active  c a sp a se  3 im m unorcact iv ity  (ii = 6  covers l ips) .  
T his  result d em on stra tes  that J N K l  is pertinent in the Af i -  
m ed ia ted  activation  o f  c a sp a se  3 in cultured cortical neurons  
at 4 8  h. In contrast,  dep le t ion  o f  J N K 2  had no effect  on A f i -  
m edia ted  activation o f  c a sp a se  3 at 48  h. T hus  in c e l l s  treated 
with  J N K 2  an t isen se  a lone ,  13 +  6 %  o f  c e l l s  d isp laye d  active  
c a sp a se  3 im m u n oreact iv i ty  and this  w as  s ign if ican t ly  increased  
to 4 6  +  6 %  in J N K 2 -d ep le t ed  ce l l s  treated with A f i  for 48  h 
i P  <  0 .0 5 ,  A N O V A ;  co m p a re d  with c e l l s  treated with J N K 2  
a nt isense ,  /; =  6).  T h e s e  result s  dem onstrate  that J N K l ,  and  
not  J N K 2 ,  is in vo lved  in the c ou p l in g  o f  A/J w ith  casp ase  3 
activation .

R ole  of JNK1 anti  JNK2 in A /? -m ei i ia te i l  DNA f r a g m e n t a t i o n
O n e  o f  the later s tages  in apop tosis  is the fragmentation o f  
nuclear D N A .  We have  prev ious ly  sh o w n  that A / ) |_ 4o has no  
e ffe c t  on D N A  fr agm enta t ion  before  48  h, but a m ax im al  35  % 
increase in D N A  fragm entation  is o b serv e d  after exposure  o f  
cortical neurons to A f i ,  j,, for 7 2  h |8];  w e  thei'efore ch o s e  to  use  
that time point in the present study.  The  e f fec t  o f  A f i  on D N A  
fragm entation  w as  a n alysed  by T U N E L  and the roles o f  JNK  1 and 
J N K 2  in A ^ -rn ed ia ted  D N A  fragmentation w ere  a sse ssed  after 
antisen.se-m edia ted dep le t ion  o f  the J N K l  and J N K 2  iso form s  
(F igure  6).  In untreated cortical neur ons ,  the percentage  o f  cel ls  
w ith  fragm ented  D N A  (T U N E L -p o s i t iv e  ce l l s )  w as  21 +  2 %  
(m ea n s  ±  S .E .M .)  and this  w a s  m a x im a l ly  increased to 52  +  
8 % by A f i  (7 2  h, 2 /^M) ( P  <  0 .0 5 ,  A N O V A ,  =  6  coverslip.s)
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F i g u r e  6  E t i ec t  o f  JN K 1  a n d  J N K 2  d e p l e t i o n  o n  A / 3 - i n d u c e d  DN A  
f r a g m e n t a t i o n

(A ) T h e  e t ie c t o ( JNK.1 a n d  JN K 2  d e p le U o n  o n  th e  a b ility  o l f t p  ('A.B') to  in d u c e  DNA Irag m en ta tio rr 
(T U N E L -p o sillv e) w a s  a s s e s s e d .  Irr u n tre a te d  c e l ls ,  A /i s ig n ilic a n lly  in c re a s e d  th e  p e rc e n ta g e  
o l T U N E L -p o sitiv e  c e lls  b y  4 0  % . F o r  JN K l s c r a m b le d  o l ig o n u c le o t id e ,  A /) a l s o  e v o k e d  a  s ig n lli-  
c an t in c re a s e  in T U N E L -p o sillv e  c e lls ;  h ow ever, th is  e fiec t viras s ig n ilic a n tly  d e c re a s e d  in JN K l 
a n t is e n s e - t r e a te d  c e lls  , N e ilh e r Ih e  JN K 2  s c ra m b le d  n o r  th e  JN K 2 a n i i s e n s e  ol ig o n u c le o t id e s  h ad  
a n y  e lle c t o n  Ihe  p ro c liv ity  o l A /i to  e v o k e  a n  in c re a s e  in a c tiv e  DNA Ira g m e n ta tio n . R e su lts  a re  
th e  m e a n s  +  S ,E ,M , Iro m  s ix  in d e p e n d e n t  o b s e rv a t io n s .  "P < 0 .0 5 : < 0 ,0 5 .  S ta tis tic a l
a n a ly s is  vKas p e r fo rm e d  u s in g  ANOVA, c o n ,  c o n tro l,  (B) R e p re se n ta tiv e  TUNEL s ta in in g  for c e lls  
t re a te d  virilh (i) JN K 1 s c ra m b le d  o l ig o n u c le o t id e ,  (ii)  A /i +  JN K 1 s c ra m b le d  o l ig o n u c le o tid e ,  
(ill) A /i - I -  JN K l a n t i s e n s e  o l ig o n u c le o tid e ,  ( iv ) JN K 2  s c ra m b le d  o l ig o n u c le o tid e ,  (v ) A /i + 
JN K 2  s c ra m b le d  o l ig o n u c le o t id e  a n d  (v l)  A /i -i- JN K 2  a n t i s e n s e  o l ig o n u c le o tid e .  S c a le  
b a r  =  2 0  / ( m .

as has b ee n  p rev io u s ly  reported [5].  A fter  transfection  w ith  the 
J N K l  scram b led  control o l ig o n u c le o t id e ,  the A /J - in duced  D N A  
fragm entation  w a s  retained (P  <  0 .0 5 ,  A N O V A ,  /i =  6 covers l ips ) .  
In contrast,  the J N K l  a nt isense  o l ig o n u c le o t id e  abo l i sh ed  the 
A /J-m ed ia ted  s t im u lat ion  in D N A  fragm entation .  T h u s  in ce l l s  
transfected  w ith  JN K  I a nt isense  o l ig o n u c le o t id e ,  the percentage  
o f  c e l l s  w ith  D N A  fragm entat ion  w as  2 0  +  2  %  in control c e l l s  
and 2 8  +  3 %  in A/3-treated c e l l s .  T h is  result d em on strates  that 
J N K  1 is pertinent in the ind uct ion  o f  D N A  fragm entat ion  by Af i .  
S in ce  J N K l  w a s  a lso  fou nd  to have  a role  in the A ^ - m e d ia te d  
activation o f  c a sp a se  3,  a key  e x ec u t io n e r  o f  a p o p to s i s ,  the J N K  1 - 
d ep en d en t  D N A  fragm entat ion  probably  in v o lv es  ca sp a se  3 as 
an upstream c o m p o n e n t  o f  this  pathway.  T o  determ ine  the role  
o f  J N K 2  in A /i i -m ediated  D N A  fragm entat ion ,  the c e l l s  w ere  
transfected  w ith  the J N K 2  a nt isense  o l ig o n u c leo t id e .  Figure  6  
dem on stra tes  that after d e p le t io n  o f  J N K 2 ,  A f i  retained the abil ity  
to e v o k e  a s ign if ican t  in crease  in D N A  fragm entation  (P  <  0 .0 5 ,  
A N O V A ,  n =  6).  T hus  J N K  1 is the pr incipal is o form  in vo lved  in
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coupling Af i  with activation ofcaspase 3 and DNA fragmentation 
in cortical neurons.

D I S C U S S I O N

The aim of the present study was to examine the roles of  
JNK I and JNK2 in A/ii-mediated induction of the apoptotic 
cascade in cultured cortical neurons. In the absence of a suitable 
pharmacological inhibitor to distinguish between JN K l-  and 
JNK2-mediated effects, antisense technology was employed to 
cause a selective down-regulation in expression of JNKl and 
J N K l  to examine their respective roles in the apoptotic pathway. 
Aft  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- 
induccd genes [33]. The punctate distribution of phospho-JNK 
that we detect in the cytosol after exposure to A/i 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 JNKl and JNK2 in cultured 
cortical neurons. JN Kl was activated rapidly (within 5 min) by 
A/i and sustained for several hours. By 18 h, the A/i-mediated 
activation of JNK 1 had returned to basal levels, demonstrating the 
temporal effectiveness of this signalling cascade. In contrast, A(i  
failed to induce an early activation of JNK2 but JNK2 activity was 
increa.sed by Af i  at the later time points of 24 and 48 h. The finding 
that A/i activates JN K l and JNK2 within dissimilar time frames 
suggests that JN Kl and JNK2 may have distinct roles in cellular 
slres.s responses to A/i. Expression of p53 and phosphorylation 
of pS3 at Ser'* were increased by A/i. Phosphorylation of p53 at 
Ser'^ has been reported as a proximal event in cellular apoptosis 
[23] and the ability of  Af t  to phosphorylate p53 was abolished in 
JNK I-depleted cells. The effect of A/i on downstream apoptolic 
events, namely caspase 3 activation and DNA fragmentation, was 
also significantly attenuated after JNKl antisense treatment. In 
contrast,  depletion o f  JNK2 had no effect on the ability of  A/5 to 
activate caspase 3 or induce DNA fragmentation.

Our finding that A/i |_ 4,, increases phospho-JNK expression 
in cortical neurons agrees closely with the effects of  other A/3 
fragments in neuronal systems. A/i,_4 , and A /i > , _ , 5  have been 
reported to increase JNK activity in cortical neurons [13] and 
A / i | ^ 4 2  increases JNK phosphorylation in sympathetic neurons 
and PC12 cells [14]. Although there are similarities in the effects 
of different A/i peptides on the JNK pathway, it is to be noted that 
the time frame for JNK activation varies considerably between 
different A/i peptide species. In the present study, we have 
demonstrated that JN Kl is activated within 5 min o f  exposure 
to A / i | . 4„, whereas the A/i-mediated activation of JNK2 is not 
apparent until 24 h. In contrast. A/ii^ .y increases JNKl activity 
at 4 h, but not at earlier time points [ 13], and Af1,.j2 causes peak 
activation of both JNK I and JNK2 within 2-6  h in PC 12 cells [14]. 
It is therefore probable that temporal variations in JNK activation 
may depend on the nature of the A/i fragment and cell type.

There has been much interest in the signalling events that 
underlie A/i-mediated induction of the apoptotic cascade. The 
present study and the work of other groups [13,15] provide 
evidence for A/i impinging on the JNK signalling pathway. 
Induction of the apoptotic ca,scade has been attributed to activation 
of JNK in several systems [32[. In support of  a role for JNK in A/i- 
mediated cell death, synthetic inhibitors of JNK protect against

A/?-mediated cell [13], although the exact nature of the JNK 
isoforms that mediate the Aft  neurodegeneration remains to be 
established. In the present study, we have successfully employed 
antisense technology to cause a selective down-regulation in 
expression o f  JNK I and JNK2 proteins. After antisense-mediated 
down-regulation o f  JN K l and JNK2, the ability of  Aft  to induce 
phosphorylation o f  JN K l and JNK2 was selectively abolished. 
However, it was surprising that the antisense-mediated down- 
regulation in JNK 1/2 protein expression was not accompanied by 
a reduction in basal phospho-JNK expression. This may reflect 
endogenous activity o f  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 
ol igonucleotides blocked A/i-mediated activation o f  each o f  the 
JNK isoforms, this approach was used to elucidate the respective 
roles o f  JN K l and JNK2 in the A/3-mediated induction of 
apoptotic events such as phosphorylation of p53, caspase 3 
activation and DNA fragmentation.

Our results demonstrate that A f t i _^  increases p53 expression 
and phosphorylation of p53 at Ser '’ in cortical neurons. Aft  
had no effect on p53 mRNA expression, although other 
Aft  fragments (i.e. have been found to increase p53
mRNA expression within 1-3 h of exposure to Aft  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 o f  p53 at residue 15 disrupts its 
association with the oncoprotein, Mdm-2, preventing ubiquitin- 
mediated degradation o f  p53 and thus stabilizing the p53 protein 
[36]. The finding that Aft  rapidly phosphorylates p53 at Ser'^ 
provides a mechanism for the A^-mediated increase in p53 
expression. In contrast with the ability of Aft  to phosphorylate 
p53 at Ser'-' within 5 -6 0  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 Aft  
does not induce DNA damage until 4 8 -9 6  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 
early event in Aft  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 Aft  
and p53. However, the mechanism of A^-induced stabilization 
o f  p53 remains to be elucidated. Several mechanisms for p53 
stabilization have been proposed and these include caesin kinase 
[38], DNA-activatcd kinase [39] and JNK [27,40]. Since we have 
demonstrated that JN K l is activated rapidly by Aft  in cortical 
neurons, we used selective antisense oligonucleotides to down- 
regulate JN K l expression to elucidate the role o f  JN Kl in Aft -  
mediated activation of p53. Depletion of JNK 1 prevented the 
A/i-mediated phosphorylation of p53 at Ser'-' and this result 
demonstrates that JNK I is upstream o f  p53. In non-neuronal cells, 
JN K l has also been shown to bind to and phosphorylate p53 [41], 
although there is also evidence for activation o f  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 o f  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 JN K l antisense 
completely abrogated the A/3-mediated phosphorylation of p53 
and A/i-mediated activation o f  JNK2 was only detected at the 
later time points o f  2 4 -4 8  h, which was much later than the time 
required to stabilize p53, we conclude that JNK2 was not pertinent 
in the A/i-mediated activation of p53.

After phosphorylation at Ser'*, p53 can contribute to apoptosis 
by inducing transcription of proapoptotic genes such as hax.
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leading to release o f mitochondrial cytochrome c and activation 
o f caspase 3, a key executioner o f apoptosis [23]. Alternatively, 
p53 may target directly to the mitochondria to induce a 
transcription-independent apoptotic signal [43). Thus potential 
downstream consequences o f JN K l-m ed iated  activation o f p53 
include induction o f caspase 3 and the appearance o f apoptotic 
hallmarks such as D N A  fragmentation. A fte r depletion o f J N K l,  
the proclivity o f A fi to activate caspase 3 and induce D N A  
fragmentation was significantly attenuated. JN K 2 depletion had 
no effect on the A/J-mediated activation o f caspase 3 or increase 
in D N A  fragmentation and this suggests that J N K l is the principal 
JN K  i.soform involved in A /i-m ediated activation o f the apoptotic 
cascade. A lthough A /i induced caspase 3 cleavage in this system, 
it is important to note that the role o f caspase 3 in Ay?-mediated 
neurodegeneration remains a matter o f debate, hi cortical neurons, 
a caspase 3 inhibitor has been found to protect neurons against 
some aspects o f A /i-m ediated cell death |44 ], whereas caspase 3 
has been found to have no role in A/J-mediated hippocampal 
cell death [5 ], The role o f caspase 3 in A fi neurodegeneration 
has therefore been proposed to be brain-region-specific [45]. Our 
findings that J N K l and JN K 2 have distinct activation profiles 
and different roles in the A /i-m ediated induction o f the apoptotic 
cascade highlights the complexity o f JNK signalling. In ischaemic 
death, differential roles o f J N K l and JN K 2 have also been 
reported [29] and there is evidence that the profile o f JN K  
activation is dependent on neuronal cell type and the applied 
stress paradigm [46]. Furthermore, the use o f jn k j  knockout mice 
has identified a role for JN K 3 in A /i-m ediated neurotoxicity [15], 
whereas in the present study, we found no evidence o f JN K 3  
activation by A /i , .  4,, (results not shown) and our result suggests a 
prominent role for JN K l in A/J-mediated D N A  fragmentation in 
this system. This lends further support for the idea that the patterns 
o f JN K  signalling utilized by A /i are diverse and may be subject to 
developmental factors, cell type and animal species. The present 
study provides evidence for the 1 -4 0  fragment o f A /i coupling 
with JN K  1 upstream of cell death in the cortex and this is relevant 
since A /i|_ 4,i is detected in the mature senile plaque [2]. However, 
the nature o f the JN K  isoform responsible for evoking cell death 
by A /i i_ 4 2 , the principal component o f the plaque, remains to be 
resolved.

In conclusion. A /i  induces phosphorylation o f J N K l and JN K 2  
in cortical neurons « ith  a distinct temporal pattern. Although  
J N K l is pertinent in the A /i-m ediated stabilization o f p53, 
activation o f caspase 3 and induction o f D N A  fragmentation, 
JN K 2  is not involved ;n coupling A /i w ith these apoptotic events. 
An increase in phosphj-JNK  expression in the A D  brain has been 
reported [47] and our study indicates that J N K l may contribute 
to the pathology o f the disease by activating p53 and inducing the 
apoptotic cascade.
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Amyloid-/J (A/i) is a major constituent of the neuritic  
plaque found in the brain of Alzheim er’s d isease pa­
tients, and a great deal of evidence suggests that the 
neuronal loss that is associated w ith the d isease is a 
consequence of the actions of Aft. In the past few years, 
it has becom e apparent that activation of c-Jun N-ter- 
minal kinase (JNK) m ediates some of the effects of Afi on 
cultured cells; in particular, the evidence suggests that 
A/J-triggered JNK activation leads to cell death. In this 
study, w e investigated the effect o f intracerebroven- 
tricular injection o f A/j,,_^(„ on signaling events in the 
hippocam pus and on long term potentiation in Schaffer 
collateral CAl pyramidal cell synapses in vivo.  We re­
port that A/J|i_.,„| induced activation of JNK in CAl and 
that this was coupled with expression of the proapo- 
ptotic protein, Bax, cytosolic cytochrom e c, poly-(ADP- 
ribo.se) polym erase cleavage, and Kas ligand expression  
in  the hippocam pus. These data indicate that AP(j_,o) 
irihibited expression  of long term potentiation, and this 
effect was abrogated by adm inistration of the JNK in­
hibitor peptide, D-JNKIl. In parallel w ith these find­
ings, w e observed that A/j-induced changes in caspase-3 
activation and TdT-mediated dUTP nick-end labeling  
sta in ing in neuronal cultured cells were inhibited by 
D-JNKIl. We present evidence suggesting that interleu­
kin (ID-IJi plays a significant role in m ediating the ef­
fects o f A/J|,_„„ because A/Ji,,^,,, increased hippocampal 
IL-l/i and because several effects o f A/i,|_,m were inhib­
ited by the caspase-1 inhibitor Ac-YVAD-CMK. On the 
basis of our findings, we propose that A/J-induced 
changes in hippocam pal p lasticity are likely to be de­
pendent upon IL-l/l-triggered activation o f JNK.

One of the  pathological hallm arks of A lzheim er’s disease 
(AD)‘ is an  accum ulation of plaques consisting predom inately
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of amyloid-p (A/3) peptide, which is processed from amyloid 
precursor protein by the  action of (3- and y-secretase (1). N eu­
ronal cell loss is one feature of AD, and evidence from analysis 
of changes in cultured  cells suggests th a t A/3 acts as the exe­
cutioner. Thus, neuronal cultures exposed to A/3 dem onstrate 
signs of apoptosis (2 -4), and previous evidence from th is labo­
ratory  has revealed th a t  cultured  cortical neurons exposed to 
A(3,,_4o, exhibited increased expression of the tum or suppres­
sor p53; increased activation of caspase-3, a m arker of apo- 
ptotic cell death; and increased TUNEL reactivity  (5). The 
evidence is consistent with the  idea th a t activation of the 
stress-activated protein kinase, c-Jun N -term inal k inase (JNK) 
played a significant role, because depletion of JN K l following 
exposure to an tisense  oligonucleotide prevented the  effects of 
A/3 (5). Sim ilarly, M orishima et al. (6) reported th a t  A/3 in­
creased phosphorylation of JN K  and c-Jun in cultured  cortical 
neurons and th a t  these changes were associated w ith expres­
sion of the  death  inducer Fas ligand (FasL). O thers have re­
ported findings th a t support a role for JN K  activation in me­
diating  a t least certain  effects of A/3. For instance, A/3-induced 
parallel increases in JN K  activation and TUNEL reactivity in 
PC12 cells (7), w hereas activation of JN K  was shown to be 
localized to amyloid deposits in 7- and 12-month-old mice th a t 
overexpress amyloid precursor protein (8).

It has emerged in several experim ental models th a t in ­
creased JN K  phosphorylation is associated w ith deficits in 
synaptic function; for instance, increased activation of JN K  has 
been reported in the  hippocampi of aged ra ts  (9, 10), ra ts  
exposed to whole body irrad iation  (11), and ra ts  injected with 
the  proinflam m atory cjrtokine, interleukin  (ID-1/3 (12) or li- 
popolysaccharide (13), and in all cases g lu tam ate  release was 
decreased. In each of these experim ental conditions, long term  
potentiation (LTP), a model of synaptic plasticity, was m ark ­
edly im paired, and th is im pairm ent was coupled w ith an  in ­
creased hippocam pal concentration of IL-1/3.

A num ber of groups have reported  th a t  A/3 ad m in istra tion  
exerts an  inhib itory  effect on LTP. For instance, A|3 peptides 
(14 -16) and n a tu ra lly  secreted  Aji oligom ers (17) inhibited 
LTP in th e  C A l region in vivo, and A/3 peptides also inh ib it 
LTP in d e n ta te  gyrus and th e  CAl in vitro (18-21). Sim ilarly, 
a deficit in LTP was reported  in aged mice th a t  overexpress 
amyloid precu rso r p rotein  and  in which deposition of A/3 was 
observed (22). In th is  study, we investigated  th e  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 that might explain its impact on
LTP and report that activation of JNK is a pivotal event in 
A/3-induced inhibition of LTP and in Aj^-induced cell death.

EXPERIMENTAL PROCEDURES

Preparation o f A(i— (Bi oSource International) was made up 
as a 1 niM  stock solution in sterile water and allow'cd to aggregate for 
48 h at 30 ®C as described previously (5). For treatm ent of cortical 
neurons, aggi-egated was diluted to a final concentration of 2
/xM in prewarmed neurobasal medium (NBM; Invitrogen). For analysis 
of signaling events stim ulated by A/3, aggregated A/3,i_.iu) at 37 ®C was 
injected intracerebroventricularly (5  /i.1; Inmol in sterile water). This 
A/3 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).

A n im a ls—Groups o f young male W istar rats (2 0 0 -3 0 0  g; Bio Re­
sources U nit, Trinity College, Dublin 2, Ireland), m aintained at an 
am bient tem perature o f 2 2 -2 3  °C under a 12 b light-dark schedule, 
were used in th is experim ent. The rats were anesthetized by intrap- 
eritoneal adm inistration o f urethane (1.5 mg/kg) and were injectcd 
intracerebroventricularly w ith either sterile water (5 x̂\) or 
6 h post-injection, the rats were killed by decapitation, the brains 
were rapidly rem oved on ice, and area C A l w as dissected free. The 
tissu e  w as cross-chopped (350 x  350 /^m) and frozen in Krebs solution  
contain ing 10% M c2S0 as previously described (23) until required for 
analysis.

A nalysis o f  J N K  Phosphorylalion, c-Jun Phosphorylation, Cytosolic 
Cytochrome c Expression, Bax Expression, FasL Expression, and PARP  
Cleavage—JNK  phosphoiylation, c*Jun phosphorylation, and expres­
sion of Bax. cytosolic cytochrome c, PARP, and FasL were analyzed in 
sam ples prepared from C A l 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 fi\, 
2 mg/ml) were added to 100 /xl of sample buffer (0.5 m.M Tris-HCl, pH 
6.8, 107c glycerol, 10% SDS, 57o /i-mercaptoethanol, 0.05% bromphenol 
blue (w/v)), boiled for 5 min, and loaded onto 10% SDS-PAGE gels. In 
the case o f cytochrome c, cytosolic fraction was prepared by homogeniz­
ing slices of hippocampus in lysis buffer (20 mM HEPES, pH 7.4, 10 niM 
KCl, 1.5 niM MgCly, 1 mM  EDTA, 1 mM EGTA, 1 niM dithiothreitol, 0.1 
mM phenylm ethylsulfonyl fluoride, 5 ^tg/ml pepstatin A, 2 /xg/ml leu- 
peptin, 2 aprotinin), incubating for 20 min on ice, and centrifug­
ing (15,000 X g  for 10 min at 4 “C). The supernatant (i.e . cytosolic 
fraction) was suspended in sam ple buffer to a final concentration of 300  
^g/nil, boiled for 3 min, and lo a d e d  (6 jug/lane) onto 12% SDS-PAGE  
gels. The pellet (i.e. m ito c h o n d r i a l  f r a c t i o n )  w a s  r e s u s p e n d e d  in  sample 
buffer to a final concentration of 300 /xg/ml, boiled for 3 min, and loaded 
(6 jug/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
f e r r e d  onto nitrocellulose strips (225 mA for 90 min), and immuno- 
blotted with the appropriate antibody. For JNK phosphorylation, the  
proteins were im m unoblotted with an antibody that specifically targets 
phosphorylated JNK (1 ;300 in Tris-buffered saline (TBS)-T\v'een (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 JN K l of human origin. To assess phosphoi'ylation of c-Jun, we 
immunoblotted with a mouse monoclonal IgGj 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 c, 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 c 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 B io te c h n o lo g y  Inc.), To assess t h e  
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.). A ll of the nitrocellulose strips

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 
term inus of actin o f hum an origin (Santa Cruz Biotechnology Inc.). 
Im m unoreactive bands were detected as follows: peroxidase-conjugated  
anti-m ouse IgG (Sigma) and Supersignal chem ilum inescence (Pierce) 
for JNK, c-Jun, Bax, and actin and peroxidase-conjugated anti-rabbit 
IgG (Sigm a) and Supersignal (Pierce) for cytochrome c, FasL, and 
PARP.

Induction o f L T P  in C A l in Vivo— M ale W istar rats (175-200  g; 
Biomedical Facility, U niversity College, Dublin, Ireland) were anesthe­
tized w ith 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, stim u­
lating, and recording electrodes. The recording electrode was positioned 
in the stratum  radiatum  of area C A l (3 mm posterior and 2 mm lateral 
to bregma), and a bipolar stim ulating electrode was placed in the 
Schaffer collateral/com m issural pathway distal to the recording elec­
trode (4 mm posterior and 3 mm lateral to bregnia). The cannula was 
positioned above the lateral ventricle in the opposite hem isphere 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- 
crebroventricularly w ith either A|3,i,4u, (Inm ol in 5 /il), the membrane 
soluble JN K  inhibitor D -JN K Il (1 nmol in 5 /il), combined A/3,i_4o, and 
D -JN K ll (Inm ol o f each in 5 ^1) or vehicle (5 /xl sterile water); and 
base-line recordings were monitored for a further 60 min before delivery 
of a series of high frequency stim uli (HFS; 3 x  10 trains o f 10 stim uli at 
200Hz; intertrain interval, 20 s). Responses to test shock stim ulation  
were recorded for a further 5 h post-HFS, and deep body temperature 
w as maintained at 36.5 ± 0.5 ®C using heating pads. Paired pulse 
facilitation w ith an interstim ulus interval o f 50 ms was also examined 
preinjection, 1 h post-injection o f drug/vehicle (prior to HFS), and 5 h 
following HFS. Deep body tem perature was m aintained at 36.5 ± 0.5 "C 
using heating pads. Extracellular field potentials were amplified 
(xlOO), 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,

A nalysis o f IL -lfi Concentration— IL-1^ concentration was analyzed  
in hom ogenate prepared from C A l by enzyme-linked immunosorbent 
assay (R«& D System s) and in supernatants prepared from cultured 
cells as described below. Antibody-coated (100 ^1; final concentration, 
1.0 [xg/mly diluted in PBS. pH 7.3; goat anti-rat IL-l/jJ antibody) 96-wcll 
plates were incubated overnight at room temperature, washed several 
tim es with PBS containing 0.05% Tween 20, blocked for 1 h at room 
tem perature with 300 o f blocking buffer (PBS, pH 7.3, containing 5%' 
sucrose, 1% BSA, and 0.05% NaNg), and washed. IL-1/3 standards (100 
/i.1; 0 -1 0 0 0  pg/ml in PBS containing 1% BSA) or sam ples (homogenized 
in Krebs solution containing 2 m M  CaCl.2 ) were added, and incubation 
proceeded for 2 h at room temperature. Secondary antibody (100 /i.1; 
final concentration, 350 ng/ml in  PBS containing 1% BSA and 2% 
normal goat serum; biotinylated goat anti-rat IL-1/3 antibody) was 
added and incubated for 2 h at room temperature. The wells were 
washed, and detection agent (100 /xl; horseradish peroxidase-conju- 
gatcd streptavidin; 1:200 dilution in PBS containing 1% BSA) was 
added and incubated continued for 20 min at room temperature. Sub­
strate solution (100 /il; 1:1 mixture of H . ^ 0 2  and tetram ethylbenzidine) 
was added and incubated at room tem perature in the dark for 1 h, after 
which tim e the reaction was stopped using 50 ^1 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-l/3/mg protein.

Preparation o f C ultured Cortical Neurons— Primary cortical neurons 
were isolated and prepared from 1-day-old Wistar rats (BioResources 
Unit, Trinity College, Dublin 2, Ireland) and m aintained in NBM as 
previously described (5). The rats were decapitated, the cerebral corti­
ces were dissected, and the m eninges were removed. The cortices were 
incubated in PBS with trypsin (0.25 jug/ml) for 25 min at 37 ®C. The 
cortical tissue was then triturated in PBS containing soy bean trypsin 
inhibitor (0.2 ;xg/ml) and DNase (0.2 mg/ml) and gently filtered through 
a sterile m esh filter (40 jum ). The suspension was centrifuged at 2000 x  
g  for 3 min at 20 *C, and the pellet w as resuspended in warm NBM, 
supplem ented with heat inactivated horse serum  (10%), penicillin (100 
units/m l), streptomycin (100 units/m l), and glutam ax (2 m M ). The sus-
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pendcd cells were plated at a density of 0.25 x  10*’ cells on circular 
10-mm diam eter coverslips, coated w ith poly*L*lysine (60 /xg/ml), and 
incubated in a humidified atmosphere containing 5% CO.^;95% air at 
37 ®C for 2 h prior to being flooded w ith 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 A/3d_.n,  ̂ (2 ixM in 
N B M ) for 72 h w ith  or w ithout caspase-1 inhibitor (100 nM in NBM ; 
Ac-YVAD-CM K; Calbiochem) or D -J N K Il (1 /iM in NBM ; Alexis Bio­
chemicals). In the case of A/3-treated neurones, the supernatant was 
removed at 20 h, and IL-1/3 concentration was assessed. A t 72 h, the 
cells were rinsed in TBS and fixed in 4% paraformaldehyde in TBS for 
immunohistochemical assessment of J N K  phosphorylation, caspase-3 
activation, and D NA  fragmentation. The cells were incubated in 
A/i, ,_4,„ (2 /i m ) 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 (5 ng/ml in N B M ) w ith or without D -J N K Il 
(1 fiM in N B M ) for 18 h and har\'osted in lysis bufTer (20 mM HEPES, pH  
7,4, 10 mM K C l 1.5 mM MgCl., .̂ 1 mM EDTA, 1 niM EGTA, 1 mM 
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 5 pepstatin 
A, 2 /^g/ml leupeptin, 2 aprotinin) for assessment of c-Jun phos­
phorylation and FasL expression.

Analysis o f Bax m RNA and caspase-3 niRNA— Total RNA was ex­
tracted from cortical neui'ones using T R I reagent (Sigma). cDNA syn­
thesis was performed on 1 /u.g of total RNA using oligo(dT) primer as per 
the m anufacturer’s instructions (Superscript reverse transcnptase; In- 
vitrogen). The RNA was treated with RNase-free DNase I Unvitrogen) 
at 1 unit//.ig of R NA  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 cyclcs to obtain 
reverse transcriptase-PCR products in the exponential range. In  the 
case of Bax m RNA expression following A/3 treatm ent primers used 
were as follows: rat Bax. sense 5'-GCAGAGAGGATGGCTGGGGAGA- 
3', and antisense 5'-TCCAGACAACjCAGCCGCTCACG-3' (25); rat 
(i-actin, sense 5'-GAAATCGTCiCGTGACATTAAAGAGAAGCT and an­
tisense 5'-TCAGG AG GAGCAATGATG ATCTTGA-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 Bux PCFi products of 352 base 
pairs and /3-actin PCR product of 360 base pairs. In the case of 
caspase-3 m RNA expression following treatm ent with A/3, and Bax 
m R N A  expression following treatm ent with lL-1/3, multiplex PCR was 
performed using the Quantitative PCR Cytopress detection kit (Rat 
Apoptosis Set 2; BioSource International) generating caspasc*3 PCR  
products of 320 base pairs, Bax PCR products of 352 base pairs and 
glyccraldehydc-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 /3-actin or glyceraldehyde-3-phosphate de­
hydrogenase housekeeping genes. No observable change in /3-actin or 
glyceraldehyde-3-phosphate dehydrogenase m RNA was obseived in 
any of the treatm ent conditions

T U N E L  Staining— Apoptotic cell death was assessed using the 
DeadEnd colorimetric apoptosis detection system (Promega) according 
to the m anufacturer’s instructions. Briefly, cultured cortical neurones 
were prepared from neonatal rats as described above and maintained in 
N B M  for 12 days before incubating in the absence/presence of A/3,i.4,,^ 
(1 in N B M ) for 72 h w ith  or without caspase-1 inhibitor (100 nM in 
N B M ) or D -J N K ll (1 fxM in N BM ). Biotinylated nucleotide was incor­
porated at 3 '-0 H  D N A  ends by incubating cells with term inal 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 Phosphofylated J N K  and Acti­
vated Caspase‘3— Cultured cortical neurones were prepared from neo­
natal rats as described previously (5) and maintained in N B M  for 12 
days before incubating in the absence/presence of A^,i_.,u, (1 ^m in 
N B M ) for 72 h w ith  or without caspase-1 inhibitor (100 nM in N B M ) or 
D -J N K Il (1 in N B M ). 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 w ith  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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F ig . 1. E ffe c t o f  A^i on p h o s p h o ry la tio n  o f J N K  a nd  c*Jun . J N K  
(a) and c-Jun (c) phosphorylation were significantly increased in hip­
pocampal tissue prepared from A/3-trcated rats compared w ith  control 
rats { * * * , p <  0.001; * ,p  <  0.05; Student’s t test for independent means; 
/? = 5 for J N K  and c-Jun, respectively (compare lanes 2  w ith lanes 1)). 
Total J N K  (6) 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 c).

overnight w ith  either antiactive p-JN K  (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 -JN K  or L-rhodamine-labeled goat anti-rabbit IgG (1: 
100; Biosource) to immunolabel active caspase-3. The cclls were washed
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Fig, 2. E ffect o f  D -JN K Il on A/J-in* 
duced  im pairm ent o f  LTP. a, LTP re­
corded up to 5 h post-HFS in two groups of 
anim als either injected intracerebroven- 
tricularly  with sterile water/vehicle as a 
control (□ ) or w ith D -JN K Il ( • ) . The 
black arrow  indicates the tim e of intrac- 
erebrovcntricular 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
m als ( / + 3) and those receiving D-JNKll 
(2 + 4). b, LTP recorded 5 h post-HFS in 
control anim als (□ ) and those injected in- 
traccrebroventricularly with either A/̂  
( • )  or A/  ̂i O 'JN K Il (A).  The black arrow 
indicates the lime of intracerebroven- 
tricular injection, and the open arrow in­
dicates the delivery of HFS. The inaetH 
show EPSF^s recorded prior to HFS and 
5 \) post-HFS in anim als injectcd with 
(5 4 7) or A/3 + D-JNIvIl (6’ + 8).

Control (n=7) 

D-JNKM (n=4)

Time (hours)

(t

0) 
(/) nj 
CQ
5?

Q.
(0
£L
Hi

Control (n=7) 

Ap+D-JNKM (n=6) 

Ap (n=10)

□

2 0 0 -

7/8

lo o ­

se J
I- - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - - - -   1- - - - - - - 1- - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - 1

0.0 0.5 1.0 1.6 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Time (hours)

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).

StatLstical 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 difierences betw’een conditions. WTien 
this analysis indicated significance (at the 0.05 level), post hoc S tudent 
Newmann-Keuls test analysis was used to determ ine which conditions 
were significantly different from each other. A repeated measures 
ANOVA was used to compare mean EPSP slopes a t different time 
points in the olectrophysiological experiments. When comparisons were

being made between two treatm ents, an unpaired S tudent’s / test for 
independent means was performed.

RESULTS

Fig. la  shows a sam ple immunoblot in which a marked 
increase in p-JNK was observed following intracerebroven- 
tricular injection of A/3n_4o>; assessm ent of the mean data 
obtained from densitometric analysis revealed a statistically  
significant increase in JNK phosphorylation induced by Aj3 
ip <  0.001; Student’s t test for independent means; n = 5). In 
contrast to the change in JNK phosphorylation, total JNK



J N K  Activation Mediates Afi-induced Inhibition o f  LTP  

(a) 0-5 mins (b) 60-65 mins

27975

(c) 120-125 mins (d) 180-185 mins

++ +

(e) 240-245 mins (f) 300-305 mins

250-

£  200  -

150-

C/5

£i 100-

50-
Control Ap

+ + -(-

Ap
+

D-JNKI1

250 n

2 0 0 -

150H
0 .

m 100

SO-i

+++

Control Ap Ap
+

D-JNKI1

F ig . 3. D -JN K Il r e v e r s e s  th e  A/J-induced in h ib itio n  o f LTP. Mean percentage EPSP slopes in the  5-min period immediately following 
tetanic stim ulation (a) and in the first 5-min periods in each subsequent hour (6-/) were significantly lower in A)3-treated ra ts compared with 
controls (***, p  <  Q.QOl; ANOVA). This inhibition was reversed by D -JN K Il treatm ent from 2 h so th a t there was a significant difference between 
mean EPSP slopes in A/3-treated and A î + D-JNKIl-treated rats ( + -f-+,p <  0.001; ANOVA).

expression was sim ilar in A/3-treated and control rats as dem­
onstrated in the sam ple immunoblot and the mean data (Fig. 
16). The Aj3-inducod increase in JNK phosphorylation was 
paralleled by the change in c-Jun phosphorylation; thus, the

sam ple immunoblot shown in Fig. Ic and the mean data ob­
tained from densitometric analysis indicated that A|3,|_4(„ in­
duced a marked increase in c-Jun phosphorylation (p <  0.05; 
Student’s t test for independent means; n = 5). Protein loading
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was checked by roprobing immunoblots for actin, and the data 
indicate that its expression was similar in samples prepared 
from control and Aj3-trealed rats.

We argued that this Aj3-induced increase in JNK activation 
may contribute to the previously reported A/3-induced inhibi-

[IL-1(3] in CA1

300-

150

Con Ap
Flc. 4. E ffec t o f AfS on IL -l/i c o n c e n tra tio n  in  h ipp o cam p u s. 

IL -ip  concentration was significantly increased in hippocampus of A|3- 
treated  ra ts  compared witli control (Con) rats (***,p < 0.001; S tudent’s 
t te s t for independent means; n = 5).

tion of LTP (16), and to assess this, rats were injected intrac- 
erebroventricularly with A^,,_ 4 0 | alone or in combination with  
the peptide inhibitor, D-JNKIl. Fig. 2a shows that, in control 
rats tetanic stim ulation led to an immediate and persistent 
increase in EPSP slope (p < 0.001; ANOVA); treatm ent with 
D-JNKIl (Inm ol) did not significantly affect this change. In 
contrast, intracerebroventricular injection of APq_4 o, inhibited 
LTP (p <  0.001; ANOVA, Fig. 26); the effect was observed 
im m ediately such that the mean percentage change in the 
EPSP slope in the 5 min im mediately following tetanic stim u­
lation w as significantly reduced in A/3-treated compared with  
control rats (p <  0.01; ANOVA; Fig. 3a). Tlie A)3-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 A^-treated rats compared with control ani­
mals (***, p  <  0.001 in all cases; ANOVA; Fig. 3, b-f) .  Co­
injection of D-JNK Il and A/3,i_40) reversed the inhibitory effect 
of Aj3,i_40| (Fig. 26), but this effect was not apparent until 2 h 
after tetanic stimulation {+ + + , p  < 0.001; ANOVA; Fig. 3, b-f). 
The mean percentage EPSP slopes at 0 -5  min post-tetanus were 
significantly reduced in rats treated with A/3 and D-JNKIl com­
pared with control rats (p <  0.001; ANOVA; Fig. 26). 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. Tliis indicates that at the
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Fig. 5. f^ffects o f  A/J on Bax, cy to ch ro m e c, a n d  FasL  ex p ress io n  a n d  PA R P c leav ag e . A)3 induced a significant increase in mitochondrial 
Bax expression, cytosolic cytochrome c expression, cleavajje of PARP, and FasL expression (*,p < 0.05; **,p < 0.01; S tudent’s t test for independent 
means; n = 5, compare lane 2 with lane 1 in all cases), All of the blots were stripped and rcprobed with actin to ensure equal protein loading (see 
second sample immunoblots in a-d). Con, control.
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doses used here, and D-JNKJl 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 tha t enhanced 
JN K  phosphorylation in the hippocampus is coupled with en­
hanced IL-lp  concentration and impaired LTP (9, 12, 25); 
therefore we considered th a t the effect of might be
mediated by IL-ip. Fig. 4 shows th a t the concentration of IL-1/3 
in hippocampus was significantly increased in hippocampus of 
A/3-treated ra ts  compared w ith control ra ts (p < 0.001; S tu­
dent’s t test for independent means; n = 5).

Our findings from a previous study (11) linked activation of 
JNK with translocation of cytochrome c from mitochondria, 
suggesting th a t 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 c in a cytosolic 
preparation obtained from control and A/:i-treated rats. The 
sample immunoblot shown in Fig. 5a indicates tha t 
increased expression of Bax, and densitometric analysis re­
vealed th a t the mean value in samples prepared from A(i- 
treated ra ts  was significantly enhanced compared w ith th a t in 
control ra ts  (p <  0.05; S tudent’s t tes t for independent means; 
n = 5). The sample immunoblot and mean data in Fig. 56 
indicate th a t cytochrome c expression in cytosolic samples pre­
pared from A|8-treated ra ts  was enhanced compared w ith sam ­
ples from control rats; comparison of mean values indicated 
th a t the difference was statistically significant (p < 0.05; S tu­
dent’s t test for independent means; n = 5). A sim ilar pattern 
was observed in terms of expression of the intact fragment (116 
kDa) of PARP; Fig. 5c shows one sample immunoblot and the 
mean data  indicating th a t A/3,i_.,o| significantly decreased ex­
pression of 116-kDa PARP in hippocampal tissue prepared 
from Aj3-treated ra ts  (p <  0.05; S tudent’s t test for independent 
means; n = 5). It is considered that, in addition to increased 
Bax expression, cytosolic cytochrome c expression, and PARP 
cleavage, expression of FasL is indicative of apoptotic cell 
death, and, in parallel w ith the increases in Bax expression, 
cytosolic cytochrome c expression and PARP cleavage, A|î  
significantly enhanced expression of FasL ip < 0.01; S tudent’s 
t test for independent means; n = 5; Fig. 5d), and in the case of 
Bax, cytochrome c, PARP, and FasL, equal protein loading was 
confirmed by reprobing for actin.

The Aj3-associated increase in Bax protein was mirrored by 
an Aj3-induced increase in Bax mRNA in cultured cortical neu­
rons as shown by the sample gel and by analysis of the mean 
data indicating th a t the difference between expression in A/3- 
treated and control cultured cells reached statistical signifi­
cance (p <  0.05; S tudent’s t test for independent means; n = 5; 
Fig. 6a). Fig. 6c shows th a t IL-lj3 induced a similar increase in 
Bax mRNA; the increase shown in the sample gel reflected the 
mean changes, which revealed a significant IL-l/3-induced in­
crease (p <  0.05; S tudent’s t test for independent means; n -  5). 
Consistent with the evidence th a t A|!i, induces cell death is 
the finding th a t it also increased caspase-3 mRNA in cortical 
cells (Fig. 66).

We addressed the question of w hether IL-lj3 might mediate 
some of the actions of A/3 by investigating the effect of A/3q_40) 
on IL -ip  concentration and also on JN K  phosphorylation, 
caspase-3 activation, and TUNEL staining in cortical neuronal 
cells in the presence or absence of the caspase-1 inhibitor.

F ig . 6. Effect.s o f  A fl an d  IL-l/J on  Bax a n d  caspase-3  mRNA in  
vitro . The cells were treated with k fi (2 /im), total RNA was extracted, 
and expression of Bax (a) and caspasc-3 (h) mRNA was examined by 
PCR. h-ji evoked a significant increase in Bax and caspase-3 mRNA 
expression. Representative images of the ethidium  bromide-stained 
gels are  shown in tlie insets. The results are the means ± S.E. ibr six

independent observations. In cells treated with IL-1/3 (5 ng/ml) (c), 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 J. S.E. for six independent observations 
(* ,p  < 0.05). Con, control.
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F ig . 7. E ffects o f Ac-YVAD-CMK and D-JNK Il on A/J-induced in creases in  IL -ip  con cen tration  and activation  o f  JNK, caspase-3, 
and DNA fragm entation. IL-1^ concentration was assessed in supernatant from cells incubated in the absence/presence of kji with or without 
caspase-1 inhibitor (Ac-YVAD-CMK) 20 h post-treatnient. Tlie mean values for IL-ip concentration (a) show a significant increase in A/i-treated 
cells compared with control (Con) cells (*, p <  0,05; ANOVA; n = 4). Pretreatment with Ac-YVAD-CMK reversed the Ap-induced increase in IL-1(3 
concentration so that values were similar to those in control groups. JNK phosphorylation (6), caspase-3 activation (c), and TUNEL reactivity (d) 
were significantly increased in A/3-treated cells compared with control cells. Ac-YVAD-CMK reversed the A^-induced increase in all of these. 
D-JNKll reversed the A/3-induced increase in caspase-3 activation and TUNEL reactivity.

Ac-YVAD-CMK. Fig. l a  indicates that incubation of cells in the 
presence of'Aj3(i_.,,„ significantly increased IL-lj3 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. 76 shows that 'f*'
duced a marked increase in the number of cells staining posi­
tively for phosphorylated JNK; significantly, this effect of 
Aft 1- 4 0 ) was abolished by co-incubation of cultures in the 
presence of Aft i_4 o, and the caspase-1 inhibitor. Similarly, 
Aft 1- 4 0 ) markedly increased the number of cells that stained 
positively for activated caspase-3 (Fig. 7c) and for TUNEL (Fig. 
Id),  and these changes were abolished by co-incubation of cells 
in the presence of Afti_,„|, and the caspase-1 inliibitor, 
Ac-YVAD-CMK. In an effort to establish whether JNK activa­
tion contributed to the effects induced by A ft,_ 4 (,„ neuronal 
cells were treated with Afti.^ ,,, alone or in combination with

D-JNKIl. Fig. 7 (c and d)  indicates that inhibition of JNK  
abolished the A)3-associated increase in the number of cells 
that stained positively for activated caspase-3 and TUNEL.

To confirm the finding that IL-10 mimics at least some of the 
effects of A(3,]_4Q), cultured cortical neurons were incubated 
with IL-1|3 in the presence or absence of D-JNK Il and the cell 
lysates assessed for activation of c-Jun and for expression of 
FasL. Fig. 8a indicates that IL-1/3 enhanced c-Jun phosphoryl­
ation, and analysis of the mean data indicated that the IL-1/3- 
induced effect was statistically significant ip <  0.05; ANOVA; 
n = 2); the increase in c-Jun phosphorylation was abrogated by 
co-incubation in the presence of D-JNKIl. Similarly, IL-ip  
significantly increased expression of FasL (Fig. 86; p  <  0.05; 
ANOVA; n = 4), and this effect w as also abrogated by co­
incubation in the presence of D-JNKIl. In both eases, equal 
protein loading was confirmed by reprobing blots for actin 
expression.
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Fic. 8. E ffec t o f  D->JNKI1 on  IL -l(J-induced a c tiv a tio n  o f  c-Ju n  
a n d  F asL  e x p re ss io n . Tlie IL-l/Mnduced increases in c-Jun phospho­
rylation (a) and Fa.sL expression (h) were abrogated by D-JNKIl. IL-ip 
(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 1 in sample immunoblots), and these effects were 
blocked by D-JNKJl (compare lanes 3 and /), which alone exerted no 
efi'ect (compare lanes 4 and 11. The blots were stripped and repi'obed for 
actin to ensure equal protein loading, and no significant differences in 
actin expression among the groups were obser\'ed (second sample im- 
niunoblot in a and b). Con, control.

D IS C U S S IO N

We rep o rt th a t  Aj3,,_.,o) induces an increase in IL -l/j in 
hippocam pal tissu e  and in neuronal cell cu ltu res and th a t th is 
increase, in com bination w ith  enhanced activation  of JN K , 
m ed ia tes the  inhibitory  effects of on LTP in  C A l and
th e  A /j-induced activation  o f cell death  events. In tracerebro- 
v en tricu la r injection of Aj3n _ 4(,) led to a  m arked  increase  in 
phosphorylation of JN K  in th e  hippocam pus, coupled w ith  a 
parallel increase  in c-Jun phosphorylation. These observations, 
which we believe a re  the  first such findings in  vivo, b ear a 
m arked sim ila rity  to those described by M orishim a et at. (6), 
who reported  th a t  Aj3 induced activation of JN K  and c-Jun  in 
cortical neurons. A num ber o f previous stud ies have indicated 
th a t  an inverse  correlation exists between JN K  phosphoryla­

tion and  LTP expression; for exam ple im paired  LTP is coupled 
w ith  JN K  phosphorylation  in th e  h ippocam pus of aged ra ts  (9), 
ra ts  trea te d  w ith  lipopolysaccharide (13, 26) or IL-1/3 (12), and 
ra ts  exposed to  -y-irradiation (11). C onsistently , LTP is restored  
w hen th e  increase  in JN K  phosphorylation  is blocked, for ex­
am ple by IL-10 (26), by inh ib ition  of caspase-1 (13), or by 
trea tm e n t w ith  eicosapentaenoic acid (11). The p resen t find­
ings dem o n stra te  th a t  LTP in a rea  C A l of th e  hippocam pus 
w as profoundly inh ib ited  by Aj3(i_40) ad m in istra tio n  and th a t  
th is inh ib ition  w as abrogated  by D -JN K Il, providing ano th er 
exam ple of th e  inverse  correlation  betw een JN K  activation  and 
LTP. The A/3-induced inh ib ition  of LTP supports previous re ­
ports in C A l in vivo  (15-17) and  in  d e n ta te  gyrus in vitro  (20, 
21, 27) b u t provides th e  f irs t dem onstra tion  of an  effect of 
A|8h _ 4o, on LTP th a t  is dependent on JN K  activation. The 
evidence p resen ted  indicates th a t  th e  effect of D -JN K Il is not 
im m ediate  bu t ra th e r  becomes evident a fte r  2 h. The m echa­
nism  by w hich Kfi inh ib its  LTP m ay derive from th e  ability  of 
A ji to induce cell death  in hippocam pus, and  th is  is supported  
by th e  finding th a t  D JN K Il in h ib its  these  changes and, in 
paralle l, su ppresses A)3-induced inh ib ition  of LTP. These find­
ings also ind icate  a  pivotal role for JN K  activation  in th e  events 
triggered  by A/3. Thus, we p re sen t several findings ind icating  
th a t  th e  A |(i-stimulated increase  in JN K  phosphorylation is 
paralle led  by several changes th a t  a re  h a llm ark s of cell death . 
For exam ple, Aj3 trea tm e n t enhanced  phosphorylation  of c-Jun 
in th e  hippocam pus, w hich is a  dow nstream  consequence of 
JN K  activation  and  w hich h as  been show n to play a  significant 
role in triggering  neuronal apoptosis in  a  v a rie ty  of cells in vitro  
(28-30). Sim ilarly , increased  Bax expression, cytosolic expres­
sion of cytochrom e c and  PARP cleavage, as well as caspase-3 
activation  and F as ligand expression w ere observed in tissue  
trea ted  wdth Aji, w hereas D JN K Il p reven ted  a ll of these  ac­
tions, suggesting  th a t  sequen tia l activation  of JN K  and c-Jun 
triggers apoptotic changes in  hippocam pus. Increased  Bax 
translocation  to m itochondria has been  identified  as an  im por­
ta n t  factor in triggering  A^-induced changes (31-34), because 
it reduces th e  patency of th e  m itochondrial m em brane and 
leads to th e  re lease  of p ro teins norm ally  contained w ith in  the  
in te rm em brane  space, like cytochrom e c (35, 36); in tu rn , the  
presence of cytochrom e c in cytoplasm  in itia te s  caspase-3 acti­
vation, w hich re su lts  in  apoptosis (37). In teresting ly  cell death  
induced by trea tm en t of neuroblastom a cell lines with 
w as associated  w ith activation  of JN K  and caspase-3, and 
because th e  apoptotic changes w ere a tte n u a te d  by caspase-3 
inh ib ition  or by overexpression of a  dom inant-negative  m u ta n t 
of S E K l, i t  was concluded th a t  activation  o f both caspase-3 and 
JN K  significantly  con tribu ted  to Aj3-induced apoptosis in these  
cells (38). The p resen t findings concur w ith  these  d a ta  because 
D -JN K Il p revented  a ll Aj3-induced apoptotic changes investi­
gated, and  they  a re  also consisten t w ith  several findings ind i­
cating  th a t  JN K  phosphorylation is a  pivotal even t in the  
induction  of Aj3-stimulated cell d ea th  (6 , 7, 39).

Several observations have con tribu ted  to th e  developm ent of 
th e  idea th a t  FasL  expression  and  consequently  Fas activation  
play a role in  neurodegeneration , and we report th a t  increased 
hippocam pal expression  of FasL  accom panied th e  Aj3-induced 
increases in JN K  phosphorylation, cytochrom e c translocation , 
PARP cleavage, and caspase-3 activation  and  th a t  these  
changes w ere abrogated  by D -JN K Il. T hese d a ta  suggest th a t  
in th e  h ippocam pus a causal re la tio n sh ip  betw een these  factors 
exists th a t  has been show n previously in  experim ental ische­
mic in ju ry  (28, 40, 41), P a rk in so n ’s disease, and  Down’s syn­
drom e (42-44). Specifically, activation  of th e  JN K  cascade has 
been show n to play a  significant role in FasL  expression th a t 
m ediates cell d ea th  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, 
4 2 -4 4 , 49, 50), suggesting that activation of the JNK-c-Jun- 
FasL signaling cascade may mediate A/3-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 A/3 treatment increased in IL-1)3 con­
centration in hippocampus in vivo and cortical neurons in vitro. 
Interestingly the A|8-induced increase in IL-lj3 concentration 
observed in cortical neurons was blocked by co-incubation of 
cells in the presence of the caspase-1 inhibitor Ac-YVAD-CMK. 
The A/3-induced increases in activation of JNK and caspase-3 
and in TUNEL staining were also inliibited by Ac-YVAD-CMK, 
consolidating a role for IL-lfi in A^-induced changes. A link 
between Afi and IL-1/3 has been described in other studies; for 
example, Afi has been shown to stim ulate production of proin- 
fiammatory cytokines, like IL-1|3 from differentiated human 
monocytes and from a microghal cell line (53), whereas IL-1/3 
was induced in reactive astrocytes surrounding A/3-containing 
deposits in 14-month-old transgenic mice that overexpress hu­
man amyloid precursor protein (54). Interestingly, astrocytic 
overexpression of S 100/3, a component of A(3-containing 
plaques, has been reported to be triggered by IL-1/3 (55). Con­
sistently, several reports have provided evidence demonstrat­
ing a role for IL-l/i in the etiology of AD based largely on the 
finding that lL-l/3 expression in different brain areas in AD 
and also in the cerebrospinal fiuid of AD patients (56-58), and 
it has been shown that a common polymorphism in IL-IB (the 
gene encoding IL-l/J) is associated with a 4-fold increase in 
IL-lfi production and an associated increased risk of the d is­
ease (55). Of particular significance are our obsen'ations that 
the inliibitoi'y effect o f Ac-YVAD-CMK on Afi-induced changes 
is closely paralleled by similar effects of D -JN K ll and that 
D-JNKIl also inhibited lL-l/3-triggered changes in c-Jun phos­
phorylation and F’asL expression.

Several studies have revealed that increased hippocampal 
IL-1/3 concentration, paralleled by increased JNK activation, 
exerts an inhibitory effect on LTP (9, 12), and these changes, 
both of which are induced by A/3, undoubtedly contribute to the 
deficit in LTP observed here. Coupled with these changes are 
the downstream consequences of enhanced IL-l/J and JNK  
activation on cell viability, and we therefore conclude that the 
A/3-induced deficit in LTP is a consequence of activation of 
cellular cascades induced by IL-1/3 and JNK that lead to cell 
death.
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Tetrahydrocannabinol-induced neurotoxicity depends on CBi 
receptor-mediated c-Jun N-terminal kinase activation in cultured 
cortical neurons

'Eric J. Downer, 'M arie  P. Fogarty & * 'Veronica A. Campbell

'D e p a r t m e n t  o f  Physio logy.  T r in ity  College, Trin ity  College Ins t i tu te  o f  N eurosc ience ,  D ubl in  2, I reland

1 A ^-T etrahydrocannab ino l  (TH C ),  the m ain  psychoact ive  ingred ien t  o f  m ar i ju a n a ,  induces 
a p o p to s is  in cultured  cor tical neurons.  T H C  exerts its a p o p to t i c  effects in cort ical  neu rons  by 
b ind ing  to the CB, cannab ino id  receptor.  T he  C B |  recep to r  has  been show n to couple  to the stress- 
ac t iva ted  p ro te in  kinase, c-Jun N -term inal  kinase ( J N K ) .  H ow ever ,  the  invo lvem ent  o f  specific J N K  
isoform s in the neurotoxic  propert ies  o f  T H C  rem ains  to  be established.

2 T h e  presen t  study involved t rea tm en t  o f  ra t  cu l tu red  cor t ica l  n eu ro n s  with  T H C  ( 0 . 0 0 5 - 5 0 /iM), 
a n d  c o m b in a t io n s  o f  T H C  with the C B | r ecep to r  a n tagon is t ,  A M  251 (10/<M) a n d  pertussis toxin 
(PT X ; 200 iigml '). Antisense oligonucleotides (AS) were used to  dep le te  neu ro n s  o f  J N K l  a n d  J N K 2  
in o rd e r  to  elucidate  their respective roles in T H C  signalling.

3 H ere  we repo r t  tha t  T H C  induces the ac t iva t ion  o f  J N K  via the C B ,  recep to r  a n d  its associa ted  G -  
p ro te in ,  G, „. T rea tm en t  o f  cultured  cor tical neu ro n s  with T H C  resulted  in a  d ifferential t im efram e o f  
ac t iva t ion  o f  the J N K l  an d  J N K 2  isoforms.

4 Use o f  specific J N K l  an d  J N K 2  AS identified  ac t ivat ion  o f  caspase-3  an d  D N A  f rag m en ta t io n  as 
d o w n s t r e a m  consequences o f  J N K l  and  J N K 2  activation .

5 T h e  results from this study dem o n s tra te  th a t  ac t iva t ion  o f  the C B ,  recep tor  induces J N K  an d  
caspase-3  activation ,  an  increase in Bax express ion  an d  D N A  frag m en ta t io n .  T h e  d a t a  d e m o n s tra te  
th a t  the ac t iva t ion  o f  bo th  J N K l  and  J N K 2  isoform s is centra l  to  the T H C - in d u c e d  ac t iva t ion  o f  the 
a p o p to t i c  pa th w ay  in cortical neurons.
British J o iin u il o f  F lu in iu icolo^y  (2003) 140, 5 4 7 -5 5 7 .  doi:10 .1038/sj ,b jp .0705464 

Keywords: A‘' -T e trah y d ro can n ab in o l :  antisense; c-Jun N - te rm ina l  kinase;  a pop tos is ;  caspase-3;  bax

.Abbreviations: AS. an t isense  oligonucleotides:  J N K ,  c-Jun N - te rm ina l  kinase; M A P K ,  m itogen-ac t iva ted  p ro te in  kinase; SC, 
sc ram bled  con tro l  oligonucleotides;  T H C ,  A‘' - te t ra h y d ro c a n n a b in o l ;  T U N E L ,  term ina l  deoxynucleo t idy l t ransfer-  
ase-n iedia led  b io linyla ted  U T P  nick end \abc\ ling

Introduction

A‘' -T e t r a h y d ro c a n n a b in o l  (T H C ),  the p redom inan t  psychoac­
tive ingred ien t  in p r e p a ra t io n s  o f  mari juana  (Cannabis suti\'a), 
exer ts  a b ro a d  sp e c t ru m  o f  central  effects, such as a l terat ions 
in cogni t ion  (H o w le t t ,  1990) and  im pairm ent  o f  shor t- te rm  
m e m o ry  con so l id a t io n  (A b o o d  & M art in .  1992). T H C  exerts 
these effects by b ind ing  to G -pro te in -coupled  receptors 
(H ow le t t ,  1995). W hile  two different subtypes o f  cannab ino id  
recep to r  have been charac te r ised  f rom m am m alian  tissues, CB, 
(M a t s u d a  e! at.. 1990) an d  C B i (M u n ro  cl al.. 1993), the CB, 
recep to r  is associa ted  with brain regions responsible for 
m ed ia t ing  the psychoac t ive  effects o f  T H C ,  such as the cortex 
an d  h ip p o c a m p u s  (Twitcliell  cl al.. 1997; Tsou cl ai.. 1998).

At a cellular  level. T H C  has been show n to m od u la te  a 
n u m b e r  o f  n eu ro n a l  functions,  including ion channel  activity 
(T u rk an is  el al.. 1991; M ackie  cl al.. 1995; Twitchel l  cl al., 
1997) an d  n e u ro t ra n s m i t te r  release (Shen cl al.. 1996; Gessa  
cl al.. 1998; Jen tsch  cl al.. 1998), and  there is increasing 
evidence suggesting  a  role for T H C  in the regulation o f  
neu rona l  viability.  T H C  has a toxic effect on cultured

‘ A u t h o r  f o r  c o r r c s p o n d c i i c i ; ;  l i - m a i l :  v ; i c m p b l l i«  t cd . ic

h ip p o c a m p a l  neu ro n s  (C h an  cl al., 1998), gl ioma cells 
(Sanchez cl a l.. 1998) an d  cort ical  n eu ro n s  (C am pbel l ,  2001), 
a n d  inhibits  g l iom a  cell g ro w th  in vivo (G a lv e -R o p erh  cl al.,
2000). In c o n t ra s t ,  there  is a lso  evidence th a t  T H C  an d  o th e r  
can n a b in o id s  ac t  as  n e u ro p ro te c ta n ts  in cer ta in  systems. 
C a n n a b in o id  r ecep to r  agonis ts  a re  n eu rop ro tec tive  in excito- 
toxic cell d e a th  in vivo (Panikashvil i  cl al., 2001; van der  Stelt  
cl al., 2001) a n d  in vitro (Shen & T haye r ,  1998; A b o o d  el al.,
2001),  which is d e p e n d e n t  o n  CB , r ecep to r  acfivation. 
F u r th e rm o re ,  c a n n a b in o id s  have been sh o w n  to p ro tec t  
cu l tu red  n e u ro n s  agains t  g lu tam a te - in d u ced  toxicity (H a m p -  
son et al., 1998) a n d  in vitro h ypox ia  an d  g lucose dep r iva t ion  
(N a g a y a m a  et al., 1999). How ever ,  the precise role o f  the 
c a n n a b in o id  recep tors  in regu la t ing  neu ro n a l  viability is 
poo r ly  u n d e r s to o d ,  a l th o u g h  som e o f  the in vitro p ro tective 
effects o f  c a n n a b in o id s  ( H a m p s o n  el al., 1998; N a g a y a m a  
e t al., 1999) a re  recep to r - in d ep en d en t  while the neuro tox ic  
effects o f  T H C  o n  cortical (C am pbel l ,  2001) a n d  h ip p o cam p a l  
( C h a n  el al., 1998) cu l tu res  a re  b locked by CB , r ecep to r  
an tagon is ts .

W e have  recently  repor ted  th a t  T H C  activates the caspase-3  
cell d ea th  p a th w a y  in cu l tu red  cort ical  neu rons ,  result ing in
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D N A  rragmentution and programmed cell death (Campbell, 
2001). Furthermore,  we have shown that the activation o f  the 
central CB, cannabinoid receptor is vital in the execution of 
this cell death cascade (Downer ei «/., 2001). It has been 
established that the CB, receptor couples to several signal 
transduction pathways (Dill & Hewlett , 1988: Bouaboula el al., 
1995; Bouaboula cl al.. 1996: Sanchez ct al.. 1998; Gomez del 
Pulgar el al,. 2000; Derkinderen el al.. 2001) including the 
stress-activated protein kinase pathway (Rueda el al., 2000). 
While there is growing evidence that the c-Jun N-terminal 
kinase (JN K ) pathway is central to cell death in the nervous 
system (Mielke & Herdegen, 2000), the role o f  JN K  in the CB| 
receptor-dependent induction o f  neuronal apoptosis remains 
to be established. The present work was therefore undertaken 
to examine the nature o f  the link between the CB| receptor, 
activation of JN K  and downstream apoptotic consequences in 
cultured cortical neurons. Furthermore, three JN K  isoforms, 
J N K l ,  JN K 2 and JNK3, have been identified in the 
mammalian brain (Gupta  el al.. 1996), and current commer­
cially available JN K  inhibitors are unable to distinguish 
between JNK1-, JN K2- and JNK3-mediated effects. We 
therefore treated neurons with specific antisense oligonucleo­
tides (AS) that target rat JN K l  or JN K 2 m R N A  in order to 
investigate the upstream roles of  these JN K  isoforms in the 
THC-induced activation o f  caspase-3 and subsequent DN A  
fragmentation.

Methods

C u h iire  o f  co rtica l neurons

Primary cortical neurons were prepared from 1-day-old Wistar 
rat*i 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/igml ') for 25min at 37 C. The cortical tissue was then 
triturated ( x 5) in PBS containing soyabean trypsin inhibitor 
( 0 .2 / ( g m r ' )  and DNAse (0.2 mg ml ') and gently filtered 
through a sterile mesh filter (40 /im). The suspension was 
centrifuged at 2000 x ,(j for 3min at 20''C and the pellet 
resuspendcd in warm neurobasal medium, supplemented with 
heat-inactivated horse serum (10%), penicillin (100 U m l^ ') ,  
streptomycin (lOOUml ') and glutamax (2mM). Suspended 
cells were plated at a density o f  0.25 x 10'’ cells on circular 
10 mm diameter coverslips, coated with poly-L-lysine 
(60/(gml '), and incubated in a humidified atmosphere 
containing 5% C02:95Vo air at 37 C for 2 h  prior to being 
Hooded with prewarmed neurobasal medium. After 48 h, 
5 ng ml ' cytosine-arabino-furanoside was added to the culture 
medium to suppress the proliferation o f  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.

O ligonucleo tide  trea tm en t

JN K  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 et al., 2001) and are 
complementary to the m R N A  encoding rat J N K l  and JN K 2 
protein: J N K l  AS, 5 '-C T C A T G A T G G C A A G C A A T T A -3 ';  
JN K l  SC, 5 '-AC TAC TAC A C TA GAC TAC -3 ';  JN K 2 AS, 
5 '-G C T C A G T G G A C A T G G A T G A G -3 '  and JN K 2  SC, 5'- 
G G A C T A C T A C A C T A G A C T A C -3 ' .  Neurons were main­
tained in supplemented media in the presence o f  the 
oligonucleotides for 4 8 h prior to treatment with THC. A'-[l- 
(2,3-dioleoyloxy)propyi]-yV,A',A'-trimethylammonium/dioleoyl- 
phosphatidylethanolamine (D O T M A /D O P E  5 /igm l Life 
Technologies, Paisley, U.K.) was incorporated into serum-free 
media for the first 4 h o f  oligonucleotide treatment to ensure 
sufficient oligonucleotide uptake. Downregulation o f  JN K l  
and JN K 2 protein expression was achieved by using J N K l  AS 
and JN K 2  AS at a final concentration o f  2/iM.

T erm in a l d eo xy in ic le o tid y ltra n sfe ra se -m ed ia ted  
h io tin y la te d  U T P  n ick  e n d  la b ellm g  ( T U N E L )

Apoptotic  cell death was determined in cultures using T U N E L  
staining according to the m anufacturer’s instructions (Dead- 
End Colorimetric Apoptosis Detection System; Promega 
Corporation, Madison, MD, U.S.A.). Following treatment 
with T H C  (5/ iM) for 3h ,  cells were fixed with paraformalde­
hyde (4%) for 30min at room temperature. Neurons were 
permeabili,sed with Triton X-100 (0.2%) and Proteinase K 
(0.2%) and biotinylated nucleotide was incorporated at the 3'- 
OH D N A  ends using the enzyme terminal deoxynucleotidyl 
transferase (TdT). Endogenous peroxidases were blocked 
using 0.3% HiO;, and horseradish-peroxidase-labelled strep- 
tavidin was bound to the biotinylated nucleotides. Apoptotic  
cells (TUNEL-posit ive) were detected using diaminobenzidine, 
a stable chromagen that stains the apoptotic  nuclei o f  
TUNEL-positive cells dark brown. After m ountm g 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 coverslips') .

H 'estern  b lo t ana lys ts

Cortical neurons were harvested in lysis buffer (25 mM 
HEPES, 5 m M MgCl;, 5 m M  dithiothreitol, 5 m M  EDTA, 
2 m M  PMSF, 5 / ig m l" '  leupeptin, 5 / i g m r '  pepstatin, 
5 / i g m r '  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-polyacrylam ide gel electrophoresis. The cytosolic frac­
tion was diluted to 50/igml ' protein concentration with 
sodium dodecyl sulphate (SDS) sample buffer (150mM Tris- 
HCl pH 7.4, 10% w V '  glycerol, 4%  w v “ ' SDS, 5% v V '  /i- 
mercaptoethanol, 0.002% w v “ ' bromophenol blue) and 
samples heated to 100“C for 5min. 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 1 h 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 IgG (Sigma. U .K .)  and an enhanced chemilumi-  
ne.scence (ECL) .system (Amersham, U.K.). Primary antibodies  
u.sed were: m onoclonal J N K l  and JNK2 antibodies (Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, U.S .A .) purified 
I'roin mouse serum that recognise JN K l (4 6 kD a )  and JN K 2  
(54 kD a) protein expression; monoclonal anti-phospho-specific  
J N K  antibody (Santa Cruz Biotechnology Inc., Santa Cruz, 
C A , U.S.A .)  purified from mouse serum that recognises  
phosphorylated J N K l ,  JN K 2  and JNK3 isoforms; polyclonal  
Bax antibody (D A K O  Corporation, Carpinteria, CA, U.S.A .)  
purified from rabbit serum that recognises amino acids 4 3 - 6 1  
o f  human Bax. Molecular weight markers were used to 
confirm the molecular weight o f  protein bands. Bandwidths  
were quantified using densitometric analysis (D-Scan PC 
software).

M c a s u r e m m t  o f  caspase-3  acliv ily

Cleavage o f  the f luorogenic caspase-3 substrate (A c-D E V D -7-  
amino-4-trifiuoromethylcoumarin peptide (AFC); Alexis Cor­
poration, U .S .A .)  to its fiuorescent product was used as a 
measure o f  caspase-3 activity. Following treatment with T H C  
( 5 / / M )  for 2 h ,  cells were harvested in lysis buffer ( 2 5 mM 
HEPES, 5mM M gCl^ 5mM dithiothreitol, 5 m M  E D T A , 2niM  
PM SF, 1 0 / i g m r '  leupeptin, lO/igml"' pepstatin, 10/igml"'  
aprotinin, pH 7.4) and homogenised on ice. Samples o f  
supernatant ( 5 0 /il) were incubated with the D E V D  peptide 
( lO/ iM;  4 /il) or incubation buffer ( 5 0 /il; 50 mM HEPES, 10 mM 

dithiothreitol,  20% w v" '  glycerol, pH 7.4) for I h at 37“C and 
(he lluorcscence as.sesscd (excitation, 400 n m;  emission,  
505 n m )  using a Fluoroscan Ascent FL plate reader (M SC  
Medical Supply Co. Ltd, U.K.).

Dni{{ treatm ent

I H C  was obtained from Sigma-Aldrich Company Ltd 
(Dorset , U.K.) .  The drug was initially dissolved in methanol  
and stored at - 2 0  C as an 80 m M  stock solution. For use, the 
stock drug was diluted to a final concentration o f  5 in 
prewarmed culture media and 0.007% methanol was used as 
vehicle control. The selective CBi receptor antagonist  A M  251 
(Tocris C ookson  Ltd, Bristol, U.K.) was stored as a l O m M  

stock solution in dimethylsulphoxide (D M SO ) and diluted to a 
final concentration o f  10 / (M in warm culture media for 
addition to cultures; 0 .0001’Vo D M SO  was used as a vehicle 
control for A M  251. Neurons were preincubated with A M  251 
for 30m in  before treating with THC. Pertussis toxin (PTX;  
Sigma, Dorset, U .K .)  was reconstituted in PBS and neurons  
were incubated with 2 0 0 n g m l ' PTX for 24 h prior to T H C  
treatment.

Sicii istical analysis

Data are reported as the niean +  s.e.m. o f  the number o f  
experiments indicated in every case. Statistical analysis was 
performed by Student's f-tests and a one-way A N O V A . A  post  
hoc  analysis was made by the S tu d e n t -N e u m a n n -K e u ls  test. 
Our criterion for significance was P<0.Q5.  Extreme signifi­
cance differences were expressed by probability values o f  
P < 0 .0 1  and / '<0.()01 .

Results

T H C  ac tiva tes  J N K l  and  J N K l  isoforms within a 
differential t im efram e

Exposure o f  cultured cortical neurons to T H C  ( 5 / i M)  resulted 
in the act ivation o f  the JN K  protein within the cytosol in a 
time-dependent manner (Figure 1). Cytosolic expression levels 
o f  the phosphorylated (active) forms o f  J N K l  and J N K 2  were 
measured by Western im munoblot and bandwidths were 
quantified using densitometry. Interestingly, there was a 
differential timeframe o f  activation for J N K l  and JN K 2. In 
terms o f  the J N K l  time course o f  activation (Figure la),  in 
control cells p h o sp h o -J N K l expression was 7 .2 8 ± 0 .8 0  (arbi­
trary units; mean bandwidth +  s.e.m.) and this was signifi­
cantly increased to 13.41 ±  1.63 following treatment with T H C  
for 5m in  ( P < 0 .0 0 1 ,  A N O V A ;  n =  l ) .  However, no change in 
ph osp h o-JN K l expression was observed at subsequent time 
points, and p h o sp h o -J N K l expression was in fact significantly 
reduced to 4.21 + 0 .4 0  following treatment with T H C  for 2 h  
{ P < 0 . 0 5 ,  A N O V A ,  « =  7; Figure la).

In contrast,  Figure lb  demonstrates that expression o f  
p hospho-JN K 2 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 T H C  ( 5 / i M)  for 2 h  ( f ’< 0 .0 0 1 ,  A N O V A ;  « =  7). At 
earlier time points,  treatment with T H C  had no effect on 
p hospho-JN K 2 expression. A  sample immunoblot dem on ­
strating the THC-induced act ivation o f  J N K l  at 5m in  and 
J N K 2  at 2 h  is shown in Figure Ic.

Total J N K l  and J N K 2  expression was unaffected by T H C  
( 5 / i M;  sample immunoblots  shown). In vehicle-treated cells, 
J N K l  total protein expression was 46.53 +  1.15 (arbitrary 
units; mean bandwidth +  s.e.m.)  and exposure o f  neurons to 
T H C  for 5 m in  had no effect on total J N K l  expression 
(46.92 +  2.66, /i =  5; F'igure Id). In neurons treated with vehicle 
alone for 2 h ,  mean total JN K 2  expression was 56.32 +  7.31 
and this was unaffected by exposure to T H C  for 2h  
(5 6 .2 6 ± 9 .0 9 ;  n =  5; Figure le). Thus, the increase in expression  
o f  phosphorylated J N K l  (Figure la)  and phosphorylated  
J N K 2  (Figure lb) is not attributable to a THC-induced  
increase in total JN K  protein expression. Furthermore, in our 
cell culture model,  JN K 3  expression was very moderate  
(Figure IQ, hence the relative contribution o f  J N K l  and 
JN K 2  to the apoptotic cascade was assessed.

Since we have previously shown that 5 /iM is the concentra­
tion o f  T H C  required to induce maximal neuronal degenera­
tion in a CB, receptor-dependent manner (Downer el  al., 
2001), we performed a d o se -resp o n se  analysis o f  TH C -  
induced JN K  activation. Figure l(g  and h) represents sample  
immunoblots  which demonstrate  that treatment o f  cells with 
T H C  ( 0 . 0 0 5 - 5 0 / iM )  evoked a dose-dependent increase in 
p h osp h o-JN K l (Figure Ig) and p hospho-JN K 2 (Figure Ih) 
expression at 5 and 120min, respectively.

A M  251 p re tre a tm e n t  p reven ts  T H C -in d u ced  J N K  
activation

T o determine whether THC-induced JN K  activation was 
dependent on the CB, receptor, we employed the use o f  the 
selective CB| receptor antagonist A M  251 ( 10 / i M) .  Figure 2 
demonstrates that A M  251 prevented the THC-induced
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Figure I Time course o f THC-induced activation o f JNK. Cortical neurons were exposed to THC for 5-120 min, then cells were 
harvested and the cytosolic fractions analysed for the expression levels o f the phosphorylated active forms o f JNK 1 and JNK2 using 
Western immunoblot. (a) A significant increase in phospho-JNK I expression was found following treatment with THC (5 /im ) for 
5 mill. Exposure to THC for 30 and 60 min had no effect on phospho-JNK I expression. However, treatment with THC for 120 min 
significantly decreased phospho-JNK! expression. Results are expressed as mean +  s.e.m. for seven observations, ***^<0 .001, 
*P<0.05. (b) Phospho-JNK2 expression was significantly increased when neurons were treated with THC (5/iM) for I20min. 
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, ♦**/^<0.00 l. (c) A sample Western immunoblot demonstrating the increase in phospho-JNK I expression at 5 min of 
THC treatment and the corresponding increase in phospho-JNK2 expression following treatment with THC for I20min. (d) 
Neurons were treated with THC (5 /iM) for 5 min, then cells were harvested in lysis buffer and the cytosolic fractions analysed for 
total JNK I protein expression using Western immunoblot. THC had no effect on JNK I protein expression at 5 min. Inset: A sample 
Western immunoblot showing that THC treatment for 5 min had no effect on JNK I protein expression as compared to vehicle- 
treated neurons, (e) Cortical neurons were treated with THC (5/iM) for 2h, then cells were harvested and analysed for total JNK2 
protein expression by Western blot analysis. Incubation of cells with THC for 2h did not affect JNK2 protein expression. Inset; A 
sample Western immunoblot demonstrating total JNK.2 protein expression in vehicle-treated neurons and neurons treated with 
THC for 2h. (f) Untreated cortical neurons were harvested and analysed for phosphorylated J N K l, JNK2 and JNK3 expression. 
JNK3 expression was moderate compared to J N K l '2 expression, (g) A sample Western immunoblot showing that a 5 min treatment 
with THC increases phospho-JNK 1 expression in a dose-dependent manner. Similar results were observed in live separate 
experiments, (h) A sample Western immunoblot showing that a 120min treatment with THC increases phospho-JNK2 expression in 
a dose-dependent manner. Similar results were observed in five separate experiments.

activa tion o f  J N K l and JN K 2. Thus, in neurons treated w ith 
vchicle fo r 5 m in, phosphorylated J N K l expression was 
44.95±4.8 (i (n rb itru ry  units; mean bandw id th+  s.e.m.) and 
this was significantly increased fo llow ing T H C  treatment 
(5/(M ; 5 m in) to 58.67±3.59 (/-’ <0.05, A N O V A , « =  6; 
Figure 2a). W hile pretreatment w ith  A M  251 alone had no 
effect on phosphorylated J N K l expression (37.35 +  3.43). it 
prevented the THC-induced increase in pho.spho-JNK I 
expression (38.14 +  5.99). A lthough it has been shown that 
A M  251 behaves as an inverse agonist (New &  W ong, 2003), 
we were unable to detect any elTect o f  A M  251 on basal JN K  
activ ity  (Figure 2).

Figure 2b demonstrates that phosphorylated JN K 2  expres­
sion was significantly increased from  12.83+0.54 (arb itrary 
units; mean b andw id th+  s.e.m.) to 15.72 +  0.34 fo llow ing 
treatment w ith  T H C  (5 /iM ) for 2h  ( /^< 0 .0 I. Student's r-test, 
11 =  6) .  Exposure to A M  251 (lO /iM ) alone had no elTect on 
basal phosphorylated JN K 2 expression ( l l .5 5 ± l .7 5 )  and it 
prevented the THC-induced increase in phosphorylated JN K 2 
expression (12.55 +  0.52; Figure 2b). Sample im m unoblots 
demonstrating the activation o f  J N K l and JN K 2 fo llow ing  
T H C  treatment, and the abo lition  o f these effects in A M  251-

treated cells are shown as insets in Figure 2a and b. This result 
provides evidence o f  a role fo r the CB, cannabinoid receptor in 
the THC -induced activation o f  both J N K l and JN K 2.

P TX  abrogates THC-induced J N K lj2  activation

The central C B i cannabinoid receptor is coupled to G i„ -  
proteins (H ew le tt, 1995). The involvement o f  G, „  in coupling 
the CB| receptor to J N K  activation in this system was assessed 
using PTX (2 0 0 n g m r ‘ ). As shown in Figure 3a, PTX 
pretreatinent p rio r to  T H C  (5 /jM ) treatment fo r 5 min 
(31.92 +  5.59 a rb itra ry  units; mean bandw idth ±s.e.m .) pre­
vented THC-induced J N K l activation at 5 m in (55.98±4.74; 
P < 0 . 0 5 .  A N O V A , n  =  5) .  Incubation o f  neurons w ith  
methanol vehicle fo r 5 m in (4 1.44±2.72 ) or PTX alone for 
24h (35 .0 6 ± 3 .7 I) had no elTect on J N K l activ ity  (F igure 3a).

S im ilarly, Figure 3b demonstrates that phospho-JNK2 
expression was significantly increased from  I3 .90±0 .54  to 
22.34±2.75 (a rb itra ry  units; mean bandw id th±s.e .m .) fo llow ­
ing treatment w ith T H C  (5 /iM ) fo r 2h { P < 0 . 0 5 ,  A N O V A , 
11 =  5) .  Treatment w ith  PTX (2 0 0 n g m r ‘ ) alone had no effect 
on phosphorylated JN K 2  expression ( I6 .0 5 ±  1.99), but it
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Figure 2 THC-induced activation o f JNK is mediated by the CB| 
receptor, (a) Treatment o f neurons with THC (5/iM) for 5min 
evoked a significant increase in phospho-JNKI expression. Pre- 
incubation o f cortical neurons with the CB| receptor antagonist AM  
251 ( lO / iM )  for 3()min abolished the THC-induced increase in 
phosplio-JNK 1 expression. Results are expressed as meaii + s.e.m. 
ib r six observations. */•’ <().05. Inset: A sample Western immunoblot 
demonstrating the increase in phospho-JNKI expression alter 5min 
o f THC treatment (lane 2) compared to control cells (lane I). While 
A M  251 had no effect on phospho-JNKI expression (lane 3), it 
abolished the ability o f THC to increase phospho-JNKI expression 
(lane 4). (b) Treatment o f neurons with THC (5 / iM ) for I20min 
evoked a significant increase in phospho-JNK2 expression. Pre­
incubation o f cortical neurons with the CB, receptor antagonist AM  
251 ( lO / iM )  for ?Omin abolished the THC-induced increase in 
ph(ispho-JNK2 expression. Results are expressed as mean + s.e.m. 
for six observations, ** / '< () .() l. In.set: A sample Western immuno­
blot demonstrating the increa.se in phospho-JNK2 expression after 
5min o f THC treatment (lane 2) compared to control cells (lane I). 
While .AM 251 had no effect on phospho-JNK2 expression (lane 3), 
It abolished the ability o f THC to increase phospho-JNK2 
expression (lane 4).

prevented the THC-induced increase in JN K 2 activ ity at 2h 
(14 .6 5 ± 2 .12; Figure 3b). These data suggest that the coupling 
o f  the CB| receptor to G -prote in subtypes G, „ facilitates T H C - 
induccd J N K l and JN K 2  activation.

A M  251 prevents THC-induced Bax expression

JN K  kinases have been linked to neuronal apoptosis by 
altering the expression o f  the Bel family o f m itochondria l- 
associatcd proteins (M ie lke  &  Herdegen, 2000). In this study, 
expression levels o f  the proapoptotic protein Bax were 
measured by Western im m unoblo t in cells treated w ith  T H C  
(5/iM ) fo r 2 h  and the effect o f the CB, antagonist A M  251 
(10/(M) was assessed. Figure 4 demonstrates that Bax 
expression in contro l cells was 23.82 +  4.89 (arb itrary units: 
mean +  s.e.m.) and this was significantly increased fo llow ing 
T H C  treatment fo r 2h to 50.18±6.43 (P <0 .01 . A N O V A , 
/; =  5). A M  251 alone had no effect on Bax expression 
( 15.39±4.96); however, it prevented the THC-induced increase
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Figure 3 THC-induced JNK activation is mediated by G-protein 
subtypes G, „. (a) THC (5 /(M; 5min) significantly increased 
phospho-JNKI expression and this was prevented by pretreatment 
with PTX (20 0 n g m r'; 24h). Results are expressed as mean +  s.e.m. 
for five observations, */^<0.05. (b) THC (5 /(M; 120min) signifi­
cantly increased phospho-JNK2 expression and this was prevented 
by pretreatinent with PTX (200ngm l"'; 24h). Results are expressed 
as mean +  s.e.m. for five observations, * / ’ <0.05.
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Figure 4 THC increases Bax expression via the CB, receptor. 
Neurons were preincubated with AM  25! (10 (iM) for 30 m ill, treated 
with THC (5/iM) 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, **^*<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 o f THC on Bax expression was prevented by 
AM  251 (lane 4). Exposure o f cells to AM  251 alone had no effect on 
Bax expression (lane 3).

in Bax expression (22.67 ±6.01). A  sample Western im m uno­
b lo t demonstrating the CB|-dependent increase in Bax 
expression is shown as an inset in Figure 4.

J N K  A S  downregidcites J N K  pro te in  expression

Since JN K  activation was observed fo llow ing  T H C  treatment, 
we employed the use o f antisense technology to analyse
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whether JN K  has an upstream role in the regulation o f 
apoptotic elTectors. Cells were exposed to 2 o f either JNK I
AS or JN K 2 AS to downregulate JNK I and JNK2 protein 
expression in order to delineate the specific role o f each 
isoform in the cell death pathway. Upon treatment with JN K l 
and JN K 2 AS, cellular levels o f J N K l and JNK2 protein were 
markedly reduced (Figure 5a, b). In cells treated with JN K l 
SC, J N K l expression was 19.20 +  2.89 (arbitrary units; 
mean +  s.e.m.) and this was significantly decreased by 79% 
when J N K l AS was incorporated into the media for 48h 
{P<0.05, Student’s /-test, /i =  4: Figure 5a). Similarly, JNK2 
AS significantly decreased JNK2 protein expression by 70%, 
compared to the cells treated with JNK2 SC for 48 h {F<0.05, 
Student’s /-test, n =  5; Figure 5b). The antisense-mediated 
depletion o f J N K l and JNK2 was specific since JNK2 AS had 
no effect on JN K l protein expression (Figure 5a) and, 
similarly, J N K l AS had no effect on JNK2 protein expression 
(Figure 5b). Sample immunoblots demonstrating the anti­
sense-mediated downregulation o f JN K l and JNK2 protein 
expression are shown as in.sets in Figure 5a and b.
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Figure 5 JNK AS effectively reduces JNK protein cxpre.ssion. 
Neurons were incubated with 2 fiM JN K l JNK2 antisen.se (AS) or 
JN K I JNK2 scrambled control (SC) for 48h. Cells were harvested 
in lysis buffer and the total expression o f JN K l and JNK2 protein 
was examined by Western blot analysis, (a) Treatment with JN K l 
AS significantly deerea.sed JN K l protein expression in comparison 
to untreated cells and cells treated with JN K l SC. JNK2 AS had no 
effect on JN K l protein expre.ssion. Results are expressed as 
mean +  s.e.m. for four experiments, *P< 0. 05 .  Inset: A sample 
immunoblot demonstrating that JN K l AS significantly reduces 
JN K l protein expression (lane 2) compared to JN K l SC-treated 
neurons (lane 1). (b) JNK2 AS significantly reduced JNK2 protein 
expression. J N K l AS had no effect on JNK2 protein expression. 
Results are expres.sed as mean +  s.e.m. for four experiments, 
* P < Q i ) 5 .  Inset: A sample immunoblot demonstrating the signifi­
cant reduction in JNK2 protein expres.sion in JNK2 AS-treated 
neurons (lane 2) compared to JNK2 SC-treated cells (lane I).

J N K  A S  prevents THC-induced caspase-3 activation

Apoptotic cell death is typically accompanied by the activation 
o f the cysteine protease caspase-3 (Janicke t-/ uL, 1998). Our 
lab has previously shown the pivotal role o f this enzyme in the 
cell death pathway triggered by TFIC within the rat cortex 
(Campbell, 2001; Downer et al., 2001). Here we analysed 
whether J N K l or JNK2 is involved in the TFlC-induced 
activation o f caspase-3. Following downregulation o f each o f 
the JN K isoforms using appropriate AS, the role o f JN K l and 
JNK2 in THC-induced caspase-3 activation was assessed 
(Figure 6a, b).

The data presented in Figure 6a indicate that treatment with 
TH C  (5/(M) 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)” 'm in “ ' (P<0.05, AN O VA ; /i =  8). In 
cells treated with J N K l SC (2/iM) alone for 48 h, caspase-3 
activity was comparable to control values (25.09 +5.80 pmol 
AFC produced (mg protein)” 'm in “ '). Pretreatment with 
JN K l AS (2//M) for 48h prior to TH C  treatment prevented 
the THC-induced increase in caspase-3 activity (31.79 +  6.53 
pmol AFC produced(rng p ro te in )" 'm in “ '; Figure 6a).

Similarly, Figure 6b demonstrates that a 2 h exposure of 
cortical neurons to THC (5 / iM )  significantly increased 
caspase-3 activity from 22.05±1.48 (mean +  s.e.m.) to 
63 .05+1 l.lO pm ol AFC produced(mg p ro te in )" 'm in "‘ 
{P<Q.05, AN O VA, n =  l) .  Neurons incubated with JNK2 
SC (2 /iM ) for 48 h showed a level o f caspase-3 activity similar
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Figure 6 JNK is required for caspase-3 activity in THC-induced 
apoptosis. (a) Treatment o f cortical neurons with THC (5/<m) for 2h 
significantly increased caspase-3 activity, as assessed by the cleavage 
o f the lluorogenic DEVD substrate. The stimulatory effect o f THC 
on caspase-3 activity was prevented by pretreatment with JNK 1 AS 
(2/iM; 48 h). Results are expressed as mean +  s.e.m. for eight 
observations, * P< 0 . 05 .  (b) Similarly, pretreatment o f cells with 
JNK2 AS (2/(M; 48 h) prior to THC treatment abolished the 
stimulatory effect o f THC on caspase-3 activity. Results are 
expressed as mean±se.m. for seven observations. *P<0.05.
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to that measured in vehicle-treated neurons (32.73 ± 8 .7 4 pmol 
AKC produced(m g protein) ' min '). Pretreatment with 
JNK2 AS ( 2 / i M)  for 48 h prior to THC treatment prevented 
the THC-induced increase in caspase-3 activity 
(2 6 .0 6 ± 5 .2 0 pmol AFC produced(mg protein)"'(min) 
Figure 6b). These results demonstrate a role for both JNKl 
and JNK2 in the THC-induced activation of caspase-3.

J N K  A S  p reven ts  T H C -induced  D N A  fragmentation

The T U N E L  technique was u.sed to demonstrate that the 
THC-induced D N A  fragmentation that we have previously 
reported (Campbell, 2001) involves JNK l and JNK2 
(Figure 7). In control cells, 19±2%  (m ean±s.e.m .) of cells 
displayed fragmented DNA (TUNEL-positive), and this was

Con THC JNKl AS JN K lS C  JNK 2AS JNK2SC 

♦ THC(6^M)

significantly increased to 50± 6%  in cells treated with THC 
(5 (<M) for 3 h ( / ’ <0 .001, ANO VA, /i =  5 coverslips; Figure 7a). 
AS-mediated depletion o f JN K l or JNK2 prevented the THC- 
induced increase in DN A  fragmentation. Thus, exposure of 
cells to JN K l AS ( 2 / i M)  for 4 8 h prior to THC treatment 
prevented the THC-induced increase in TUN EL staining 
(26±7%  TUNEL-positive cells; Figure 7a, b). In contrast, in 
cells pretreated with JNK l SC (2/<M),  the THC-induced 
increase in D N A  fragmentation was retained (46 ±6%  
TUNEL-positive cells, / ’<0.001, ANOVA, n =  5 coverslips; 
Figure 7a). Treatment with JN K l AS (2 / iM) alone for 48 h had 
no effect o f the percentage o f neurons displaying fragmented 
D N A  (26± 6%  TUNEL-positive cells.

Similarly, in cells pretreated with JNK 2 AS ( 2 / i M)  for 4 8 h 
before THC ( 5 / i M)  treatment, 20± 3%  o f cells were TUNEL- 
positive (Figure 7a, c). In contrast, cells preincubated with 
JNK2 SC oligonucleotides ( 2 / i M)  for 4 8 h prior to treatment 
with THC showed a significant increase in D N A  fragmenta­
tion (56±3%  TUNEL-positive cells, /^<0.001, ANOVA, 
/; =  5 coverslips; Figure 7a). Treatment o f neurons with 
JNK2 AS ( 2 / i M) alone for 48 h did not have a neurotoxic 
effect (20± 3%  TUNEL-positive cells.

These results demonstrate that depletion o f either JNK l or 
JNK2 prevents the THC-induced D N A  fragmentation. These 
data are consistent with the caspase-3 result and suggest that 
both JNK l and JNK2 are intricately involved in regulating the 
THC-induced activation o f caspase-3 and resultant DNA  
fragmentation in the apoptotic pathway.

■r

Fifjuri' 7 J N K  act ivity  is required for TH C -induced  D N A  frag­
m enta t ion .  (a) Exposure  o f  neuron.s to T H C  (5/ iM) for 3 h  
signif icantly increased the percentage o f  cells with D N A  fragm en ta ­
tion. T rea tm en t  with  J N K l  AS o r  J N K 2  AS (2/ iM; 48 h) prior to 
T H C  t rea tm en t  p revented  the T H C -induced  increase  in D N A  
fragm enta t ion .  In con tras t ,  in neurons  treated with  J N K l  SC or 
J N K 2  SC (2/ iM; 4 8 h), T H C  still evoked  a significant increase in 
D N A  fragm enta t ion .  Results are  expressed as m e a n ± s . e .m .  for five 
observations,  ***/^<0.001.  (h) Representa tive images o f  (i) control,  
(ii) T H C -t r ea ted  and  (iii) T H C  J N K l  AS-t reated cortical neurons  
following T U N E L  staining for D N A  fragm enta t ion .  Arrows 
indicate T U N L L -n e g a l iv e  ( - v e )  and  T U N E L -pos i t ive  (-t-ve) cells. 
Scale ba r  Is 5 0 /iM. (c) Representa tive  images o f  T U N E L  staining o f  
(i) contro l ,  (ii) T H C -t r ea te d  and  (iii) T H C  J N K 2  A S-t reated  cortical 
neurons. Scale ba r  is 5 0 /iM.

J N K l  A S  p re trea tm en t  has no effect on T H C -indu ced  
J N K 2  ac tiv i ty

Since THC was found to increase JN K l activity (at 5 min) 
prior to JNK2 activity (at 2h), we employed the use of  
antisense technology to analyse whether JN K l is involved 
upstream in the regulation of JNK2 activity (Figure 8). 
Neurons were treated with JNKl  AS ( 2 / i M;  4 8 h) to down- 
regulate JNKl  protein expression prior to exposure to THC  
( 5 / i M)  for 2h. Treatment o f cells with THC for 2h  significantly 
increased phospho-JNK2 expression from 21 .87±2 .38  (arbi­
trary units; mean bandw idth±s.e.m .) to 31 .14±2.85 ( / ’ <0.05, 
ANOVA, /I =  4). Neurons treated with JNKl  AS alone for 
48 h showed a level o f JNK2 activity comparable to that found 
in vehicle-treated neurons (2 3 .9 9 ± 2 .3 I , /i =  4) and JNKl  AS
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Figure 8 J N K l  is not  up s t ream  o f  J N K 2  in T H C -induced  
apop tosis .  N e u ro n s  were  p re incuba ted  with J N K l  AS (2/ iM) for 
48 h, trea ted  with T H C  (5/ jM) for 2 h  an d  analysed  for phosphory-  
lated J N K 2  express ion us ing W este rn  im m u n o b lo t .  T H C  evoked a 
s ignif icant increase  in p h o s p h o - J N K 2  express ion.  In cells exposed to 
J N K l  AS,  T H C  was still capab le  o f  inducing  a signif icant increase in 
p h o s p h o - JN K 2 .  Results  are  expressed as m ean  +  s.e.m. for four  
observations,  ♦ / ’<0. 05 .
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failed to  p reven t  tiie T H C - in d u c e d  increase in p h o sp l io - JN K 2  
express ion  ( 3 2 .4 9 +  1.90, P<() .()5, A N O V A ,  « =  4). These d a ta  
suggest  th a t  J N K l  does  no t  occupy  an  ups t ream  role in the 
regu la t ion  o f  J N K 2  activi ty,  despite  the ditTerential time 
course  o f  ac t iva t ion  o f  these J N K  isofomis.

Discussion

T h e  aim o f  this s tudy  was to exam ine  the ability o f  the CB, 
c a n n a b in o id  recep tor  to coup le  to  the J N K  signalling p athw ay , 
an d  to  assess the role o f  J N K  in T H C - in d u c e d  neurotoxici ty  in 
cu l tu red  cor t ica l  neu rons .  T H C  w as found  to induce the 
ac t iva t ion  o f  J N K l  an d  J N K 2  within 5 m in  and  2 h ,  
respectively. T he  ability o f  T H C  to induce activation  o f  bo th  
J N K  iso fo rm s  was b locked  by A M  251 an d  PTX. T H C  
significantly increased Bax express ion  in an  A M  251-sensitive 
m an n er .  T re a tm e n t  o f  cortical n e u ro n s  with specific AS 
targeted  to rat J N K l  o r  J N K 2  m R N A  effectively reduced 
the p ro te in  express ion  o f  the respective J N K  isoform. AS- 
m ed ia ted  reduc t ion  o f  J N K l  an d  J N K 2  pro te in  expression 
p reven ted  the T H C - in d u c e d  ac t ivat ion  o f  caspase-3 an d  
d o w n s t r e a m  D N A  f ragm en ta t ion .  D a ta  herein suggest tha t  
the C B |  c a n n a b in o id  recep to r  is coup led  to J N K  in cor tical 
n e u rons ,  a n d  th a t  b o th  J N K l  an d  J N K 2  are  involved in the 
regu la t ion  o f  the dow n stream  ef fectors tha t  a re  pert inent  in the 
T H C - in d u c e d  a p o p to t i c  pa thw ay .

Recently , there  has been a grow ing  interest  in the proclivity 
o f  c a n n a b in o id s  to con tro l  the cell su rv iva l ,dea th  decision, 
p a r t icu la r ly  in neurons .  S e \e ra l  s tudies have revealed tha t  
T H C  can  induce  neu ro tox ic  effects in a n u m b e r  o f  cultured cell 
systems. Specifically, T H C  has a toxic effect on cultured  
h ip p o c a m p a l  n eu ro n s  (C h a n  et i t i .  1998), cu ltured  cortical 
n e u ro n s  (C am pbe l l ,  2001) a n d  glioma cells (Sanchez et a!., 
1998). T H C  has  also been show n to inhib it  neuronal  cell 
g ro w th  in vivo (G a lv e -R o p e rh  et at.. 2000),  in add it ion  to its 
an t ip ro li fe ra t ive  ac t ion  in neu rona l  cultures.  F u r the rm ore ,  
a n a n d a m id e ,  an  e n d o g e n o u s  l igand o f  c an n ab in o id  receptors  
(D cv an e  et a!., 1992), induces apop to s is  in PC12 cells (Sa rker  
et (//., 2003) a n d  lym phocytes  (Schwarz  et a!.. 1994). T H C -  
induced a p o p to s is  in h ip p o cam p a l  (C h an  el a!.. 1998) and  
cortical (D o w n e r  e t ciL. 2001) cultures is CB, receptor-  
depen d en t .  P ro p o s ed  m echan ism s o f  cannab ino id - induced  
neuro tox ic i ty  have included the genera t ion  o f  reactive oxygen 
species (C h a n  el al., 1998), ac t iva t ion  o f  the caspase-3 cell 
d ea th  p a th w a y  (C am pbel l ,  2001; D o w n e r  el «/., 2001), 
sph ingom yel in  hydrolysis  (Sanchez  et a l.. 1998), sustained 
ceram ide  a c c u m u la t io n  (G a lv e -R o p e rh  el a!., 2000) an d  
ac tiva tion  o f  the J N K  cascade  (Sa rker  et al., 2003).

It shou ld  be cons idered  tha t  in c o n t ra s t  to the d a ta  
su p p o r t in g  can n a b in o id - in d u c e d  neu rodegenera t ion ,  the bulk 
o f  the ex p er im en ta l  ev idence indicates th a t  c annab ino ids  m ay  
protec t  n e u ro n s  f rom toxic insults.  How ever ,  it is not clear if 
this is a C B |  r ecep to r -dependen t  process.  N a g a y a m a  el al. 
(1999) have  show n  th a t  synthetic  c an n ab in o id  receptor  
agonis ts  decrease  h ip p o c a m p a l  loss following transient global 
cerebral ischaem ia  via the CB , receptor ,  an d  increase cell 
viability in cerebra l  cort ical  cu ltures subjected to 8 h o f  
h>poxia a n d  g lucose d e p r iva t ion  in a C B |  receptor-indepen- 
dent  m an n er .  C a n n a b in o id  recep to r  agonis ts  are  neuropro tec-  
t i \e  agains t  excito toxici ty  in vivo (Panikashvil i  et a!., 2001; van 
der  Stelt et al.. 2001) an d  in vitro  (Shen & T h ay e r ,  1998; A b o o d

et a l., 2001), which is p reven ted  by C B | an tagonis ts .  
F u r th e rm o re ,  T H C  an d  n o n p sy c h o tro p ic  can n a b in o id s  d e ­
crease g lu ta m a te  toxicity in ra t  cort ical  neu rona l  cultures in a 
recep to r - independen t  process th a t  is n o t  b locked by CB| 
r ecep to r  a n ta g o n is ts  ( H a m p s o n  el al., 1998). Overall , it 
a p p ea r s  tha t  neu ro tox ic  a n d  neu rop ro tec tive  effects o f  
can n a b in o id s  can  be observed ,  a n d  these differences a re  likely 
to d e p e n d  on  a  variety  o f  influences,  including the n a tu re  o f  
the toxic insult , the cell type u nde r  s tudy  a n d  the pa r t icu la r  
c a n n a b in o id  used.

T h e  c a n n a b in o id  C B ,  recep tor  is d is t r ibu ted  m ain ly  in the 
central  ne rvous  system a n d  is localised in bra in  regions m ost  
likely involved in c o n t r ib u t in g  to the psychoactive effects o f  
T H C  (Twitchell  el al., 1997). T h e  ra t  cor tex  show s an  intense 
p a t te rn  o f  C B |  recep to r  express ion ,  in pa r t icu la r  in fronta l  
regions where  the CB , recep to r  sub type  is found  in cortical 
axons ,  cell bod ies  a n d  dendr i tes  (T so u  et al., 1998).

T h e  J N K  p ro te in  kinases be long to  the family o f  mitogen- 
ac tivated  p ro te in  kinases ( M A P K )  a n d  represent  a  g ro u p  o f  
enzym es tha t  a re  ac t ivated  by cy tok ines  a n d  en v ironm en ta l  
stresses ( Ip  & Davis ,  1998). T h e  func t ion  o f  these kinases is to 
conver t  ex tracel lu lar  st imuli to  in trace llu lar  signals tha t ,  in 
tu rn ,  co n tro l  the express ion  o f  genes tha t  a re  essential for 
m an y  cellular  responses, inc luding cell g ro w th  a n d  d ea th  
(M arsha l l ,  1995). T hese  widely d is t r ibu ted  kinases a re  ac ti­
vated  by dua l  p h o sp h o ry la t io n  on  th reon ine  a n d  tyrosine 
residues by ups t ream  kina.ses as  pa r t  o f  the cellular  response  to 
stress (D erk in d e ren  el al., 1999). J N K s  are  encoded  by three 
different  genes j n k I , jn k 2  a n d  //lAi, an d  the p ro d u c ts  o f  each 
gene reveal iso form s with a p p ro x im a te  m olecu la r  weights o f  46 
( J N K l ) ,  54 ( J N K 2 )  a n d  57 k D a  (JN K 3 ) ,  all o f  which arc  found  
in the m a m m a l ia n  b ra in  (G u p ta  el a l., 1996). A l th o u g h  it is 
recognised th a t  the J N K 3  isoform  is d is t r ibu ted  th ro u g h o u t  
the rat  ce rebra l  cor tex  (C a rb o n i  el a l., 1998), J N K 3  prote in  
express ion  was m o d e ra te  in o u r  cell cu l tu re  m odel,  hence the 
relat ive c o n t r ib u t io n  o f  the J N K l  a n d  J N K 2  isoform s to  the 
a p o p to t i c  p rocess w as investigated.

In this study,  the t ime course  o f  T H C - in d u c e d  ac t iva t ion  o f  
J N K l  a n d  J N K 2  in cu l tu red  cort ical  n e u rons  was assessed. 
J N K  activity  w as assessed up  to  the 2 h  time po in t  as this is 
within the t im efram e a t  which we have  found  significant levels 
o f  T H C  toxicity in cort ical  neu ro n a l  cu l tu res  (C am pbel l ,  2001). 
It was fo und  th a t  T H C  increases J N K l  a n d  J N K 2  activi ty 
a f te r  5 m in  a n d  2 h o f  t rea tm en t ,  respectively. H a lf-m axim al  
s t im u la t ion  o f  J N K l  occu rred  a t  a  lower dose  o f  T H C  than  
J N K 2 ,  ind ica t ing  th a t  T H C - in d u c e d  J N K 2  act iva t ion  was 
m o re  re luc tan t  th a n  J N K  1 ac t iva t ion  in o u r  cell cu lture  model.  
It has been es tab lished  th a t  J N K  a c t iva t ion  m ay  occu r  early 
(X ia el al., 1995) o r  la te  (Virdie et a l., 1997) in apoptos is ,  an d  
the f inding tha t  T H C  activates  J N K l  an d  J N K 2  within 
diss imilar  t im efram es suggests th a t  the J N K  isoform s may 
m edia te  d ifferent  signals in cu l tu red  cort ical  neurons .  A 
po ten t ia l  function  o f  J N K  m ay  be to initiate p ro g ra m m e d  cell 
d ea th  ( J o h n s o n  el al., 1996), an d  o u r  d a ta  d e m o n s tra t in g  the 
early ac t iva t ion  o f  J N K l  (within 5 m in ) ,  m ay  reflect a  role for 
J N K l  in regu la t ing  d o w n s t r e a m  ap o p to t ic  effectors. How ever ,  
o u r  f inding th a t  T H C  activa tes J N K 2  a t  2 h  o f  t rea tm en t  is 
cons is ten t  w ith  the t ime p o in t  a t  which m axim al  neu ro n a l  cell 
d ea th  has  been previously  show n  in cortical neu ro n s  (C a m p ­
bell, 2001). It is therefore  possible  th a t  J N K 2  act iva t ion  may 
have  occurred  in response  to  D N A  f ragm en ta t ion ,  which is 
consistent  with  o th e r  s tudies (G h a h re m a n i  et a l.. 2002).
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F u rt i ic rm o re ,  cons ider ing  t i u t  J N K  activity m ay  be regulated 
by caspase-3  (O zak i  e l a i .  1999; H ata i  c l al., 2000), it is 
poss ib le  th a t  J N K 2  activity is m odu la ted  by caspase-3 in this 
system. In refu te o f  these hypotheses,  an tisense-m edia ted  
d o w n re g u la t io n  o f  J N K 2  prevented  the T H C - in d u c e d  increase 
in caspase-3  ac t iva t ion  an d  D N A  fragm en ta t ion ,  suggest ing 
th a t  J N K 2  is ups t ream  o f  these co m p o n e n ts  o f  the a p op to t ic  
cascade ,  it is poss ib le  tha t  a n  ear ly cellular  red is t r ibu tion  o f  
J N K 2 ,  as  o p p o se d  to  a n  increase in overall  J N K 2  activity, may 
be involved in the a p o p to t i c  process. It is o f  note  tha t  a l th o u g h  
J N K 2  activi ty  was increased at  2 h ,  a co n c o m i ta n t  decl ine in 
J N K l  activity  was observed a t  this time point . T h is  suggests a 
func t iona l  in te rac t ion  between ,INK1 a n d  J N K 2  isoform s and 
this is s u p p o r te d  by evidence that  J N K 2  negat ively regulates 
J N K l  p h o s p h o ry la t io n  (H oched l inger  et al., 2002). However, 
o u r  f inding  th a t  A S- induced  deplet ion  o f  J N K l  failed to 
preven t the T H C - in d u c e d  increase  in J N K 2  activity suggests 
tha t  J N K l  does  n o t  occupy  an  upstream  role in regulat ing 
J N K 2 .

T h e  invo lvem ent  o f  J N K  cascades in the regu la t ion  o f  
cell p ro l ife ra t ion  via G -p ro te in -coup led  receptors  has been 
d e m o n s t r a te d  (C oso  cl al.. 1996). O u r  p rev ious  studies 
h ave  d e m o n s t r a te d  tha t  the toxic effects o f  T H C  involve 
a PTX-sensit ive G -p ro te in  (Cam pbell .  2001). T h is  is 
cons is ten t  with evidence that  links the central  CBi receptor  
to  a c t iva t ion  o f  G -p ro te in  subtypes G, „ (H ew le t t ,  1995). T o  
d a te ,  the role o f  G -p ro te in s  in neurona l  cell d ea th  has n o t  been 
com ple te ly  clarified since PTX-sensitive G -p ro te in s  have been 
fo u n d  to exer t b o th  p ro a p o p to t ic  (K arkas  cl al., 1998) and  
a n t ia p o p to t i c  effects ( Ja k o b  & Kreiglsten. 1997). However, 
d a t a  presented  here d em o n s tra te  tha t  coup l ing  o f  the 
C B |  recep tor  to PTX-sensit ive G -p ro te in s  facili tates J N K  
ac t iva t ion .

J N K  has the procliv ity  to pho sp h o ry la te  a variety o f  nuclear  
a n d  cy top lasm ic  subs tra tes ,  some o f  w hich are  vital for  the 
a p o p to t i c  ac tions  o f  J N K .  It has been repor ted  tha t  JN K  
p ro m o te s  cell d ea th  by p ro m o tin g  cy toch rom e  c release from 
the m i to ch o n d r ia  (T o u rn ie r  cl al.. 2000). In the nervous 
system, the p ro a p o p to t ic  m itochondria l-assoc ia ted  protein  
Bax acts d o w n s tre a m  o f  J N K  in regulat ing  the t ranslocat ion  
o f  m ito ch o n d ria l  c y to ch ro m e  c into the cytosol (K a n g  cl al.. 
1998), a n d  several  s tudies have  d e m o n s tra ted  a n  interaction  
between J N K  a n d  Bax in the cell d ea th  cascade  (Lei cl al.. 
2002). T he  a p o p to t i c  events  th a t  are evoked  by T H C  in cortical 
neu ro n s  include the relea.se o f  m i tochondria l  c y to ch ro m e  c into 
the cytosol fol lowing C B | recep tor  ac tiva tion  (D o w n e r  el al.. 
2001), an d  o u r  f inding th a t  T H C  induces Bax expression 
following C B | ac t iva t ion  is a likely m echan ism  for this 
event.

O nce  in the cytosol,  cy to ch ro m e  i:' complexes with a 
cytosolic  fac to r  des ignated  as ap o p to t ic  p ro tease  activating  
factor-1 (A P A K -I ) ,  which in turn  triggers the activation  
o f  the cysteine p ro tease  caspase-3, which con t r ib u te s  to  the 
dras t ic  m o rpho log ica l  changes  associated  with apo p to s is  by 
d isabling  a n u m b e r  o f  key subs tra tes  (Zou  cl a l., 1997). We 
have previously  show n  th a t  caspa,se-3 is centra l  to the 
ap o p to t ic  cascade  triggered by T H C  in cortical neu rons  
(Cam pbel l ,  2001; D o w n e r  ci al.. 2001). T o  elucidate  the 
respective roles o f  J N K l  an d  J N K 2  in T H C - in d u c e d  caspase-3 
ac tiva tion ,  we em ployed  antisense technology to dow n- 
regulate  tem porar i ly  J N K l  an d  J N K 2  expression. In neu rons  
treated with J N K l  and  J N K 2  AS, J N K l  an d  J N K 2

p ro te in  express ion  w as selectively d o w n reg u la ted .  D eple t ion  
o f  J N K l  a n d  J N K 2  p reven ted  the T H C - in d u c e d  ac t iva t ion  o f  
caspase-3 ,  ind ica ting  th a t  b o th  J N K l  a n d  J N K 2  isoforms 
are  ups t ream  o f  caspase-3 in the T H C - in d u c e d  ap o p to t ic  
cascade.

W e have  recently show n  th a t  T H C  p ro m o te s  degenera t ion  
o f  cu l tu red  cort ical  n e u ro n s  in a  t im e-de penden t  m anner ,  
with a  m ax im al  effect o ccu r r ing  3 h p o s t - t r ea tm en t  
(C am pbel l ,  2001).  T h e  evidence p resen ted  here a n d  by o thers  
( R u e d a  el al., 2000) su p p o r ts  a n  early  in te rac t ion  between 
T H C  a n d  J N K ,  ind ica ting  th a t  J N K  ac t iva t ion  is an  
ups t ream  event in the degenera tive  p a th w a y .  T h e  f inding tha t  
the d o w n reg u la t io n  o f  J N K l  a n d  J N K 2  using  antisense 
technology  effectively b locked T H C - in d u c e d  ac t ivat ion  o f  
caspase-3 an d  d o w n s tre a m  D N A  f ra g m e n ta t io n  indicates tha t  
b o th  J N K l  a n d  J N K 2  are  in trica te ly  involved in the 
t r an sd u c t io n  o f  T H C - in d u c e d  a p o p to t ic  signals. It is o f  
pa r t icu la r  no te  th a t  dep le t ion  o f  e i the r  J N K l  o r  J N K 2  
isoform s com ple te ly  a b ro g a te d  the T H C - in d u c e d  caspase-3 
ac t iva t ion  a n d  D N A  frag m en ta t io n .  It m a y  be expected  that ,  
since T H C  has  the procliv ity  to  coup le  to  b o th  J N K l  an d  
J N K 2 ,  dep le t ion  o f  o n e  iso form  m ay  result  in T H C  coup l ing  to 
the r em ain ing  isoform  to evoke caspase-3  ac t iva t ion  an d  
resu l tan t  D N A  frag m en ta t io n .  T h is  clearly was no t  the case 
an d  o u r  result  m ay  reflect a n  in te rac t ion  between J N K l  an d  
J N K 2  with respect to the regu la t ion  o f  ups t ream  effectors 
involved in caspa.se-3 ac tivation .  Indeed,  a requ i rem en t  for 
b o th  J N K l  an d  J N K 2  has been im plicated  in the p h o s p h o r ­
y la t ion  o f  the p53 tu m o u r  su ppresso r  p ro te in  (B usc hm ann  
cl al., 2001), a  po ten t ia l  u p s t ream  event in the regu la t ion  o f  
caspase-3  activity.  F u r th e rm o re ,  it has  been show n  th a t  
inhib i t ion  o f  the active fo rm s o f  b o th  J N K l  a n d  J N K 2  
prevents  c y to ch ro m e  c release f rom  the m i to c h o n d r ia  an d  
ac t iva t ion  o f  enzym es ups t ream  o f  caspase-3  (B ozyczko-C oyne  
el al., 2001). T h is  s tudy  prov ides  evidence o f  a requ i rem en t  for 
b o th  J N K l  an d  J N K 2  in the T H C - in d u c e d  ac t iva t ion  o f  
caspase-3  an d  D N A  f rag m en ta t io n ,  a n d  m ay  reflect coopcra -  
tivity between J N K l  an d  J N K 2  in re la t ion  to  these aspects o f  
the cell d ea th  cascade.

T o  da te ,  little is k n o w n  a b o u t  the role o f  J N K  in T H C  
signall ing. R u e d a  cl al. (2000) have  found  th a t  J N K  1/2 
a re  ac t iva ted  within 5 m in  o f  T H C  t rea tm en t  an d  tha t  
sus ta ined  J N K  act iva t ion  over  3 d a y s  o f  T H C  insult  is 
requ ired  to induce  cell d e a th  in g l iom a cells. T h is  suggests 
tha t  the d u ra t io n  o f  J N K  induc t ion  m ay  be the de te rm in ing  
fac to r  in the cell dea th /su rv iva l  decis ion. T hese  differences 
m ay  retlect  d ifferential cel lular  responses  o f  neu ro n a l  p o p u la ­
t ions to T H C ,  with cort ical  n e u ro n s  being susceptible  to ear ly 
insult  o f  c a n n a b in o id  exposu re  du e  to the differential
ac t iva t ion  o f  the J N K  1/2 signall ing cascades. W e a re  aw are  
tha t  in the sam e s tudy  o f  R u e d a  el al. (2000), ra t cortical 
p r im a ry  neu ro n s  were no t  susceptible  to a 3-day exposu re  to 
T H C ,  which m ay  reflect the lower dose  o f  T H C  used in th a t
study.  It has  recently  been fo u n d  th a t  the en d o g en o u s
ca n n a b in o id ,  a n a n d a m id e ,  induces ap o p to s is  in PC12, an d  
this is a c c o m p an ied  by the ac t iva t ion  o f  the J N K  p a th w ay  
(Sa rk e r  el al., 2003). F u r th e rm o re ,  J N K  activi ty  is n o t  affected 
by T H C  in h ip p o c a m p a l  slices p re p a re d  f rom  the a d u l t  ra t 
b ra in  (D erk in d e ren  el a l., 2001). T h u s ,  the effects o f
c a n n a b in o id s  m ay  be d e p e n d e n t  on  neu ro n a l  m a tu r i ty ,  with  
n eo n a ta l  cu l tu res  being susceptible  to  J N K  ac t iva t ion  fo llow­
ing c a n n a b in o id  challenge.
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T h e  d o se  o f  T H C  used in the present  s tudy  to  induce the 
ac t iva t ion  ol' J N K l  an d  J N K 2  w as within the concen tra t ion  
range  we have  previously  show n  to be neuro tox ic  to cultured  
cort ical  n e u ro n s  (C am pbel l ,  2001) an d  is also consistent  with 
the h u m a n  p la s m a  co n cen t ra t io n s  o f  T H C  (low /(M; C h iang  & 
B arne t t .  19X4). F u r th e rm o re ,  the d a ta  d e m o n s tra te  tha t  T H C  
is toxic for  cor t ica l  cultures ob ta ined  f rom neonata l  rats. 
In teres t ingly  to  d a te ,  there is no  evidence to suggest  tha t  T H C  
is n e u ro to x ic  in the a du l t  ra t  centra l  nervous system (Galve-  
R o p e rh  el n l.. 2000). O u r  f indings su p p o r t  the p roposa l  that  
the a p o p to t i c  effects o f  T H C  m ay  be opera tive  early dur ing  
d e v e lo p m e n t  a n d  m ay  play  a m o d u la to ry  role in neural  
d e v e lo p m e n t  (F e rn a n d e z -R u iz  et a i ,  1999). Indeed the

R eferences

A BOOI).  M.t;. & MAR TIN, B.R. (1992) . N e u r o b io lo g y  o f  m a r i ju a n a  
a b u s e .  Treiu ls P harm acd t. ScL . 1.1, 2 0 1 - 2 0 6 ,

AB OO D , M E . ,  RIZVI, G., SALLA PU D I, N. & MCALLISTER. S. (2001). 
A c t i v a t i o n  o f  the  CBi  cannab ino ic l  r ece p to r  p ro tec ts  cu l tu red  
m o u s e  sp ina l  n e u r o n s  a g a in s t  exc ito tox ic ity .  N c w o s ii .  L e u ..  309 , 
1 9 7 - 2 0 1 .

UOL AIiOULA, M,. POIN O T-CH AZEL, C., BOURRIE,  B., CANAT,  X., 
C A L A N D R A . B .  R IN A L D I-C A R M O N A . M.. LE FUR. G. & 
CASELLAS, I'. (1995). A c t iv a t io n  o f  m i to gen -a c t iv a ted  p ro te in  
k in a se s  by  s t im u la t io n  o f  the  c e n t ra l  c a n n a b in o id  recep to r  C B |.  
B iochem . J .. .112, 6 .17-641.

l iOU A BOU LA , M , I’O INO T-CH A ZEL, C., M A R C H A N D , J., CANAT,  
X., BOURRU;,  B., RIN A L D I-C A RM O N A , M,, C A LA ND RA , B., 
LE I-UR. G. & CASELLAS.  P. (1996) . S ig na l in g  p a th w a y  associa ted  
w i th  s t im u la t io n  o f  C B ;  pe r iph e ra l  c a n n a b in o id  recepto r : involve­
m e n t  o f  b o th  m i to g e n -a c t iv a te d  p ro te in  k inase  a n d  in d uc t ion  o f  
K r o x - 2 4  ex p re ss ion .  Eur. J. B iochcm ..  2.17, 7 0 4 -  711.

BO ZY CZK O -C O Y N E , D., O 'K A N E .  T.M., \VU, Z.L.. DOBRZANSKI, P., 
M L 'R T H I ' ,  S., V AU G HT, J.L. & SCOTT, R.W. (2001). CEP-1.147/ 
K T - 7 5 1 5 ,  a n  in h ib i to r  o f  S A P K  J N K  p a th w a y  ac t iv a t io n ,  p ro m o te s  
s u r v iv a l  a n d  b loc k s  m u l t ip le  even ts  assoc ia ted  w i th  A p- induced  
■cortical n e u r o n  a p o p to s i s .  J. N eunK 'hem ., 77, 849 - S6.1.

HU5iCHMANN, T., POTAPOVA. O., BAR-SHIRA, A,, IVANOV. V.L., 
FL'CHS.  S.'l'., H EN D E R SE N ,  S., FRIED. V.A., M INAMOTO. T.. 
A LA RCON -V ARG A S, D,, PINCL'S, M R . .  G A A RD E. \V,A., 
H OL BROO K E, N.J.,  SHILOH, Y. & RONAI.  Z. (2001). Jun  N l l ; -  
te r in in a l k in a se  p h o p h o r y l a t io n  o f  p5.1 on  thr-81 is im p o r ta n t  for 
p5.1 s ta b i l iz a t ion  a n d  tran .sc rip tional  ac tiv it ies in response  to .stress. 
M ot. C ell, llk il ..  21 , 274.1 -2754.

C A M P B EL L, V.A. (2001). T e t r a h y d r o c a n n a b in o l - in d u c e d  a p o p to s i s  
in c u l tu r e d  co r t ica l  n eu ro n es  is a ssocia ted  with  cy to ch ro m e  
(■ rel ease a n d  ca spase-1  ac t iv a t io n .  Sew oph c irm u co lo g y ,  4 0 , 
7 0 2 - 7 0 9 .

CARBONI.  L., C A R L E IT I ,  R., TACCONi,  S., CORTI, C. & FERRAGUTl , 
F. (1998). D if fe ren t ia l  exp res s io n  o f  S A P K  is o fo rm s  in the rat  bra in .  
A n  in s itu  h y b r id i sa t io n  s tu d y  in the  ad u l t  ra t b ra in  a n d  d u r in g  p o s t ­
n a t a l  d e v e lo p m e n t .  M ol. Brain Re.s.. 60, 5 7 - 6 8 .

C H A N . G.C..  HIND S, T.R., IM PEY, S. & STORM. D R .  (1998). 
H i p p o c a m p a l  n e u r o to x ic i ty  o f  A ' ' - t e t r ah y d ro ca n n ab in o l .  J. N em o s-  
ci.. 18, 5 1 2 2 - 5 3 3 2 .

C H IA N G ,  c.w, & BARNETT, G. (1984). M a r i j u a n a  effect and  del ta-9- 
t e t r a h y d r o c a n n a b in o l  p la sm a  level, d i n .  P harm acol. T lier.. 36, 
2 .14-238.

COSO. O.A., TE R A M O T O . H.. SI.MONDS. W.F. & G U T K IN D ,  J.S. 
(1996). S igna l ing  from  G  p ro te in -co u p le d  recep to rs  to c - Ju n  
k inase  in vo lves  /<■/ s u b u n i t s  o f  h e te ro t r im er ic  G  p ro te in s  ac ting  
o n  a R as  a n d  R a c i - d e p e n d e n t  p a th w a y .  J . Biol. Cliein.. 271 , 
3 9 6 3 -  3966.

D E R K I N D E R E N .  P., ENSLEN. H. & GIR AL’LT, J.-A. (1999). T h e  E R K  
M,*\P-kinases  ca sca de  in the  n e rvo u s  sys tem. N eiiro rcporf, 10, 
R 2 4 - R .1 4 .

D E R K IN D E R E N .  P., LE DENT, C.. PA RM EN TIE R, M. & GIRAULT, 
J.-.\ . (2001) . C a n n a b in o id s  a c t iv a te  p18 m i to g en -a c t iv a ted  p ro te in  
k inases  t h r o u g h  CB i  r ecep to rs  in h ippocampu.s .  J. N etiro ilw n i.. 77, 
9 5 7 -  960,

c o n s u m p tio n  o f  m a r i ju a n a  by w o m en  d u r in g  p regnancy  a n d /  
o r  lac ta t ion  has been show n to  affect  the  n eu robehav iou ra l  
deve lo p m en t  o f  their  ch ildren  (Fr ied ,  1995).

In su m m ary ,  t rea tm en t  o f  cort ical  cu l tu res  with T H C  
activates the J N K  p a th w ay  via the CB , c a n n a b in o id  receptor .  
A n  antisense  a p p r o a c h  revealed tha t  J N K l  a n d  J N K 2  are  
requ ired  for  the T H C - in d u c e d  ac t iva t ion  o f  caspase-3  an d  
D N A  f rag m en ta t io n  in cort ical  n e u rons .  T hese  findings 
identify  a  c a n n a b in o id  r ecep to r -d ep en d e n t  t r a n sd u c t io n  p a t h ­
way associa ted  with  T H C - in d u c e d  neurotoxic i ty .

This study  w as supported  by the H ealth  R cscarch B oard Ireland and 
Enterprise Ireland.

DEVANE, W.A., HANUS, L., BREU ER, A., PERTW EE, R G., 
STEVENSON, L.A., G R IF F ,  C., GIBSON, D., M A N D ELB A U M , A., 
E T IN G ER ,  A. & M EC H O U L A M , R. (1992). I so la t io n  a n d  s t ru c tu re  
o f  a b ra in  c o n s t i tu e n t  th a t  b in d s  to  the  c a n n a b in o id  recep to r . 
Science . 258 , 1 9 4 6 - 1 9 4 9 .

DILL, J.A. & HOW LETT, A.C. (1988) . R e g u la t io n  o f  ad e n y la te  cyclase 
by ch ro n ic  ex p o s u r e  t o  c a n n a b im i m e t ic  d ru g s .  J. P harm aco l. E xp . 
T her., 244 , 1157 1163.

D O W N E R, E., BOLAND, B., F O G A R TY ,  M. & CAMPBELL, V. (2001). 
A ’- T e t r a h y d r o c a n n a b in o l  in d u c es  the a p o p t o t i c  p a t h w a y  in c u l ­
t u re d  cor t ica l  n e u r o n e s  via ac t iv a t io n  o f  the  C B I  recepto r . 
N ctiroreporl. 12 , 3 9 7 3 - 3 9 7 8 .

FARK A S, I . BA RANYI,  L., TA K A H A SH I, M., F U K U D A ,  A., LIPOSITS, 
Zs., Y AM A M O TO , T. & O K A D A , H. (1998). A  n e u r o n a l  C 5a  
r ece p to r  a n d  a n  as so c ia ted  a p o p t o t i c  signa l t r a n s d u c t io n  p a th w a y .  
J  P h y s io l.  507 , 6 7 9 - 6 8 7 .

F ERN A N D EZ-R L TZ, J.J. , B ER R E N D E R O ,  F., H E R N A N D E Z ,  M L ,  
R O M E RO, J. & RAMOS, J.A. (1999). R o le  o f  e n d o c a n n a b in o i d s  in 
b ra in  d ev e lo p m en t .  L ife  Sc i., 6 5 , 7 2 5 - 7 3 6 .

F RIED . P.A. (1995).  T h e  O t t a w a  P r e n a t a l  P ro sp e c t iv e  S tu dy  (O PPS) : 
m e th o d o lo g ic a l  issues a n d  f ind ings  -  Its ea sy  to  t h r o w  the  b a b y  o u t  
w i th  the b a t h  w ate r.  L ife  S e i., 5 6 , 2 1 5 9 - 2 1 6 8 .

G A L V E -R O P ER H , I.. SAN CH EZ, C,, LUISA CORTES, M., G O M E Z  DEL 
PULGA R. T,, IZQ U IERD O, M. & G U Z M A N , M, (2000). A nti -  
t u m o r a l  ac t io n  o f  ca n n a b in o id s :  inv o lv em e n t  o f  su s t a in e d  ce ra m id c  
a c c u m u la t io n  a n d  e x t race l lu la r  s ig na l - reg u la ted  k in a se  ac t iv a t io n .  
/Vrt/. A/« /. ,  6, 3 1 3 - 3 1 9 .

GESSA, G.L., CASU, M.A., CA RTA , G. & MASCIA, M.S. (1998). 
C a n n a b in o id s  decrea,se ace ty lch o l ine  rel ease in the  n ie d ia l -p re f ron-  
tal co r t ex  a n d  h ip p o c a m p u s ,  reversal  by  S R  141716A. Eur. J. 
P h a rm a c o l, 3 55 , 1 1 9 - 1 2 4 .

G H A H R E M A N I,  M.H., K ERA M A RIS ,  E,, SHREE, T., XIA, Z., DAVIS, 
R.J.,  FLAVELL, R., SLACK, R.S. & P ARK , D.S. (2002). In te rac t i o n  
o f  the  c - J u n / J N K  p a t h w a y  a n d  cy c l in -d ep e n d en t  k inase  in d e a th  o f  
e m b ry o n ic  co r t ica l  n e u r o n e s  ev o k e d  by  D N A  d a m a g e .  J. B io l  
C hem .. m ,  3 5 5 8 6 - 3 5 5 9 6 .

G O M E Z  DEL P U L G A R .  T., VELASCO, G. & G U Z M A N , M. (2000). T h e  
CB i c a n n a b in o id  r ece p to r  is c o u p le d  to  the  ac t iv a t io n  o f  p r o te in  
k inase  B A k t .  B iochcm . J .. .147, 3 6 9 - 3 7 3 .

G UPTA , S., BARRETT, T , W H IT M A R SH .  A.J , CA V A N A G H , J., 
SLUSS, H K , D ER IJA R D ,  B. & DAVIS, R.J. (1996). Selective 
in te rac t io n  o f  J N K  p ro te in  k in a se  i so fo rm s  w i th  t r a n sc r ip t i o n  
fac tors . E M B O  J .. 15 , 2 7 6 0 - 2 V 0 .

H AM PSON, A.J.,  G R IM A L D I ,  M., A X E LR O D , J. & W IN K , D. (1998). 
C a n n a b id io l  a n d  ( - j A ’- t e t r a h y d r o c a n n a b in o l  a re  n eu ro p ro tec t i v e  
a n t io x id a n ts .  Proc. N a ll. AeaiL  S ci. U .S .A ., 95 , 8 2 6 8 - 8 2 7 3 .

HATAI, T., M ATSUZAWAI.  A .  INOSHITA, S., M O C H H ID A ,  Y., 
K U R O D A , T., SAK A M A K I, K., K U ID A ,  K., Y O N EH A R A , S., 
ICHIJO, H. & TA K ED A , K. (2000). E x e c u t io n  o f  A p o p to s i s  
S ig na l - regu la t ing  K in a s e  1 ( A S K  l ) - i n d u ced  a p o p t o s i s  by m i to -  
c h o n d r i a - d e p e n d e n t  c a spase  ac t iv a t io n .  J . B io l  C hem ., 2 75 , 
2 6 5 7 6 - 2 6 5 8 1 .

H O C H E D L IN G E R ,  K., W A G N E R ,  E.F. & SABAPATHY, K. (2002). 
D if feren t ia l ef fec ts  o f  J N K l  a n d  J N K 2  o n  signa l specific in d u c t io n  
o f  a p o p to s i s .  O ncogene, 2 1 , 2441 - 2 4 45 .

British  Jo u rn a l of P h a rm aco lo g y  vol 1 4 0  (3)



E J. Downer e t a l TH C-induced apoptosis involves JNK 5 5 7

HOWLHTT. A.C. (1990). Reverse  p h a rm aco lo g y  o f  ihe ca n n ab in o id  
rece p to r .  T rends P harnu ico l. S i i . ,  1 1, 395 -397.

H OW LETT, A.C. (1995) . P h a rm a co lo g y  o f  ca n n ab in o id  receptors . 
Aiuiii. R ev. P hun iu ico l. T o x ic o l.. 35 , 6 0 7 - 6 3 4 ,

H R H N IU K .  D., G A R A Y . M.. GAARDE, W,, MONIA, B.P.. MCKAY, 
R.A. & C I O F U ,  C.L. (2001). Inhib i tion  o l ' c - J u n  N - te rm in a l  k inase  
1. b u t  n o t  c - J u n  N - te r m in a l  k inase  2, suppresse s  a p op to s i s  induced 
by isch e m ia / r e o x y g e n a t io n  in rat  ca rd iac  myocytes . M ol. P liu im a- 
col.. 59, 8 6 7 - 8 7 4 .

IP. Y.T. & DAVIS, R.J. (1998). Signal t r a n sd u c t io n  by the c- Jun  
N - te r n i in a l  k ina se  ( J N K )  -  f rom  in l lam m at io n  to  deve lopm ent . 
C urr. O piii. C e ll B io l., 10, 2 0 5 - 2 1 9 .

JAKOB, R. & K R EIG LS TEN .  J. (1997). In lluence  o f  llupir tine  o n  a 
G - p r o t e i n  c o u p le d  in w ard ly  rec ti fying p o ta ss iu m  cu rren t  in 
h ip p o c a m p a l  n eu ro nes .  Br. J. I’harm acol., 122, 1 33 3 -  1338.

JA N IC K E ,  R.U., S PR EN G A R T,  M.L., WATU, M R. & PORTER. A.C.
(1998) . C a s p a s e -3  is requ i red  for  D N A  f ragm en ta t io n  an d  
m o r p h o l o g ic a l  c h a n g e s  associa ted  with  apop tosis . J. Biol. C hem ., 
27.3, 9 3 5 7 - 9 3 6 0 .

JEN TS C H ,  J D., VER RIC O, C D , LE, D. & R O IH ,  R.H. (1998). 
R e p e a te d  ex p o s u r e  to  A’- te t r a h y d ro c a n n a b in o l  reduces p ref ron ta l 
co r t ica l  d o p a m i n e  m e tab o l i s m  in the  rat.  N eurosei. L e u ..  246, 
169 -172.

J O H N S O N , N.L., G A R D N E R .  A.M., DIENER, K.M., LANGE-CARTER, 
C.A., GLEAVY, J., JARPE, M.B., V1INDEN, A., K A R IN , M., 
Z O N , L.l. & JO H N SO N , G.L. (1996). Signal t r a n sd uc t io n  
p a t h w a y s  regu la ted  by m i togen-ac t iva ted ,ex t race l lu la r  response  
k in a se  k ina se  k in a se  induce  cell dea th . J. Biol. C hem ., 271, 
3 2 2 9 - 3 2 3 7 .

K A N G , C.-D., JAN G , J.-H.. KIM, K.-W., LEE, H. J., JEONG, C.-S.. KIM, 
C. -M., KIM, S.-H. & C H U N G . B.-S. (1998). A c t iva t ion  o f  c- Jun  
N - t e r m in a l  k in ase /s t res s -ac t iv a ted  p ro te in  k inase  and  the decrea.sed 
r a t i o  o f  licl-2 lo  liax a r e  as socia ted  will) (he iUito-oxidized 
d o p a m in e - i n d u c e d  ap o p to s i s  in PC12 cells.  Neiirosci. L e ti.. 256, 
3 7 - 4 0 .

LEI, K., N IM U A L ,  A., ZO N G . W.X., KENNEDY, N.J., ELAVELL, R.A., 
TH OMPSON, C B , BAR-SAGI. D. & DAVIS, R.J (2002). T h e  Bax 
su b f a m i ly  o f  Bcl2-re la ted  p ro te in s  is essential for ap o p to t ic  signal 
t r a n s d u c t io n  by c - J u n  N I l (2 ) - te rm in a l  kinase.  M ol. Cell. B iol.. 22, 
4 9 2 9 - 4 9 4 2 .

M A C K IE ,  K., LAI, Y., VVESTENBROEK, R & MITCHELL, R. (1995). 
{ . ' a t inab ino ids  ac t iva te  an  inw ardly  rect ilynig po ta ss iu m  c o n j u c -  
tan*-e a n d  inh ib it  Q - ty p e  cu r ren t s  in A lT 2 0  cells tra nsfec ted  with  ra t 
b r a i n  c a n n a b in o id  re cep to r . J. Neiiro.iei.. 15, 6 5 5 2 - 6 5 6 1 .

m a r s h a l l ,  C.J. (1995) . Specificity o f  recep to r  p ro te in  k inase  
s igr ialing: t r a n s i e n t  ve rsus  susta ined  ext racel lu la r  signal -regula ted  
k ina se  ac t iv a t io n .  C ell, 80, 179 185.

M ATSIJDA, L.A., LOIAIT,  S.J.. BROWNSTEIN, M.J.. YOUNCi, A.C. & 
B O N N ER , T.l.  (1990). S t ru c tu re  o f  a c a n n a b in o id  recep to r  
ani l fu n c t io n a l  expres s ion  o f  the  c loned c D N A .  N ature. 346, 
561 -  564.

M IELK E, K. & H E R D E G E N ,  T. (2000). J N K  and  p38 stress kinases  -  
d eg e n e ra t i v e  effec to rs  o f  s igna l - t ransduc t ion-cascades  in the n e r ­
v o u s  system. Priif;. N euroh io l., 61, 4 6 - 6 0 .

M U N R O , S., TH O M A S, K.L. & ABU-SHAAR, M. (1993). M o lec u la r  
c h a ra c te r iz a t io n  o f  a pe r iph era l  recep to r  for ca n n ab ino id s .  Nciture, 
.36.5, 61 - 6 5 .

N A G A Y A M A , T., SINOR, A.D., SIMON, R.P., CH EN . J., G R AH A M , 
S.H.. J IN , K. & G REEN B ER. D A. (1999). C a n n a b in o id s  an d  
n e u ro p r o t e c t i o n  in g lo ba l a n d  focal ce re bra l ischemia and  in 
n e u r o n a l  cu l tu res .  J, N eurosei., 19, 2 9 8 7 -2 9 9 5 .

NEW. D C. & W O N G , Y.H. (2003). BM L-190  a n d  A M 2 5 I  act as  inverse  
agon is t s  a t  the  h u m a n  c a n n a b in o id  CB2 receptor : s igna ll ing viu 
c a m p  a n d  inos ito l p h o s p h a te .  F E B S  L e u ..  536, 1 5 7-160 .

O Z A K I ,  I., T A N I ,  E. ,  I K E M O T O ,  H. ,  K I T A G A W A ,  H. &  F U J I K A W A ,  H.
(1999). A c t iv a t io n  o f  s t res s -ac t iva ted  p r o te in  k in a se /c - Jun  
N H j - t e r m in a l  k inase  a n d  p38 k inase  in ca lp h o s t in  c- in d uced  
a p o p to s i s  requ i res  caspase-3 - l ik e  p ro te a se s  bu t  is d ispensab le  fo r  
cell d e a th .  J . B iol. C hem ,, 274 , 5 3 1 0 - 5 3 1 7 .

PANIKASHVILI,  D., S IM E O N ID O U , C., BEN-SHABAT,  S., HANUS, L., 
BREUER, A., M EC H O U LA M , R. & S HO H AM I, E. (2001). A n  
e n d o g e n o u s  c a n n a b in o id  (2 - A G )  is n e u ro p ro t e c t i v e  a f t e r  b ra in  
in ju ry . N ature , 413 , 5 2 7 - 5 3 1 .

RU ED A, D., G A L V E -R O PERH , 1., HARO, A. & G U Z M A N , M. (2000). 
T h e  C Bi c a n n a b in o id  r ece p to r  is c o u p led  to  the ac t iv a t io n  o f  c -Ju n  
N - te rn i in a l  k inase .  M o l. P harm aco l., 5 8 , 8 1 4 - 8 2 0 .

SAN CH EZ, C., G AL V E -RO PERH , I., CANOVA, C., BRACHET, P. & 
G U Z M A N ,  M. (1998). A’ - T e t r a h y d r o c a n n a b in o l  in duces  ap o p to s i s  
in C 6  g l io m a  cells. F E B S  L e tt . ,  436 , 6 -  10.

S A R K E R ,  K .P . ,  B IS W A S ,  K .K . ,  Y A M A K U C H I ,  M.,  L E E ,  K.-Y.,  
H A H I G U C H I ,  T.,  K R A C H T ,  M .,  K I T A J I M A ,  I &  .V IA R U Y A M A ,  I. 
(2003). A S K l - p 3 8  M A P K / J N K  s igna l ing  ca sca d e  m e d ia tes  a n a -  
n d a m id e - in d u c e d  P C  12 cell d ea th .  J. N eurochem ., 85, 5 0 - 6 1 .

SCHW ARZ, H., BLANCO, E.J. & LOTZ, M. (1994). A n a n d a m id e ,  an  
e n d o g e n o u s  c a n n a b in o id  r ece p to r  ag o n i s t  in h ib i ts  lym p h ocy te s  
p r o l i f e ra t ion  a n d  in duces  a p o p to s i s .  J . N euro im m unoL , 55 , 
1 0 7 - 1 1 5 .

SHEN, M., PISER, T.M., SEYBOLD, V.S. & TH A YE R, S.A. (1996). 
C a n n a b in o id  r ece p to r  a g o n is t s  in h ib i t  g lu t am a te rg ic  sy n ap t ic  t r a n s ­
miss io n  in ra t h ip p o c a m p a l  cu l tu res .  J . Neuro.sci., 16, 4 3 2 2 - 4 3 3 4 .

SHEN, M. & TH A Y E R ,  S.A. (1998). C a n n a b in o id  r ece p to r  agon is t s  
p ro te c t  cu l tu red  ra t h ip p o c a m p a l  n e u r o n s  f ro m  exc ito toxic ity . M ol.  
P harm acol., 5 4 , 4 5 9 - 4 6 2 .

T O U R N IE R ,  C., HESS, P., Y A N G , D.D., XU, J., T U R N E R ,  T.K., 
N IM U A L, A., BAR-SAGI,  D., JONES, S.N., FLAVELL, R.A. & 
DAVIS, R.J. (2000). R e q u i r e m e n t  o f  J N K  for  s t res s - induced  
ac t iv a t io n  o f  the  c y t o c h r o m e  «-m e d ia ted  d ea th  p a th w a y .  Science, 
288, 8 7 0 - 8 7 3 .

TSOU, K., BROWN, S., S AN U DO -PEN A, M.C., .MACKIE, K. & 
WA LK ER , J.M. (1998). I m m u n o h is to c h e m ic a l  d i s t r i b u t io n  o f  
c a n n a b in o id  C B ,  r ece p to r s  in the  ra t  cen t ra l  n e rv ou s  sys tem. 
N euroscience, 8 3 , 3 9 3 - 4 1 1 .

TU R K A N IS ,  S.A., PARTLOW, L.M. & K ARLER, R. (1991). Delt a-9-  
t e t r a h y d r o c a n n a b in o l  depres ses  i n w ard  so d iu m  cu r r e n t  in m o u s e  
n e u r o b l a s to m a  cells. N eu ro p h a rm a c o lo g y , 30, T i - 1 1 .

TW ITC H ELL,  \V., BRO W N , S. &. M .\C K 1E, K (1997). C a n n a b in o id s  
inh ib it  N -  a n d  P ,Q - ty p e  ca lc iu m  ch a n n e ls  in c u l tu red  rat 
h ip p o c a m p a l  n e u ro ns .  J. N europhysio l., 78, 4 3 - 5 0 .

VAN D ER STELT,  M , VELDHEIS, W B., BAR, P R ,  V ELDINK, G.A., 
V LIEG EN TH A R T, J.F.G.  & NICOLAY, K. (2001). N e u r o p r o t e c t io n  
by A’- te t r a h y d r o c a n n a b in o l ,  the m a in  ac tive  c o m p o u n d  in 
m a r i j u a n a ,  a ga in s t  o u a b a in - in d u c e d  in vivo  excito toxic ity . J. 
N eurosei., 21, 6 4 7 5 - 6 4 7 9 .

VIRDIE, K., BANNISTER, A.J., H UN T, S.P. & TO LKOVSKL, A.M. 
(1997). C o m p a r i s o n  be tw e en  th e  t im in g  o f  J N K  ac t iv a t io n ,  c -Jun  
p h o s p h o r y la t i o n ,  a n d  the o n s e t  o f  d e a th  c o m m i t m e n t  in s y m p a ­
the tic  n e u ron es .  J. N eu ro ch em ., 66, 5 5 0 - 5 6 1 .

XIA, Z„  DICKENS, M „ RA IN G E A U D , J , DAVIS, R.J. & G R E E N B E R G ,  
M.E. (1995). O p p o s i n g  ef fec ts o f  E R K  a n d  J N K - p 3 8  M A P  kinase s  
on  ap o p to s i s .  Science, 270 , 1 3 2 6 - 1 3 3 1 .

ZO U, H., H EN ZEL, W.J., LIU, X., LU TSCH G, A. & WA N G, X. (1997). 
A paf -1 ,  a  h u m a n  p ro te in  h o m o l o g o u s  C. elegans  C E D - 4 ,  p a r t i c i ­
p a tes  in c y t o c h r o m e  c -d e p e n d e n t  ac t iv a t io n  o f  caspase-3 .  C ell. 9 0 , 
4 0 5 - 4 1 3 .

( R ece ived  M a y  8 , 2003  
R evised  J u ly  10, 2003  

A c c e p te d  J u ly  21, 2003 )

British Journal of Pharm acology vol 1 4 0  (3)



T h e  J o i ’R>-Ai. O F  B io u H i i i 'A L  C h e m i s t r y

© 2002 by The American Society for Biochemistry and Molccular Biology, Inc.
Vol. 277, No. 37, Issue of Septeml)cr 13, pp. 34239-34246, 2002

Printed in U.S.A.

Apoptotic Changes in the Aged Brain Are Triggered by 
Interleukin-l)3-induced Activation of p38 and Reversed by 
Treatm ent with E icosapentaenoic Acid*

Received for publication, May 29, 2002, and in revised form, June 27, 2002 
Published, JBC Papers in Press, June 28, 2002, DOI 10.1074/jbc.M205289200

Darren S. D. M artin, P eter E. Lonergan, Barry Boland, M arie P. Fogarty, M arcella Brady,
David F. Horrobint, Veronica A. Campbell, and Marina A. LynchS
From the D epartm ent o f  Physiology, T rin ity  College In stitu te  o f  Neuroscience, T rin ity  College, D ublin  2, Ireland and  
tL axda le Research L td ., S tir lin g  FK7 9JQ, Scotland, U nited K ingdom

A m o n g  th e  se v e ra l c h a n g e s  th a t o ccu r  in  th e  ag ed  
b ra in  is  an in c re a se  in  th e  c o n c en tra tio n  o f  th e  proin- 
fla m m a to ry  c y to k in e  in te r le u k in -l/j  th a t is  co u p led  w ith  
a d e te r io r a tio n  in  ce ll fu n ctio n . T h is stu d y  in v e stig a ted  
th e  p o s s ib ility  th a t tr ea tm e n t w ith  th e  p o ly u n sa tu ra ted  
fa tty  a c id  e ic o sa p e n ta e n o ic  acid  m ig h t p r e v en t in ter leu -  
k in -l/3 -in d u ced  d e te r io ra tio n  in  n e u ro n a l fu n ctio n . 
A sse ssm e n t o f  fo u r  m ark ers o f  a p o p to tic  ce ll d ea th , c y ­
to c h r o m e  c tr a n slo c a tio n , ca sp a se-3  a c tiv a tio n , poly- 
(A D P -rib ose) p o ly m era se  c le a v a g e , and  term in a l dU T P  
n ic k -e n d  sta in in g , r ev ea led  an a g e-re la ted  in c r e a se  in  
e a c h  o f  th e se  m ea su res , and  th e  e v id en ce  p r e se n ted  in ­
d ic a te s  th a t tr ea tm e n t o f ag ed  ra ts w ith  e ic o sa p en ta en o -  
a te  r ev ersed  th e se  c h a n g e s  as w e ll as th e  a cco m p a n y in g  
in c r e a se s  in in terleukin-1/3  c o n c en tra tio n  and  p38 a c t i­
v a tio n . T he d a ta  are c o n s is te n t  w ith  th e  id ea  th a t a c t i­
v a t io n  o f  p38 p la y s  a s ig n if ic a n t  ro le  in in d u c in g  th e  
c h a n g e s  d escr ib ed  s in c e  in ter leu k in -l/3 -in d u ced  a c t iv a ­
t io n  o f  cy to ch ro m e  c tr a n slo c a tio n  and  ca sp a se-3  a c t iv a ­
t io n  in  c o rtica l t is su e  in v i t ro  w ere  rev ersed  by th e  p38  
in h ib ito r  SB 203580. T he a g e-re la ted  in c r e a se s  in in ter- 
le u k in - ip  c o n c en tra tio n  and  p38 a c tiv a tio n  in c o rtex  
w e r e  m irrored  by sim ila r  c h a n g e s  in  h ip p o ca m p u s. 
T h e se  c h a n g e s  w ere  co u p led  w ith  an a g e-re la ted  d e fic it  
in lo n g  term  p o te n tia tio n  in  p erfo ra n t p a th -g ra n u le  ce ll 
sy n a p ses , w h ile  e ic o sa p e n ta e n o a te  tr ea tm e n t w a s a sso ­
c ia te d  w ith  rev ersa l o f  a g e-re la ted  c h a n g e s  in in ter leu -  
kin-1/3 and p38 and  w ith  res to ra tio n  o f  lo n g  term  
p o te n tia t io n .

Increased expression of the proinflammatory cytokine inter- 
leukin-lj3 (IL-lj3)‘ 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 tha t IL-lj3 plays a 
role in deterioration of cell function are the findings tha t IL-lj!j 
expression is increased, in parallel with cell damage, in exper­
imental models of ischemia (3), excitotoxicity (4), and traum atic
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lesions (5). Indeed, IL-1/3 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-lj3, and blocks 
lipopolysaccharide-induced changes in cell morphology, which 
are consistent with cell death (7).

IL-lj3 has been shown to stim ulate the mitogen-activated 
protein kinases p38 and c-Jun NHj-terminal kinase (8, 9), and 
activation of both c-Jun NHj-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-l/i concentration and p38 activity have been 
reported in the aged ra t brain (19-21); in hippocampus these 
changes are correlated with compromised synaptic function 
and with an age-related im pairment in long term potentiation 
(LTP) (19-22), while consistent with the high expression of 
IL-1/3 and IL-IRI in hippocampus is the finding tha t the cyto­
kine depresses LTP in dentate gyrus (8, 19, 20, 23, 24). Signif­
icantly, we have recently reported th a t the age-related in­
creases in IL-1)3 concentration and c-Jun N Hj-terminal kinase 
activity, as well as the decrease in LTP, are reversed by trea t­
ment with the n-3 polyunsaturated fatty acid docosahexaenoic 
acid (22).

In this study we have attem pted to identify the downstream 
consequences of the coupled age-related increases in IL-ip 
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 (u-3 fatty acid eicosapentaenoic acid (EPA) on age-related 
changes in cortex and hippocampus. The data indicate th a t 
dietary manipulation reversed several changes in the aged 
cortex th a t are indicative of apoptotic cell death as well as 
age-related changes in IL-lj3 concentration, p38 activation, and 
LTP in hippocampus.

EXPERIMENTAL PROCEDURES

A nim als—Groups of young and aged male W istar rats (300-350 g), 
m aintained at an ambient tem perature of 22-23 °C under a 12-h light- 
dark schedule, were subdivided into those th a t 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 treatm ent: 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 th is time the mean body weights of young rats 
assigned to control and experimental gi-oups were 265.6 ± 9 . 1  and 
250.2 ± 11.7 g, respectively; corresponding values in aged ra ts  were 
483.6 ± 9.8 and 481.2 ± 7.9 g, respectively. Diet was prepared fresh 
each day, and ra ts  were offered 100% of their daily intake. Mean daily 
food intake in all groups remained unchanged throughout the 8-week 
ti'eatm ent period, and a t the end of this time mean body weights of

T his p .ip e r  is a v a i la b le  o n  lin e  a t  h t t p : / /w w w .jb c .o r j> 34239
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Fin. 1 The age-related  in creases in 
IL-l/J con cen tration  and p38 activ ity  
in cortex  are abolished  by EPA. a,
IL-1/:^ concen tra tion  w as sign ifican tly  e n ­
hanced in cortical tis su e  p rep ared  from 
aged ra ts  fed on th e  control d ie t ( î =  10) 
com pared w ith  young ra ts  fed on e ith e r 
d ie t (*, p  < 0.05, ANOVA; n  = 6), bu t th is 
change w as not ev iden t in tissu e  p repared  
from aged ra ts  fed on th e  EPA -enrichcd 
d ie t (/I — 10). 6, p38 activ ity  w as signifi­
can tly  e nhanced  in cortical tis su e  p re­
pared  from  aged ra ts  fed on th e  control 
d ie t (lane 3) com pared w ith  young ra ts  fed 
on e ith e r  control (lane 1) or EPA {lane 2) 
d ie t (*, p  < 0.05, ANOVA), bu t th is  
change w as not ev iden t in tis su e  p repared  
from aged ra ts  fed on th e  EPA -enriched 
d ie t {/ane 4). c, IL-1/3 {lane 2) significantly  
enhanced  p38 activ ity  in cortical tis su e  in  
vitro p  < 0.05, S tu d e n t’s t te s t  for 
paired  values; n  =  6). Con, control.
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young  ra ts  assigned to control and  experim ental g roups w ere 366.4 ± 
13.4 and  354.5 ± 19.4 g, respectively; corresponding values in aged ra ts  
w ere  473.7 ^  11.4 and  462.9 ± 6.3 g, respectively. At th is  tim e ra ts  w ere 
4 a n d  22 m onths old. R ats  w ere m ain ta in ed  u n d er v e te rin a ry  su perv i­
sion for th e  d u ra tio n  o f th is  ex p en m en t.

(fK^{(cOon o f  L T P  in Perfornnt P ath-O ranule Cell Synapses in 
Vivo— A t th e  end of th e  8-week tre a tm e n t, LTP w as induced as de­
scribed  previously (19). R ats w ere anesth e tized  by in trap e rito n ea l in ­
jec tion  o f u re th a n e  (1.5g/kg), recording  and s tim u la tin g  e lectrodes were 
placed in th e  m olecular layer o f th e  d e n ta te  g > T U s (2.5 m m  la te ra l and 
3.9 m m  posterio r to bregm a) and  pe rfo ran t p a th , respectively  (angu la r 
bundle, 4.4 mm  la te ra l to lam bda), and  s tab le  baseline  recordings were 
m ade before electrophysiological recording a t  te s t shock frequency (1/30 
s) com m enced for 10 m in before and  40 m in a ile r  te tan ic  stim u la tion  
(th ree  tra in s  o f s tim uli; 250 Hz for 200 ms; in te r tra in  intei-val, 30 s). 
R ats  w ere th e n  killed by decap ita tion , and th e  hippocam pus and cortex 
w ere rem oved, cross-chopped in to  slices (350 X 350 ^m ), and  frozen 
sep a ra te ly  in  1 m l of Ki'ebs’ so lu tio n  (136 m.M N aCl, 2 .54  m.M KCl, 1.18 
mM KlL^^POj, 1,18 niM M gS0 4 7 H.^0 , 16 m.\i NaHCO.,, 10 mM glucose, 
1.13 mM C aC l2) con ta in ing  10% d im ethy l sulfoxide (22). F o r analysis, 
thaw ed  slices w ere rin sed  th re e  tim es in fresh  buffer and  used as 
described  below.

A n a lys is  o f  IL - l j i  Concentration— IL-1/3 concentration  w as analyzed 
in hom ogenate p repared  from cortex and  hippocam pus by enzym e- 
linked im m unosorben t assay  (R&D System s). A ntibody-coated (100 x̂\; 
1.0 Mg/ml fm al concen tration  d ilu ted  in phosphate-buffered  saline 
(PBS), pH  7.3; goat a n ti-ra t IL-1/3 antibody) 96-well p la tes  w ere incu­
bated  overn igh t a t  room te m p e ra tu re , w ashed several tim es w ith  PBS 
con ta in ing  0.05% Tw een 20, blocked for 1 h a t  room te m p e ra tu re  w ith 
300 /xl of blocking buffer (PBS, pH  7.3 con tain ing  5% sucrose, 1% bovine 
serum  a lbum in , and  0.05% NaN.j), and  w ashed. IL-1/3 s tan d a rd s  (100 
ix\\ 0 -1 ,0 0 0  pg/ml in PBS co n ta in ing  1% bovine serum  album in) or 
sam ples (hom ogenized in K rebs’ solu tion  con ta in ing  2 mM CaCl.^) w ere 
added, and  incubation  proceeded for 2 h  a t  room tem p e ra tu re . Second­
a ry  antibody  (100 ^ l; final concen tra tion , 350 ng/m l in PBS con tain ing  
1% bovine serum  album in  and 2% norm al goat serum ; b io tiny lated  goat 
a n ti-ra t IL-1/3 antibody) w as added  an d  incubated  for 2 h a t  room 
tem p era tu re . W ells w ere w ashed, detection  agen t (100 /j.1; ho rserad ish  
peroxidase-conjugated s trep tav id in ; 1:200 d ilu tion  in PBS con tain ing  
1% bovine scru m  album in) w as added , and  incubation  continued for 20 
min a t room tem p era tu re . S u b s tra te  so lution (100 /il; 1:1 m ix tu re  of 
H.^0.  ̂ and  te tram eth y lb en zid in e) w as added and  incubated  a t  room 
tem p e ra tu re  in th e  d a rk  for 1 h a f te r  which tim e th e  reaction  was

stopped using  50 ^1 of 1 m H._,S0 4 . A bsorbance w'as read  a t  450 nm , and 
values w ere coirected  for pro te in  (25) and  expressed  as pg o f IL-l/3/mg 
of pro tein .

A n a lys is  o f  p3 8  Phosphorylation, Cytochrom e c TranslcKation, a nd  
P A B P  Cleavage—p38 phosphory lation  w as analyzed  in sam ples of ho­
m ogenate p rep a red  from hippocam pus and  cortex; cytosolic cytochrom e 
c and  expression  of 116-kDa PA RP w ere analyzed  in cortical tissue . p38 
activ ity  w as also assessed  in fresh ly  p repared  hippocam pal and  cortical 
tissu e  th a t  w as incubated  for 20 m in in th e  absence or p resence of IL-1/3 
(3.5 ng/ml), w hile cytochrom e c tran slo ca tio n  w as assessed  in vitro  
following incubation  of slices o f cortex w ith  IL-1/3 (3.5 ng/m l) in  the  
p resence or absence of IL - lra  (350 ng/m l) or SB203580 (50 ftM). For 
analy sis  o f p38 in a ll experim en ts  and  also  for PARP, hom ogenate w as 
d ilu ted  to equalize  for p ro te in  concen tration , and aliquo ts (10 ix\, 1 
mg/ml) w ere added  to 10 fA of sam ple  buffer (0.5 mM Tris-H Cl, pH  6.8, 
10% glycerol, 10% SDS, 5% /3-m ercaptoethanol, 0.05% (w/v) brom phenol 
blue), boiled for 5 min, and  loaded onto 10% SDS gels. In  th e  case of 
cytochrom e c, cytosolic frac tions w ere p re p a red  by hom ogenizing slices 
of cortex in  lysis buffer (20 mM hE P E S , pH  7.4, 10 mM KCl, 1.5 mM 
MgCl^, 1 mM EGTA, 1 mM EDTA, 1 mM d ith io th ro ito l. 0.1 mM phenyl- 
m ethylsulfonyl fluoride, 5 /xg/ml p ep sta tin  A, 2 /xg/ml leupep tin , 2 ixg/ml 
ap ro tin in ), in cubating  for 20 m in on ice, an d  cen trifug ing(15 ,000  x  g  for 
10 m in a t  4 ®C). T he s u p e rn a ta n t {i.e. cytosolic fraction) w as suspended 
in sam ple  buffer (150 mM Tris-H C l, pH  6.8, 10% (v/v) glycerol, 4% (w/v) 
SDS, 5% (v/v) ^ -m ercap toe thano l, 0.002% (w/v) brom phenol blue) to a 
final concen tra tion  o f300 A^g/ml, boiled for 3 m in, and  loaded (6 jug/lane) 
onto 12% gels. In  a ll cases p ro te in s  w ere sep a ra ted  by app lication  of 30 
mA c o n stan t c u rre n t for 2 5 -30  m in, tra n s fe rre d  onto n itrocellulose 
s trip s  (225 mA for 75 m in), and  im m unoblo tted  w ith  th e  app rop ria te  
p rim ary  and  secondary  antibodies. In  th e  case  o f p38, an ti-phospho-p38 
(S an ta  C ruz Biotechnology; 1:500 in phosphate-buffered  saline-Tw een 
(0.1% Tw een 20) con ta in ing  2% nonfa t d ried  m ilk) an d  peroxidase- 
linked  an ti-m ouse  IgM  (1:1,000; A m ersham  Biosciences) w ere used. In  
th e  case o f PARP, we im m unoblo tted  w’ith  an  antibody (1:2,000) ra ised  
a g a in st th e  epitope corresponding to am ino  acids 764 -1014  of poly- 
(ADP-ribose) polym erase of h u m a n  origin (S an ta  C ruz Biotechnology), 
and  im m unoreactive  bands  w ere detected  u s in g  peroxidase-conjugated 
a n ti-rab b it IgG (S igm a) and  ECL (A m ersham  Biosciences). To assess 
cytochrom e c, a ra b b it polyclonal an tibody  ra ised  ag a in st recom binant 
p ro te in  correspond ing  to am ino acids 1 -104 of cytochrom e c (S an ta  C ruz 
B iotechnology) w as used. In  add ition  to loading  equal am oun ts  of p ro­
te in , som e blots w ere reprobed for an a ly sis  of to ta l ( ra th e r  th a n  phos- 
phory la ted) p38, and  in  o th e r cases blots w ere probed w ith  an  an ti-ac tin
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Fig. 2. T h e  a g e - r e la te d  in c re a s e  in  c y to c h ro m e  c  t r a n s lo c a t io n  
is  a b o i l is h e d  b y  E P A  a n d  m im ic k e d  b y  IL -1 ^ , a , cytochrom e c 
translo»cation w as significantly  enhanced in cortical tissu e  p repared  
from a{r?ed ra ts  fed on th e  control diol compaiX'd w ith  young ra ts  fed on 
control d ie t (*, p  <  0.05, ANOVA; com pare lane 3  w ith  lane 1), bu t th is  
change w as no t ev iden t in tissue  prepared  from aged ra ts  fed on the  
EF^A-er^nched d ie t {lane 4). b, incubation o f cortical tissu e  in th e  p re s ­
ence of (lane 2) significantly  increased cytochrom e c translocation

p  < 0.05, ANOVA), bu t th is  effect was inh ib ited  by IL - lra  ilane 4) 
and  by SB 203580 {lane 6‘); n e ith e r IL -lra  {lane 3) nor SB203580 {lane 5) 
affected  cytochrom e c ti anslocation {n = 6 in each  group). Con, control; 
S B ,  SH 203580.

antibofiy  to confirm  equal loading. D ata from th ese  experim ents  showed 
no d ifferences betw een tre a tm e n t groups. In  all experim ents, im m uno- 
reactiv 'c bands  w ere detected  using  peroxidase-conjugated an ti-rab b it 
an tibody  (S igm a) and  ECL (A m ersham  Biosciences). Q uan tifica tion  of 
p ro te in  bands  was achieved by densitom etric  analy sis  u sing  two soft­
w are  j)ackages, G rab  It (G rab I t  A nnotating  G rabber, V ersion 2.04.7, 
Synotics, U V P Ltd.) and  G elw orks (Gelworks ID, V ersion 2.51, U\TP 
L td .) for pho tography  and  densitom etry , respectively.

A n a lys is  o f  Caspase-3 A ctiv ity—Slices of cortical tis su e  p repared  
from young  an d  aged ra ts  w ere w ashed, hom ogenized in lysis buffer 
(400 /xl; 25 niM H EPES, 5 mM MgCl.^, 5 m\i d ith io th reito l, 5 mM EDTA, 
2 m.M phenylm ethylsu lfonyl fluoride, 10 jug/ml leupep tin , 10 Mg/nil 
p e p sta tin , pH  7.4), incubated  on ice for 20 m in, analyzed  for pro te in  
co ncen tra tion , and d ilu ted  to equalize for p ro te in  concentration . In 
som e experim en ts , slices p repared  from control young ra ts  w ere incu­
ba ted  for 60 m in  a t 37 ®C in the  presence or absence of IL -l/j (3.5 ng/m l) 
to w hich IL - lr a  (350 ng/m l) or SB203580 (50 fiM) w as added; these  
sam ples w ere tre a te d  as described above. All sam ples (98 /xl) were 
added to 2 ix\ of caspase-3  su b stra te  (Ac-DEVD-AFC peptide, Alexis 
Corp.; 5 ^M), tra n s fe rre d  to a 96-well p la te , and  incubated  for 1 h a t 
37 ®C. Fluorescence w as assessed  (excitation, 390 nm ; em ission, 510 
nm ), an d  enzym e activ ity  w as calculated w ith  reference to a  s tan d a rd  
cui*ve of A FC (0 -1 0  ;xm) concentration  versus absorbance.

A na lys is  o f  Caspase-3 m R N A —Total RNA w as ex trac ted  from corti­
cal neu rons  (26) using  TRI reagen t (Sigma). cDNA syn thesis  w as per­
formed on 1 /ig of to ta l RNA using oligo(dT) p rim er (S u jjerscrip t reverse 
tra n sc rip ta se , Invitrogen). E qual am ounts of cDNA w ere used for PCR 
am plification  for a to ta l of 30 cycles a t  94 ®C for 1 m in and  58 “C for 2

m in. A final ex tension  s tep  w as carried  out a t  70 *C for 10 m in. M ulti­
plex PCR w as perform ed u sin g  th e  Q u an tita tiv e  PCR C ytopress D etec­
tion  k it (R at Apoptosis S e t 2; BioSource In te rn a tio n a l, C am ah llo , CA) 
g en era tin g  caspase-3  PCR products of 320 bp and  glyceraldehyde-3- 
phosphate  dehydrogenase PCR p roducts  of 532 bp. T he PCR products 
w ere analyzed  by e lectrophoresis on 2% agarose  gels, photographed, 
and  quan tified  u s in g  densitom etry . E xpression  o f glyceraldehyde-3- 
phosphate  dehydrogenase mRNA w as used  as a  s tan d a rd  to quantify  
th e  re la tive  expression  o f caspase-3  mRNA.

Preparation o f  D issociated Cells an d  Colocalization o f  p3 8  an d  
Caspase-3— C ortical slices (350 x  350 ^m ) w ere incubated  a t  37 ®C for 
30 m in  in  H E P E S-buffered  K rebs’ s o lu tio n  (145 m.M N aCl, 5 mM KCl, 1 
niM MgCl.j, 2 mM CaCl.^, 1 mM Mg.^SO^, 1 mM KH 2PO 4, 10 mM glucose, 
30 mM H E P E S  a t  pH  7.4) con ta in ing  try p s in  (1 mg/ml), D N ase (1,600 
k iloun its /liter), p ro te a s e X d  mg/ml), and p ro tease  XIV (1 mg/ml). Slices 
w ere w ashed , tr i tu ra te d , and  passed  th ro u g h  a  nylon m esh filter. Cells 
w ere cen trifuged  (1,000 rpm  for 1 min), resuspended  in H EPES-buff­
ered  K rebs’ solu tion , p la ted  onto coverslips, fixed in 4% parafo rm alde­
hyde in PBS (w/v) for 30 m in , and  perm eabilized  in 0.1% T riton  in  PBS 
(v/v) for 15 m in. Cells w ere incubated  in  norm al goat serum  in PBS (v/v) 
to block nonspecific b inding, tre a te d  w ith  anti-phosphospecific p38 a n ­
tibody (1:100; S a n ta  C ruz Biotechnology) or an ti-caspase-3  (1:500; Bio- 
Source), and  incubated  overn igh t a t  4 °C. Cells w ere w ashed and  incu­
ba ted  in th e  d a rk  for 2 h  in e ith e r  fluorescein isoth iocyanate-labeled  
goat an ti-m ouse IgG and  IgM (1:100; B ioSource) or R -phycoerythrin- 
labeled  goat a n ti-rab b it IgG  (1:100; BioSource) to v isualize  labeling  
w ith  p38 and  caspase-3, respectively. Following a  fu r th e r  w ash , slides 
w ere m ounted  using  2 mg/ml p -pheny lened iam ine  in 50% glycerol in 
PBS (v/v) and  sealed. F luorescence w as analyzed  u sing  th e  Bio-Rad 
M RC-1024 la se r  scann ing  confocal im ag ing  system  in w hich th e  fluo- 
rochrom es w ere excited by la se r lig h t em itted  a t 565 and  494 nm  and 
detected  a t  578 and  520 nm , w hich m easu red  bound R -phycoerythrin  
and  fluorescein iso th iocyanate , respectively. Cells w ere analyzed  a t 
x 6 3  m agnification  u n d er oil im m ersion  w ith  th e  la se r a t 100% power. 
T he  im ages w ere analyzed  using  th e  Bio-Rad softw are, and  th e  K alm an 
filte r w as used  to decrease  background. In  th is  system  R -phycoerythrin- 
labeled cells a re  s ta in ed  red, and  fiuorescein isoth iocyanate-labeled  
cells a re  s ta in ed  green. In  a  sep a ra te  series  of experim ents, gi'oups of 
aged and  young ra ts  w ere killed and  b ra in s  w ere rap id ly  rem oved, 
coated in  OCT com pound, im m ersed  in an  isopen tane  b a th  over liquid 
n itrogen , an d  used to p rep a re  sections for analysis  of phosphoryla ted  
p38 as described above.

T U N E L  S ta in in g —Apoptotic cell d ea th  w as assessed  using  the  
D eadE nd colorim etric  apoptosis detection  system  (Prom ega). C ells w ere 
perm eabilized  and  fixed in pa raform aldehyde  as described above. In 
sep a ra te  experim en ts  cu ltu red  cortical neurons w ere p repared  from 
neonatal ra ts  as described previously  (26) and  m ain ta in ed  in neuro- 
basa l m edium  for 12 days before in cubating  in th e  absence or presence 
of IL -l/i (5 ng/m l) for 72 h. B io tinylated  nucleotide w as incorporated  a t 
3 '-0 H  DNA ends by in cubating  cells w ith  te rm in a l deoxynucleotidyl- 
tra n s fe ra se  for 30 m in a t  37 ®C. W ashed cells w ere incubated  in ho rse­
rad ish  peroxidase-labeled  s trep tav id in  and  th en  incubated  in 3 ,3 '-d ia- 
m inobenzidine chrom ogen so lu tion , and  TU N EL-positive cells w ere 
calcu lated  as a proportion of th e  to ta l cell num ber.

RESULTS

IL-1/3 c o n c e n tr a t io n  a n d  p 3 8  a c t iv i ty  w e re  b o th  s ig n i f ic a n t ly  
in c re a s e d  in  c o rtic a l t i s s u e  p re p a re d  fro m  a g e d  r a t s  fed  on  th e  
c o n tro l d ie t  c o m p a re d  w ith  y o u n g  r a t s  (p  <  0 .05 , A N O V A ; F ig . 1, 
a  a n d  6 ), b u t  E P A  s u p p re s s e d  th e s e  a g e - r e la te d  c h a n g e s  so t h a t  
th e  v a lu e s  in  t i s s u e  p r e p a r e d  fro m  E P A - tre a te d  r a t s  w e re  n o t  
s ig n if ic a n tly  d if f e r e n t  fro m  c o n tro l v a lu e s .  I n  v itro  a n a ly s is  r e ­
v e a le d  t h a t  IL-1/3 s ig n if ic a n tly  e n h a n c e d  p 3 8  a c t iv ity  in  co rtic a l 
t i s s u e  (F ig . Ic). In  p a ra l le l  w ith  th is  o b s e rv a tio n , w e  fo u n d  t h a t  
C }^ochrom e c t r a n s lo c a t io n  w a s  s ig n if ic a n tly  in c re a s e d  in  co rtic a l 
t i s s u e  p re p a re d  fro m  a g e d  r a t s  fed  on  th e  c o n tro l d ie t  c o m p a re d  
w ith  t i s s u e  p re p a re d  fro m  e i th e r  g ro u p  o f y o u n g  r a t s  (p  <  0 .05 , 
A N O V A ; F ig . 2a). A  c a u s a l  r e la t io n s h ip  b e tw e e n  th e  a g e - re la te d  
c h a n g e s  in  c y to c h ro m e  c t ra n s lo c a t io n  a n d  IL-1/3 is  s u g g e s te d  b y  
th e  f in d in g  t h a t  c y to c h ro m e  c t r a n s lo c a t io n  w a s  s ig n if ic a n tly  
e n h a n c e d  by  IL-1/3 (p <  0 .05 , A N O V A ; F ig . 2 b) a n d  t h a t  th i s  
a c t io n  r e lie d  o n  IL - IR I  a c t iv a t io n  s in c e  th e  IL -l/3 - in d u ce d  c h a n g e  
w a s  in h ib i te d  b y  I L - l r a .  F ig . 2b  a lso  d e m o n s t r a te s  t h a t  th e  IL- 
1 /3 -induced  c h a n g e  w a s  in h ib i te d  b y  S B 2 0 3 5 8 0  s u g g e s t in g  t h a t  
th e  e ffec t w a s  m e d ia te d  b y  a c t iv a t io n  o f  p 38.
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Fk:. 3. T h e  a g e -re la ted  in c re a se  in caspase-3  a c tiv ity  is m im ick ed  by IL-l/J: e v id e n c e  fo r  a  ro le  fo r  p38 a c tiv a tio n , a, caspase-3 
activiity was signilicantly enhanced in cortical tissue prepared from aged rats fed on the control diet compared with young rats fed on either diet 
(*.p 0.05, ANOV'A), but this change was not evident in tissue prepared from aged rats fed on the EPA-enriched diet. 6, in vitro analysis indicated
that I L-l(j significantly increased enzyme activity (*, p  <  0.0.5, ANOVA; ii = 6) but th a t the IL-ip-induced effect was inhibited by IL -lra  and also 
by SB.203,580. c ,  incubation of cultured cortical neurons in IL-l(i (laiie 2) for 72 h significantly increased caspase-3 mRNA {*, p  < 0.05, S tudent’s 
I tost for paired means); values were normalized with reference to expression of glyceraldehyde-3-phosphate dehydrogenase (iouicr hands), d, 
colocailization of activated p38 and caspase-3 was observed in several cells obtained from aged ra ts  th a t 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 
evideifice of colocalization with caspase-3. Con, control; SB, SB203580.

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 w hether the change in caspase-3 activation was cou­
pled with the increases in IL-lj3 concentration and p38 activa­
tion, a series of in vitro experiments were undertaken tha t 
revealed tha t IL-1/3 significantly enhanced caspase-3 activity 
in cortical tissue (p < 0.05, ANOVA; Fig. 36); this effect was 
blocked by IL-lra, suggesting tha t the action of IL-1^ was 
dependent on receptor interaction, and by SB203580, indicat­
ing th a t the action of IL-1/3 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 th a t caspase-3 activation is closely 
coupled with p38 activation. In addition to the stim ulatory 
effect of IL-lj3 on caspase-3 activity, we observed tha t IL-lj3 
significantly increased caspase-3 mRNA in cultured cortical 
cells (Fig. 3c).

In an effort to consolidate these findings, which suggested
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Fin. 4. A tte n u a tio n  o f  th e  a g e -re la ted  in c re a se  in  PA RP c leav ­
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 Uane 
1) or EPA-enriched (lane 2) diet (*, p < 0.05, ANOVA). EPA reversed 
th is effect (lane 4). Con, control.

One downstream consequence of cytochrome c 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
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F ig .  5 . T h e  in c re a se  in  TU N EL s ta in in g  w ith  ag e  is b locked  by 
EPA  a n d  m im ick ed  by IL -l/j. a. the number of cells th a t 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 (*, /> <  0.05, ANOVA); dietary manipula­
tion with EPA reversed this efi’ect. b. incubation of cultured cortical 
neurons in the presence of IL-1/3 significantly increased the number of 
TUNEL-positive cells (*, p < 0.05, Student's I test for independent 
means; n = 5). Con, control; + w , positive.

th a t there was significant evidence of cell death in the aged 
cortex, we investigated cleavage of PAR? 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, th a t 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 tha t 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;

Fig. 5a). The num ber of TUNEL-positive cells in preparations 
obtained from aged rats fed on the EPA-enriched diet was 
similar to tha t in tissue prepared from young rats. Fig. 56 
shows th a t exposure of cultured cortical neurons to IL-1/3 for 
72 h also significantly increased the number of TUNEL-posi- 
tive cells (p < 0.05, S tudent’s t test for independent means).

In an effort to explore the synaptic changes th a t might occur 
as a consequence of IL-l/3-induced cell death, we turned to 
analysis of changes in hippocampus and first assessed age- and 
diet-related changes in IL-1/3 concentration and p38 activation. 
Fig. 6a shows tha t, in parallel with the age-related findings in 
cortical tissue, IL -ip  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. 66), which was not observed in tissue prepared from aged 
rats fed on the EPA-enriched diet. A likely causal relationship 
between IL-1/3 concentration and p38 activation is suggested 
by the finding th a t IL-1/3 significantly increased p38 activity in 
hippocampus in vitro (Fig. 6c). 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 tha t 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 dem onstrates th a t LTP was successfully induced in both 
groups of young rats (Fig. 7a) but was impaired in aged rats fed 
on the control diet (Fig. 76); in the la tter group of rats the mean 
percent changes in population excitatory postsynaptic potential 
slope in the 2 min immediately following tetanic stimulation 
(Fig. 7e) 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 th a t EPA treatm ent restored the ability of 
aged rats to respond to tetanic stimulation.

DISCUSSION

We present evidence demonstrating th a t treatm ent with 
EPA prevents neuronal cell death in aged rats and show that 
suppression of the age-related coupled increases in IL-1/3 con­
centration and p38 activity is the key to inhibiting the cascade 
of cellular events th a t leads to apoptosis. The age-related in­
crease in IL-1/3 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 IL-1/3 induces cell death is supported by the finding 
that IL-1/3 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, treatm ent with EPA, which has been shown to have 
anti-inflammatory properties (27, 28), prevented the age-related 
increases in IL-lfi 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-1/3 (34).
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Fiu. 6. T h e  a g e -re la te d  in c re a se s  in  IL-l/j c o n c e n tra t io n  a n d  p38 a c tiv ity  in  h ip p o c a m p u s  a re  a b o lish e d  by EPA. a, IL-1/3 
concentration was significantly enhanced in hippocampal tissue prepared from aged ra ts 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). 6, p38 activity was significantly enhanced in hippocampal tissue prepared from aged rats fed on the  control diet compared with young 
ra ts 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). c, IL-1/3 significantly enhanced p38 activity in hippocampal tissue in vitro (*, p  < 0.05, S tudent’s t 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 accom panied the  age-re la ted  in ­
crease in IL-l/ji concentration consisten t w ith previous obser­
vations in hippocam pal cells (8, 19-21) and in o ther cell types 
(35-39). The evidence p resen ted  here pinpoints IL-ljii-induced 
increased activation  of p38 as a pivotal even t in triggering 
changes th a t  a re  ch aracteris tic  of apoptotic cell death , for ex­
am ple cytochrome e translocation  and caspase-3 activation. 
This suggestion concurs w ith previous findings. T hus inh ib i­
tion of p38 by SB203580 has been shown to p reven t singlet 
oxygen-induced apoptosis in HL-60 cells (40), w hile ano ther 
p38 inhibitor, SB2390663, preven ts caspase cleavage in thiol- 
oxidant-induced apoptosis in forebrain neuronal-enriched cell 
cu ltu res (41). T h at inhibition of p38 proflers protection is fu r­
th e r supported  by the  finding th a t  its activation spared dopa­

m inergic neurons deprived of serum  (42) and m arkedly  reduced 
infarct size induced by ischem ia (16). In paralle l w ith the  effect 
of d ie ta ry  m anipu lation  on IL -ip  concentration, th e  d a ta  ind i­
cate th a t  EPA trea tm e n t blocked th e  age-related  increase in 
p38 activation  in hippocam pus and cortex.

The d a ta  from in vitro  analysis suggested th a t  
th rough  an action on IL -IR I and m ediated th rough  activation 
of p38, stim u la tes  cytochrome c translocation  in cortical tissue. 
Since IL -ip  concentration  and p38 activation were enhanced in 
cortical tissu e  prepared  from aged ra ts , it w as predicted th a t  
translocation  of cytochrome c m igh t also he a feature  of the 
aged brain ; the  p resen t d a ta  indicate th a t  there  was an  age- 
re la ted  increase in cytochrome c translocation  th a t paralleled  
the  increases in IL-1/3 concentration  and p38 activation. Sig-
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f’lc. 7. T h e  a g e -re la te d  im p a irm e n t in LTP in d e n ta te  g y ru s is 
su p p re s se d  by EPA . a and fc, tetanic stimulation (time 0) resulted in 
an immediate and sustained increase in the mean population excitatoiy 
postsynaptic potential {£psp) slope in young rats (a) fed on either diet. 
A sim ilar change was obsoi"ved in aged rats (h) fed on the EPA-enriched 
diet, but aged ra ts  th a t were fed on the control diet exhibited a marked 
attenuation in response to tetanic stimulation, c and d, analysis of the 
mean changes in the 2 min immediately following tetanic stimulation 
and in the last 5 min of the ex])eriment (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 ra ts fed on the control diet compared with the other 
three gi'oups (*, p <  0.01, ANOVA;;! = 8 in the case of young and ii = 
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 
transm em brane potential, which is accompanied by cyto­
chrome c translocation from the mitochondria to the cytosol 
(43), is a relatively early event in apoptotic cell death. It has 
been shown th a t among the stimuH tha t 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-1/3 concentration in other studies (19-21) 
and in the present one (data not shown), is responsible for the 
observed age-related increase in cytochrome c translocation.

Cytochrome c 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

quently other caspases th a t eventually culminates in cell death 
(44). The importance of the role of cytochrome c translocation in 
this cascade was underscored by the demonstration th a t injec­
tion of active cytochrome c into cells led to apoptosis (45). The 
present findings, which show parallel changes in cytochrome c 
translocation and caspase-3, are consistent with the view that 
caspase-3 activation is triggered by cytosolic cytochrome c (46, 
47). Our data also indicate th a t caspase-3 mRNA, as well as 
enzyme activity, was increased by IL-1/3 in vitro and, further­
more, th a t caspase-3 activation was dependent on interaction 
of IL-lj3 with IL-IRI and mediated through the subsequent 
activation of p38. The observation th a t caspase-3 colocalized 
with activated p38 was a further indication of a coupling be­
tween these param eters. This finding is strikingly similar to 
data reported in a recent study th a t showed tha t 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 c translocation, and caspase-3 activity, 
and we view this concurrence as strong evidence of a causal 
relationship between the param eters.

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 
tha t cleavage of PARP was increased in entorhinal cortex of 
lipopolysaccharide-treated rats, and this change was accompa­
nied by changes in morphology of cells tha t 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 tha t these lipopolysaccharide-induced changes were 
blocked by caspase-1 inhibition pinpointing a role for IL-1/3 in 
the cascade of events leading to cell death (8). In the present 
study the age-related enhancem ent 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 th a t the age-related increases in IL-1/3 
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 th a t no 
such changes were observed in hippocampus of aged rats tha t 
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 im pairm ent in LTP was completely 
absent in aged rats fed on the EPA-enriched diet. The negative 
correlation between the IL-1/3 concentration and p38 activation 
and the expression of LTP together with the observation tha t 
the IL-l/3-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 th a t circu­
lating fatty acids cross the blood-brain barrier, and the rate of 
incorporation is proportional to plasma concentration; evidence 
indicates th a t 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 tha t 
fatty acid uptake into brain tissue is not altered with age (53).

Our working hypothesis is th a t aging is coupled with a 
significant increase in IL-1/3 concentration in neuronal tissue 
tha t is likely to exert multiple effects including activation of 
p38. We propose that increased p38 causes mitochondrial mem-
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brane perturbation  lead ing  to translocation of cytochrom e c. 
One consequence o f th e se  changes is an increase in caspase-3  
activation; caspase-3  acts on its substrate, PAKP, resu lting in 
its cleavage. A poptotic changes in cells occur since DNA repair 
is com prom ised as a resu lt o f th is  action. The evidence pre­
sented  points to a p ivotal role for IL-1(3 in triggering the cellu ­
lar ev en ts th a t lead to an increase in cell death in the aged  
brain and iden tify  activation  of p38 as a key mediator. It is 
proposed that, a lthough EPA abolished several age-related  
changes, the  prim ary action of EPA may be to block the age- 
related  increase in IL-1)3 concentration.
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^ ’ -T etrahydrocannabinol, th e  principal psychoactive com po­
nent o f  marijuana, e x e r ts  a variety o f effects on the CNS, 
including impaired cognitive function and neurobehavioural 
deficits. The m echanism s underfy/ng these  neuronal responses 
to  tetrahydrocannabino l a re  unclear but may involve alterations 

I :n neuronal viability. T etrahydrocannabino l has been show n to 
influence neuronal survival bu t th e  ro le  of the cannabinoid 
recep to rs  in the regulation  o f  neuronal viability has n o t been 
fully clarified. In this study w e  d em o n stra te  th a t te trahydrocan ­
nabinol p ro m o tes th e  re lease  of cy toch rom e c, activates

caspase-3, p ro m o te s cleavage of the  D N A  repair enzym e poly- 
ADP ribose  polym erase and induces D NA fragm entation in 
cu ltu red  cortical neu ro n es. T hese  effects of tetrahydrocannabi­
nol w e re  com pletely ab rogated  by the  CB| re c e p to r  antagonist 
A M -251. T he findings o f this study d e m o n s tra te  th a t te trahy ­
drocannabinol induces apoptosis in cortical neurones in a 
m anner involving the  CB| subtype of cannabinoid recep tor. 
NeuroReport 12:3973—3978 ©  2001 L ippincon W illiams & 
W ilkins.

Key w o rd s : Apoptosis; Cannabinoid receptor; Caspase-3; Poly-ADP-ribose polym erase; Tetrahydrocannabinol

INTRODUCTION
-Tetrahydrocannabinol (THC), the principal psychoac­

tive component of marijuana, exerts a variety of effects on 
the CNS incJuciing aJterations in cognitive functior! [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 ceil 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 exdto- 
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 tine cannabinoid (CB) receptor has been shown  
to mediate the toxic effects of THC on giioma [3] and 
[lippocampal neurones [5]. While two subytpes of cannabi­
noid receptor, CBi and CB2, have been identified [11] the 
ZBi receptor is pertinent in the central effects of THC [12] 
md has been localised in several brain regions including 
iie  cortex, hippocampus and cerebellum [13]. The CBi 
eceptor is coupled to a G-protein [12] and we have 
ecendy reported that the detrimental effects of THC on 
ortical neurones are sensitive to pertussis toxin [6], indi- 
ating that G-protein subtypes Go or Gi have a role in

THC-induced neurotoxicity. To investigate whether the 
induction of ceU death by THC proceeded via activation of 
the CB-i 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 CBj 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 o f 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 20m in at ST’C. The tissue was then 
triturated (X5) in PBS containing soyabean trypsin inhibi­
tor (0.1%) and DNAse (0.2 m g/m i) and gently filtered ' 
through a sterile mesh filter. Following centrifugation at 
2000 X ^ for 3 min at 20°C, the pellet was resuspended in 
neurobasal medium, supplemented with heat inactivated 
horse serum (10%), peruciUin (lOOU/ml), streptomycin 
(lOOU/ml) and glutamax (2mM). Suspended cells were 
plated at a density of 0.25 X 10  ̂ cells on circular 10 mm 
diameter coverslips, coated with poly-L-lysine (60ng/m l), 
and incubated in a humidified atmosphere containing 5% 
C02:95% air at 37”C. After 48 h 5 n g /m l cytosine-arabino-
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furanoside was included in die culture medium to prevent 
proliferation of nonneuronal cells. Culture media were 
e.xchanged every 3 days and cells were grown in culture 
for up to 14 days.

Drug treatment: THC (Sigma-AIdrich Co. Ltd, Dorset, 
UK) was stored at -20°C as a 1 miVl stock solution in 
methanol. For treatment of cortical neurones THC was 
diluted to a- final concentration of 5 piVl in prewarmed 
neuroba.sal medium and 0.01% methanol was used as 
vehicle. The selective CBi receptor antagonist .AJvI 251 
(Tocxis Cookson Ltd., Bristol, UK) was stored as a lOtniVI 
stock solution in dimethylsuphoxide and diluted to a final 
concentration of 10 pA'I in warm culture media; 0.0001% 
dimethvlsulphoxide was used as vehicle control, AM 251 
was added to the cultured neurones 30m in 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 (TUNED: Apopto­
tic cell death was assessed using d:ie DeadEnd calorimetric 
apoptosis detection system (Promega Corporation, Madi­
son, USA). Briefly, cells were fixed with parat'ormaldehyde 
(4%), permeabilised with Triton-XlOO (0.1%), and biotiny- 
lated nucleotide was incorporated at 3'-0H  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 H2 O2  and the chromogen 
diaminobenzidine. Cells were then viewed under light 
microscopy at XlOO 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 (400-500 cells/ 
coverslip).

Cytochrome c 'Western immunoblot: FoUowing incubation 
w ith THC (5 (jM) ±  AM-251 (10 |jM), cortical neurones were 
harvested in lysis buffer (20tniVI HEPES, 10 mM KQ, 
1.5 mM MgCl2  ̂ 1 mM EGTA, Im M  EDTA, 1 mM dithio- 
threitol, 0.1 mM PMSF, 5 p g /m l pepstatin A, 2 |ig /m l  
leupeptin, 2 |ig /m l aprotinin, pH 7.4) and left on ice for 
20m in. Cells were then centrifuged (10 000 x  g  for lOmin 
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 ng protein/ml 
with sodium dodecyl sulphate (SDS) sample buffer 
(150 mM Tris-HCl pH 6.8, 10% v /v  glycerol, 4% w /v  SDS, 
5% v /v  ■ P-mercaptoethanol, 0.002% w /v  bromophenol 
blue). Samples were then heated to 100°C for 3min. 
Cytosolic proteins (l|j,g/lane) were separated by electro­
phoresis on a 12% polyacrylamide minigel, ti-ansferred to 
nitrocellulose membrane (Satorius, Germany) and inunu- 
noblotted with a polyclonal anti-cytochrome c 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 chemilurrdnescence (ECL) system 
(Amersham, UK). Mol. wt markers were used to verify the 
mol. wt of protein bands and purified cytochrome c 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).

P oly ADP ribose polym erase (PAKP) immunocytochemis- 
try: Following treatment of cultured cortical neurones
with THC (5 |jM) ±  AjVI-251 (10 pM) the cells were fixed in 
4% paraformaldehyde, blocked vvrith 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, Ih ) which 
specifically recognises the cleaved form of P.ARP. Immu- 
noreactivity was detected with a biotinylated anti-goat IgG 
secondary antibody (BioSource International Inc, UK; 1:50 
dilution, Ih  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 o f caspase-3 activity; Qeavage of the 
fluorogenic caspase-3 substrate (DEVD-aminofluorocou- 
marin (AFC); Ale.xis Corporation, USA) to its fluorescent 
product was used as a measure of caspase-3 activity. 
Cortical neurones were harvested in lysis buffer (25mjVl 
HEPES, 5m M  M gQ j, 5m M  DTT, 5mM EDTA, 2mM  
PMSF, 10 |ig /m l leupeptin, 10 (ig/m l pepstatin; pH 7.4), 
subjected to three freeze-thaw  cycles and centrifuged at 
10000 r.p.m. for lOmin at 4°C. Samples of supernatant 
(90 jil) were incubated with the DEVD peptide (500 jiM; 
10 |il) for 1 h at 30°C. Incubation buffer (900 îl; 100 mM 
HEPES containing 10 mM DTT; pH 7.4) was added and 
fluorescence was assessed (excitation, 400 nm; emission, 
505 nm).

Caspase-3 activity was also assessed by immunocyto- 
chemistiy 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 ceUs examined (400-500 
cells/coverslip).

RESULTS
THC-induced DNA-fragmentation is abolished by the CBi 
receptor antagonist AM-251 THC induced a dose-depenT 
dent induction of apoptosis in cortical neurones (Fig. la). 
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 10 nM 
(19 ±4% , n = 5 ) .  However, treatment of cells with THC at 
100nM, 1 pM, 5pM  and 10 pM for 2h  significantiy in­
creased the percentage of cells displaying DNA to 28 =  2% 
(p < 0 .0 5 , Student's f-test, n=5 ) ,  3 5 i 4% (p < 0 .05 . Stu­
dent's t-test, n =  5), 49 ±1%  (p < 0 .0 1 , Student's f-test.
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60- a  Control 
Z2 THC

50-

a

0.01

+ AM 251

Fig. I. THC promotes degeneration of conical neurones vis tiie CB( 
receptor, (a Incubation with THC for 2h induced 3 dose-dependent 
increase in DNA fragmentation. Results are expressed as mean ±  s.e.m. 
for 5 observations. * p <  0.05; ** p <  0.01. (b) A significant increase in 
neuronal degeneration was observed following exposure of cortical 
neurones to THC (S fiM) for 2 h. Preincubation of the cortical neurones 
with the CB| receptor antagonist AM-2SI (IG|iM) for 30min abolished 
the THC-induced increase in TUNEL-positive ceils. Results are expressed 
as mean ±  s.e.m. for 5 observations, '  * p <  0.01. (c) Representative 
image of cortical neurones stained with TUNEL (i) Under control 
conditions few cells stained positive for DNA fragmentation using 
TUNEL (il) S (iM THC-treated neurones exhibited a significant increase 
in TUNEL-positive cells, (iii) Treatm ent with AM-2S1 alone had no effect 
on the number of TUNEL-positive neurones, (iv) Treatment with AM­
IS I in the presence of THC significantiy reduced the number of TUNEL- 
positive cells, (h, healthy neurones: ap, apoptotic TUNEL-positive 
neurones). Bar =  2S |im.

n= 5) and 55± 8% ( p <0.01, Student's t-test, n —5), respec­
tively.

Figure lb  demonstrates that the CBi receptor antagonist 
AM-251 blocks THC-induced apoptosis. Treatment of cor­
tical neurones with THC (5 |jJVI) for 2 h significantly 
increased the percentage of cells displaying DNA fragmen­
tation, as assessed by TUNEL staining, from 22 i  2% to 
4 9 i l%  (p<0.01. Student's t-test, n=5). While AM-251 
(10 uM) 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-induced 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 c were 
measured by Western immunoblct and band widths were

quantified by densitometry (Fig. 2a). In control cells cyto­
solic levels of cytochrome c were 22.0 ±2.06 (arbitrary 
units) and this was significantiy increased to 2S.67±2.28 
(p < 0.05, Student's t-test, n = 9) by THC (5 (iM). AM-251 
(lOfiiVl) alone had no effect on cytosoUc cytochrome c 
expression (mean band width 21.40 i  1.82) but it prevented 
the THC-induced increase in cytochrome c expression 
(mean bind w idth 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 cy'tochrome 
c into the cytosol is prevented by AM 251 is shown in 
Fig. 2a.

AM-251 blocks the THC-induced activation o f caspase- 
3; A consequence of mitochoridnal cytochrome c release 
is the activation of caspase-3. Figure 2b demonstrates that 
treatment of cortical neurones with THC (5jiM) for 2h 
significantiy increased caspase-3 activity, as assessed by 
the fluorogenic assay, from 13.6 ±  6.0 pmol AFC pro-
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Fig. 2, THC promotes translocauon of cytochrome c and activates caspase-3 in a CB|-receptor-dependent manner A; Cortical neurones were 
incubated with THC (5 jiM), cells were harvested and cytosolic fractions were analysed fo r cytochrome c expression using western immunoblot. THC 
significantly increased cytochrome c concentration in the cytosol. While AM-251 treatment had no effect on cytosolic cytochrome c expression. AM- 
25 I inhibited the THC-induced release of mitochondrial cytochrome c  Results 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 c expression in THC-treated corticaJ neurones (lane 2 f  
compared to control cells (lane I). W hile AM-251 had no effea on cytosolic cytochrome c expression (lane 3) it abolished the ability of THC to 
promote translocation of mitochondrial cytochromic c to the cytoplasm (lane 4). (b) caspase-3 activity was assessed by cleavage of the fluorogenic 
peptide DEVD. Exposure o f cells to THC (5 jiM) for 2 h significantty increased caspase-3 activity. Pretreatment of the cells with AM-251 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 ceils with 
caspase-3 activity was detected using the and-active caspase-3 antibody. THC significantiy increased the percentage o f cortica/ neurones displaying active 
caspase-3 immunoreactivity and this was abolished by the CB| anagonist AM-251. Results are expressed as mean±s.e.m. for 7 observations. 
* p <  0.05. (d) Representative image of cortical neurones stained with the anti-active caspase-3 antibody, (i) Under control conditions few cells stained 
positive for active caspase-3 immunoreactivity. (11) THC-treated neurones exhibited a significant increase in the number of cells displaying acnve caspase- 
3 immunoreactivity. (iii) Treatment with AM-251 alone had no effea on the number of cells with active caspase-3. (iv) Treatment with AM-251 in the 
presence of THC significantly reduced the number o f cells displaying cells displaying active caspase-3 immunoreactivity (cells with actrvatcd caspase-3 
immunoreactivtty are indicated by arrows). Bar =  25 îm.
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duced/ng prote in/m in to 27.4 ±  6.30 pmol AFC pro- 
duced/ng prote in/m in (p<0.05, Student's t-test, n = 5). 
While AM-251 (lOioA'I) alone had no effect caspase-3 
activity (12.1 ±4.9 pmol AFC produced/mg protein/m in) it 
prevented the THC-induced increase caspase-3 activity 
(caspaso-3 activity 12.3 i  6.0 pmol AFC produced/mg pro- 
tem/min in cortical neurones treated w ith THC in the 
presence of *A_iVf-251).

.An additional method w ith which to evaluate caspase-3 
activity is immunocytochemistry using an anti-active cas- 

■ pase-3 .mtibody (Fig. 2c). In control cells the percentage of 
neurones displaying active-caspase-3 tmmunoreactivity 
was 11.0 ±2.2% and this was significantly increased to 
34 ±  3.9% ( p <  0.05, Student's /-test, n — 7) by THC (5 uM). 
AM-251 (10 uM) alone had no effect on active caspase-3 
immunoreactivity (14.5 ±2.7^o 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 
w ith THC in combination w ith  AM-251). A photograph of 
representative anti-active caspase-3 imm.unostaining for 
control, THC, AM  251 and THC -)- AM  251-treated cells is 
shown in Fig. 2d.

THC-induced PARP cleavage involves the CB\ 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 =  T jhy  
THC (5 |jM). AM-251 (10 ^lM) alone had no effect on PARP 
cleavage (8.3 ±  0.8% of neurones displayed immunoreactiv- 
ity  for the 85 kDa form of PARP following AM-251 treat­
ment). However, AJ/I-251 prevented the THC-induced 
increase in cleaved PARP immunoreactivity (8.1 ±0.9% of 
cells displayed immunostaining for the 85 kDa form of 
P,ARP following treatment v/ith 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 CBi subtype of 
cannabinoid receptor. The results demonstrate that THC 
promotes release of mitochondrial cytocfirome c 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 CBi receptor antagonist 
AM  251, demonstrating that THC-induced activation of the 
cell death pathway is CBi receptor-dependent

Plasma concentrations of THC are in the low micromolar 
range following consumption of a single marijuana cigar­
ette [161 arid THC concentrations in the brain are likely to 
be comparable given that THC is a lipophilic molecule and 
wiU readily cross the blood-brain barrier. The minimal

(a)

so­

l o -

10 -

0

I I control 
E 2 T H C

-  AM 2SI

(b)

Fig. 3. The THC-induced cleavage of PARP is abolished by AM-251, (a) 
The percenage of cells with PARP cleavage was detected using the ano- 
cleavage site specific PARP antibody. THC significantty increased the 
percentage of corocai neurones displaying cleaved PARP immunoreactiv­
ity and this was abolished by the CB| anagonist AM-151. Resuh3 are 
expressed as mean±s.e.m. for 7 observations. * *p<O.OI .  (b) Repre­
sentative image of cortical neurones stained with the anti-deavage site 
specific PARP antibody, (i) Under control conditions few cells stained 
positive for cleaved PARP. (ii) THC-created neurones exhibited a signifi­
cant increase in the number of cells displaying cleaved PARP immuno­
reactivity. (iii) Treatment with AM-2SI 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 jun.

dose of THC which was found to be neurotoxic to cultured 
cortical neurones was w ith in  this concentration range.

Our previous study demonstrated that THC induces 
neuronal cell death in a manner involving activation of the 
G-protein subtypes Go/i, since the detrimental effects of 
THC on neuron^ viability were blocked by pertussis toxin
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[(']. Those results suggested  that THC may induce apopto- 
sis in a receptor-dependent manner. However, THC is a 
lioophilic molecule and  it rem ained a possibility that THC 
could exert a d irect influence on G-proteins in the absence 
ot receptor activation. It has been reported that THC has 
the proclivity to im pact on other signalling mechanisms 
such as sphingom yelin  breakdow n [3] and scavenging of 
reactive oxygen species [7] in a receptor-independent 
manner.

The role of TH C  and its associated receptors in the 
induction of apop tosis is also controversial; THC having 
been found to possess both pro- and anti-apoptotic p roper­
ties. THC is neurotoxic to hippocam pal neurones [5] and 
Co giiomna ceils [3] in vitro yet it protects neurones from 
glutam ate neurotoxicity [8] and  ischemia [15]. The THC- 
iriduced degeneration  of cultured  hippocam pal neurones 
[5] and transform ed neural cells in vivo [17] was found to 
involve the CBi receptor w hile induction of apoptosis in 
C6 glioma cells in vitro [3] w as receptor-independent. The 
cvoprotective p roperties of THC have been attributed to 
the ability of THC to act as an antioxidant in a receptor- 
independent m anner [7,10]. H ow ever, the neuroprotective 
properties cf cannabim im etic d rugs have also been dem on­
strated  to involve CBi receptor activation. The results from 
this study  dem onstrate that THC induces apoptosis in 
cultured  cortical neurones via a CBj receptor-dependent 
mechanism .

The apoptotic events that are evoked by THC in cortical 
neurones include the release of m itochondrial cytochrome 
c into the cytosol. This serves as an initiator of dow nstream  
apoptotic events since cytosolic cytochrome c can form a 
com plex w ith APAP-1 which results in the activation of the 
cvste ire  protease caspase-3, a key executor of the cell death  
pathw ay  [18]. THC w as found to increase caspase-3 activ­
ity  in cortical neuropes and induce cleavage of the caspase- 
3 substrate PARP, dem onstrating  that the THC-induced 
cell death  proceeds via activation of the caspase-3 branch 
o f the apoptotic cascade. The ability of THC to im pact on 
each of those apoptotic phenom enon w as completely 
abrogated  by AM 251 thereby dem onstrating that the CBi 
receptor couples THC to these apoptotic signalling events.

The release of cytochrome c is an early event in 
apoptosis, however, the nature of the Unk betw een the CBi 
receptor and  cytochrome c release is not fully understood. 
It is likely that the CBi receptor-induced activation of the 
heterotrim eric G proteins Gj/o is involved since we have 
prev iously  dem onstrated that the TH C-induced release of 
cytochrom e c is blocked by pertussis toxin [6]. CBi recep­

tors can couple to activation of stress-activated protein 
kinases in a G -protein-dependent manner [19] and these-.^ 
protein kinases regulate the m itochondrial expression of 
mem bers of the Bel family of proteins [20]. Given that 
cytochrom e c release is regulated by the mitochondria- 
associated proteins Bel and Bax [21] a potential effector for 
G -protein-m ediated m odulation includes activation of 
stress-activated protein kinases and dow nstream  regulation 
of Bel and  Bax expression at the m itochondrial membrane.

CO NCLUSION
THC exerts neurotoxic properties on cultured cortical 
neurones by prom oting the release of cytochrome c, activa­
tion of caspase-3 and  cleavage of DNA repair enzymes in a 
CBi receptor-dependent m anner. The proclivity of cannabi- 
noid receptors to induce apoptosis in neonatal neurones 
may reflect the role of endogenous cannabinoids in 
developm ent of the CNS [22] and may also underlie the 
central nervous system  abnorm alities that occur in infants 
exposed to m arijuana in utero [23].
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