
INFORMATION TC USERS

This manusaipt has been reproduced frcm the microfilm master. UMI films

the text direetly from the original or copy submitted. Thus, sorne thesis and

dissertation copies are in typewriter race, while others may be from any type of

computer ponter.

The quality of this reproduction is dependent upon the quality of the

copy submitted. Broken or indistinct prim. colored or poor quarrty illustrations

and photographs, print bleedthrough, substandard margins, and improper

alignment cao adversely affect reproduction.

ln the unlikely event that the author crld not sand UMI a complete manuscript

and there are missing pages, these win be noted. Also, if unautharized

copyright material had to be removed. a note will indieate the deletion.

Oversize mateeials (e.g., maps. drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand comer and continuing

from laft ta right in equal sections with small overfaps.

Photographs induded in the original manuscript have been reproduced

xerographically in this copy. Higher quarlty 6- x g- black and white

photographie peints are available for any photographs or illustrations appearing

in this copy for an ackfltional charge. Contact UMI directly to arder.

Bell & Howell Information and leaming
300 North Zeeb Raad. Ann Arbor, MI 48106-1346 USA

800-521-0600





NOTE TO USERS

Page(s) not included in the original manuscript
are unavailable trom the author or university. The

manuscript was microfilmed as received.

124,133

This reproduction is the best copy available

UMI





MURINE EMBRYONAL CARCINOMA (P19) CELLS AS A MODEL

SYSTEM TO EXPLORE THE BIOLOGY OF THE AMYLOID

PRECURSOR PROTEIN

by

Susan Marie Grant

A thesis submitted ta the FacuIty ofGraduate Studies and Research ofMcGiII
University in partial fulfillment ofthe requirements for the Degree ofDoetorof

Philosophy

Augu~ 1998

Department ofPharmacology and Therapeutics
McGill University
Montréal Québec

© Copyright Susan Marie Grant (1998)



1+1 National Labrary
ofCanada

Acquisitions and
Bibliographie Services

395 WeDfngton Street
Ottawa ON K1A 0N4
canada

Bibliothèque nationale
du Canada

Acquisitions et
seMees bibliographiques

395. rue Wellington
OttawaON K1A0N4
Canada

The author bas granted a non
exclusive licence allowing the
National Library ofCanada to
reproduce~ loan, distribute or sell
copies ofthis thesis in microfo~
paper or electronic formats.

The author retains ownership ofthe
copyright in this thesis. Neither the
thesis nor substantiai extracts from it
may be printed or otherwise
reproduced without the authors
PermISSIOn.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de cene-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-50176-0

Canad~



This thesis is dedicated ta my family, my parents Jack and

Mary, my grandmother May Macle, my sister Jane and

brother PauL Each one bas given me support and love l

value beyond measure. l thank them for lending sympathetic

ears and for never failing ta shine a light at the end of my

tunneL



•

Abstract

In this thesis~ the embryonal carcinoma (P19) cell line was stably transfected with
the wild-type cDNA for the human amyloid precursor protein 751 isofonn (hAPP7St>
to study the consequences ofoverexpressing this protein on cell aetivities potentially
relevant to the genesis of A1zheimer's disease. Genetic linkage studies have
implicated APP as a key Mediator of Alzheimer's disease-type neuropathology. A
catabolic fragment ofAPPt the A(3 peptide, is the core protein ofthe amyloid plaque
that is a defining Iesion in Alzheimer·s disease brain. Ail inherited risk factors alter
the generation and/or aggregation of A(3 and this observation bas focussed research
efforts on eIucidating the toxic properties of this peptide. However, the biology of
APP is complex and our understanding of its role in the mature brain is very limited.
In using our transfected clones.. we round unexpected repression of APP expression
when cells were grown as grafts in rat cortex" precluding analysis of how the
adjacent brain might respond to chronically elevated leveIs ofsurface-expressed APP
or of its secreted fragments. APP is highly expressed in neurons vulnerable to
Alzheimer's disease neurodegeneration and evaluation of intracellular APP activities
may help to determine the basis of their vulnerability. We developed a highly
specific monoclonal antibody to a human AJ3 epitope for use in high resolution
electron microscopy of mature neuroectodermally differentiated P19 clones. We
were able to localise APP fragments bearing this epitope an~ in 50 doing., detine
sites of APP catabolism and reveal organelles spontaneously associated with these
fragments. We approached the funetional consequences of these intracelluIar
associations by analysing 2 parameters of particular relevance to cell viability~

namely oxidative metabolism and signal transduction. APP-transfeeted clones
exhibit a1tered mitochondrial morphology and autophagy reminiscent ofthe changes
induc~ by othe~ using the oxidative phosphorylation inhibitor cysteamine. In
these clones, the mitochondrial membrane potential was decreased by a mechanism
distinct from complex 1 inhibition. In the early post-ditrerentiation perio~

immunoblottiog for the pleiotropic enzyme mitogen-aetivated protein kinase
(MAPK) reveaied steady-state hyperphosphorylation coïncident with the
upregulation ofAPP. In more mature cultures~ MAPK phosphorylation in response
to stimulation with acid fibroblast growth factor was attenuated in APP-expressing
cells. Strong immunoreactivity was seen in a reticular distnoution throughout the
soma and in the nucleus in uostimulated cells, with only a moderate increase in
intensity and ouclear translocation after growth factor treatment. Thus~ our
ultrastrueture study places APP and its metabolites in a position to influence cellular
aetivities~ and we have demonstrated functional consequences to hAPP'Sl
overexpression within central oervous system-type cells. APP-associated
dysfimetion ofkey components ofoxidative metabolism and signaI-dependent kinase
activity. respeetively? tind important paralIeIs in the abnormalities described in
Alzheimers disease braiIL
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Résumé

Afin d'étudier les conséquences de la sur expression de eisofonne 751 du précurseur de la
protéine amyloïde humaine (bAPP1St) sur les activités cellulaires pouvant être en relation
avec la maladie d'Alzheimer~une lignée cellulaire de type carcinome embryonnaire (P19) a
été transfectêe avec rADNe non muté de l'bAPP7St. Plusieurs études génétiques
convergentes suggèrent que l'altération du métabolisme de I~APP, accompagnée du dépôt
progressifde son fragment pamyloïde (AP) au niveau de plaques,. est un événement capital
dans la pathogénèse de la maladie d'Alzheimer. Tous les fàcteurs de risques héréditaires
modifient la production cUou ragrégation de rAp dirigeant alors les mons de recherche sur
la compréhension des propriétés toxiques de ce peptide. Cependant, la biologie de rAPP est
complexe et nos connaissances actuelles sur son rôle dans le cerveau mature sont très
limitées. En greffànt les clones transfeetés dans le cortex de ~ nous avons observé une
perte inattendue de l'expression du transgéne au cours de son développement ce qui nous
empêche de répondre à la question suivante: comment le cerveau répond-il aux taux
chroniques élevés de rAPP exprimée en surfilee ou a ses fragments sécrétés. L'expression
de ["APP est très importante dans les neurones sensibles au processus neurodégénératifde la
maladie d'Alzheimer. Ainsi,. en premier lieu,. afin de mieux comprendre cette wlnérabilité,
nous avons évalué les effets de rAPP sur les fonctions vitales de la cellule. Pour ce~ nous
avons développé un anticorps monoclonal hautement spécifique d'un êpitope de r Ap
humain. Cet anticorps a été utilisé en microscopie électronique à haute résolution sur les
clones matures neuroeetodermaux différenciés (P19). Cette étude nous a pennis de localiser
les fragments de 19 APP portant cette êpitope et ainsi nous aider a définir précisément les sites
de catabolisme de cette protéine et des différents organelles naturellement associés à ses
fragments. Les conséquences fonctionnelles de ces associations intracellulaires ont été
évaluées en analysant deux différents paramètres associés à la survie cellulaire. le
métabolisme oxydatif et les signau.x de transduction.. Les clones transfectés présentent des
mitochondries dont la morphologie est altérée et une autophagie similaire à celle observée
après stimulation par la cystéamine~ un inhibiteur de la phosphorylation oxydative. Dans ces
cIones~ le potentiel de membrane mitochondriaie est réduit par un mécanisme distinct d~une
inhibition du complexe L Au cours des stades précoces précédant la différenciatio~ il a été
ôbserv~ par immunobiottin~une hyperphosphorylation chronique de la -mitogen-activated
protein kinase" (MAPK). une enzyme pléiotropique. Cet événement est concomitant à une
augmentation de la production de l'APP. Lorsque les cellules sont plus matures, la
phosphorylation des MAPKs dans les cellules stimulées par le "'acidic fihrobIast growth
factor" est diminuée dans les cellules exprimant eAPP. Pour les cellules non stimulées,. une
forte immunoréactivit~ distribuée de manière réticulaiIey est observée à l'intérieur de tout le
soma et dans le noyau. Le traitement par le facteur de croissance entraîne seulement une
augmentation très modérée de l'intensité de ce marquage et Wle fàible translocation dans le
noyau.~d~après nos études ultrastruetmaIes, il apparaît que eAPP et ses métabolites
sontenmesure d·infIuencer les activités cellulaires etnous avons démontré les conséquences
fonctionneUes de la sur expression de la hAPP7S1 dans les cellules de type nerveux. Le
dysfonctionnement des composantes clefs du métabolisme oxydatif et des kinases
dépendantes de ligands (MAPK) montre d~ïmportants parallèles avec les anomalies décrites
dans le cerveau des patients atteints de la maladie d~Alzheimer.
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Chapter 1

Introduction

Dementia might be defined as a chromc and progressive state of deteriorated

mental function in an otherwise alert individuaI. According te the Canacfian Study of

Health and Aging (McDowell 1995)~ dementia amicts 2.4% of ail Canadians aged 65 to

74~ rising to 34.5% at the age of 85. Eight percent ofCanadians over the age of 64 are

clinically demented and. in the great majority of cases~ the diagnosis is Alzheimer~s

disease. Wrth the growing numbers of long-lived Canacfia:lS~ and the high social and

economic cast of caring for demented individuaIs~ Alzheimer~s disease is poised to

become a top heaIth care issue in the coming millennium.

Named for the physician who descnèed its histopathologicaI hallmarks in 1907.

Alzheimers disease was slow to be accepted as a pathological entity distinct ftom

nonnaI aging or affective psychiatrie disorders. Through the 19S0s and 1960s data

accumuIated that the dementia had an organic basis~ that brain lesions were identical in

preseniIe and senile dementias~ and that the severity of these lesions correIated with

mental status (reviewed in Blessed et aI. 1968 and Katzman 1986). The modem era of

Alzheimers disease research began in the [980s with the molecuIar analysis ofproteins

extraeted from affected brains.

In~Alzheimer~s disease brain exhibits a nwnber ofabnormalities. The major

morphological changes are: cortical atrophy" neuronal Ioss~ neurofibrillary tangIes~ and

neuritic plaque (Katzman (986). The neuroanatomical evolution of these changes bas

been detailed ( e.g.~ Arnold et al. 1991; Braak & Braak 1996; Rogers Be. Morrison 1985).

Whereas Ap amyIoid deposits are the earIiest [esion and eventuaIly accumuIate

[



• throughout the cortex and underlying white matter~ the relationship between amyloid

burden and disease severity is inconsistent Neurofibrillary changes, which inelude

intracenuIar tangIes, neuropil threads, and dystrophie neurites investing plaques, develop

in a stereotypie anatomical pattern which cao. be correlated with the progression of

dementia. The best correIate to mental status, however, is synaptic attrition (Davies et aL

1987; Terry et al. 1991).

Alzheimer's disease symptomatology is progressive, beginning with memory

impairment and gradually including personality changes, probIems with language use

and, eventually, motor dysfimction. This symptom compIex refleets the cell-specifie

pathology of the cfisease. Neurons that interconneet the association cortîces with the

hippocampaI formation and associated Iimbic structures are selectively lo~ effectively

isolating brain structures required for memory and leaming (Hyman et al. 1984).

Neurotransmitter changes retleet this pattern of neurodegeneration; hence, there is

profound Ioss of projecting cholinergie neurons, loss of glutamatergic neurons of the

corticocortical association fibres and hippocampal pathways, and lcss of specific

neuropeptidergie (somatostatin, substance P, corticotropin-reIeasing factor) neurons, with

relative sparing ofeatecholaminergic pathways (Fine 1986; Francis et al. 19938,&; Guela

&; Mesulam 1989).

Normal aging brain exhibits many of the changes eonsidered pathognomonic of

Alzheimer's disease (reviewed in Mrak et al. 1997). The distinction lies in increasing

prevaIence with normal aging versus increasing density or severity in A1zheimer's

disease.. The overIap doessu~ however, that the bioIogy of aging is an important

determinant in the deveIopment ofthis disease. A hast ofother abnormaIities have been

descnoed in AIzheimers disease brain incIuding: re-expression of embryonic genes

(Kendo et al 1996); increased Iun and Fos immediate-early gene expression (Anderson

2
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•

et al. 1994)~ metabolic dysfunetion (reviewed in Blass 1993); Maillard reaction-related

protein modifications (Smith et aL 1994); altered aetivity of signal transduction systems

including protein kinase C (Lanius et aL 1997) and G protein-coupled effectors (reviewed

in O~NeiIl et aL 1994); and the presence of intlammatory mediators (Bauer et al 1991;

Walker & McGeer 1992). One of the major challenges of Alzheimers disease research

is to unravel the relationships between these events with the goal of determining their

place in the initiation ot: propagation ot: or response to the disease process.

Current molecuIar biology-based research in Alzheimer's disease bas been

spurred by the discovery of genetic risk factors (reviewed in Rubinsztein 1997). Thus~

the protein precmsor of Ap was cliscovered (see Chapter 2)~ and a small number of

kindred with ear[y-onset disease were round to have mutations in this gene that increase

production of AJ340-43. Localisation of the amyloid precursor protein (APP) to

chromosome 21 also explained the prevalence of Alzheimer's disease-type pathology in

the brain ofoIder Down's syndrome patients (Rumble et al. 1989). A Iarger number of

bereditary Alzheimer's disease mutations were Iocalised to a new gene famiIy~ the

presenilins 1 and 2 (Levy-Lahad et al. [995; Sherrington et al. 1995). Inheritance of the

apolipoprotein E4 allele was shawn to confer risk for the early onset of the disease

(poirier et al. 1993; Saunders et aI. 1993; Yoshizawa et aL 1994).

An known genetie factors enhance Ji amyloid deposition.. This observation bas

Ied ta the "amyloid cascade hypothesis" of Alzheimer·s disease that places the Ap

peptide in a pivotai mie for the induction of a progressive neuropathology (see Hardy

1997 and Selkoe 1994). However. others (e..g.7 Roses 1994 and Terry 1996) believe that

A13 amyIoid is a consequen~ and not a caus~ ofthe dÏsease. Ta dat~ introduction of

3



A(3 into intact brain bas faiIed to replicate A1zheimer's disease pathology, aIthough it bas

produced some similar changes (see Section 2.6.5).

This thesis seeks to investigate the biology of APP, and its ftagments~ within a

cell model representative of centrai nervons system (CNS) phenotypes from two

perspectives. F~ the processing ofthe holoprotein and intraeellular localisation of its

cleavage produets are explored using a monoclonal antibody generated for this pUIPQse in

combination with high resolution eleetron microscopy. Secon~ the effects of

overexpression of APP on two activities believed to be dysfunctional in Alzheimer's

diseaseb~ nameIy oxidative metabolism and kinase activation, are examinecl The

uItrastructural analysis provides valuable context for the fimetional studies in terms of

placing the protein in a position ta influence intracellular events. The uItimate mm of this

work is to identifY cell processes wInerable to AFP interference so that pharmacologicai

means ofredressing these changes cao be developed.
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Chapter2

The Amyloid Precursor Protein CAPP)

2.1 The discovery ofAPP

The characterisation ofAPP began with the work ofGlenner and Wong (1984~b)

and Masters et al. (1985) more than a decade ago when they isolated and sequenced the

4kO core protein in cerebrovascular amyloid and neuritic plaque. Based on this

sequence~ the 695 amino acid precursor protein was subsequently cIoned. by severa!

groups (Goldgaber et al 1987; Kang et ai. 1987; Robakis et al. 1987; Tanzi et al. 1987;

Zain et al. 1988) and the APP family immediately expanded with the cloning of the 751

amino acid (Kitaguchi et al. 1988; Ponte et al 1988; Tanzi et al 1988), and 770 amino

acid isoforms (Kitaguchi et al (988). These cDNAs prediet a large protein with a single

transmembrane domain, a long N-terminal extracelIuIar region and a short cytoplasmic

tail (Kang et aL 1987).

The APP locus was mapped ta the long ann of chromosome 21 (21q11.2-q21)

[Robakis et al. 1987; Tanzi et al. 1987, 1988} and individuaIs with Down·s syndrome

(trisomy 21) were confirmed to express higher levels ofAPP message (Neve et al 1988;

Tanzi et ai. 1987).. The -400kb APP gene was partially mapped (Kitaguchi et al 1988;

Lemaire et al. 1989. Yoshikai et al 1990) and the S' promoter (Saibaum et aI.. 1988) and

3' untranslated regions (de Sauvage et al. 1992) descnoed. The resuIts ofthese studies.

and the structuraI motifs imparted by the amino acid sequences~ are summarised in Fig. L

2..2 The APP family
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2.2.1 APP in evolution

APP bas been conserved through evolution.. Positive high-stringency

hybridisation ofthe human APP clone to rabbit sheep~ hamster, mous~ [obster, Xenopus

and Drosophila DNA was demonstratedearly on (Robakis et al 1987; Tanzi et aL 1987).

Indeecl the rat homologue ofAPP695 was shown to be 9101'0 identicaI to the human protein

(Shïvers et al 1988). Comparison of the 173 nucleotides around the AJ3 peptide coding

region in the DNA ofcow, sheep,h~ do~ polar bear) guinea pig. pi~ rat and mouse

aUowed Johnstone et al (1991) to generate a phylogenetic tree showing that species that

share amino 8Cid identity with humans through this region are also those species that

develop AJ3 deposits. Thus) antisera raised against human amyloid cross-react with

senile plaque and cerebrovascular amyloid in do& bear) and primate brain (podlisny et al.

1991; SeIkoe et al. 1987).

2.2.2 APP isoforms

APP is ubiquitously expressed with the highest levels of mRNA round in brain,.

kidney) heart and spIee~ and the Iowest level in liver (Tanzi et al 1987). Nonetheless)

considerable diversity is achieved by aItemate splicing of the primary transcript so that

isoform expression is notably cell-type dependen~ Proteins containing sequences

encoded by exon 7 (APP'51 and APP770) predominate in peripheraI tissues and oon

neuronal cells within the brain; protein lacking exon 7 (APP69S) is nemon-specifie

(LeBlanc etal 1991; Rohan de Silva et al 1997).

Within the brain. APP message is highly expressed ~ but not confined to~

nemons prone to Alzheimer's disease Iesions. Thus~ it is abtmdant in pyramidaI neurons

ofcortical Iayers 14 m. V~ and \IL. in the pyramidai œIl layer ofaIl cornu ammonis (CA)

fields of the hippocampaI rormatio~ and in the Purkinje- cells of the cerebellum
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(Bahmanyar et al 1987; Lewis et al 1988). Detailed immunocytochemicaI analysis of

protein expression in rodent brain confirms and expands these resuIts ta include mitral

cells ofthe oifaetory buIb~ granule cens of the hippocampus, cerebeIl~ and olfaetory

bulb and neurons within numerous subcortical structures (Card et aI. 1988; Ouimet et al

1994). Much weaker immunoreactivity is sparsely detected in glial cells (Card et al.

1988).

Eight splice variants of the APP transcript have been identified (reviewed by

Sandbrink et al 1996). The long~ incorporating aIl exons and named according to

amino acid Ien~ is isoform 770. In isoform 751~ exon 8 is skipped deleting a stretch of

19 amino 8Cids bearing homology to the MRC OX-2 antigen ofthymocytes (Clark et al

1985). Isoform 714 (Golde et al 1990) includes exon 8 but omits exon 7, which encodes

a 56 amino acid domain with homology ta KUDitz-type serine protease inhibitors (KPI

domain) [ponte et al. 1988; Tanzi et al. 1988}. Isoroon 695 skips both exons 7 and 8. A

series of4 anaIogous proteins that Iack exon 15~ designated L-APPs (isoforms 752. 733~

696. and 677). is expressed in non..neuronaI tissues (Sanclbrink et al. 1994a). De Sauvage

and Octave (1989) have also reponed a novel brain traDscript in which the sequence for

the C-tenninal 208 amino acids encompassing the transmembrane and intracellular

portions of APP is repIaced with 20 amino acids bearing homalogy to the AIu repeat

family.

2.2.3 APP-Iike genes

APP is part of a gene family. Two groups independently cloned an APP

homologue ftom human libraries (Sprecher et al 1993; Wasco et aI.. 1993).

Subsequently. Sandbrink et al (1994b) demonstrated that these clones were traDscripts of

a single gene (named APLP2) whi~ Iike APP~ is produced in severa! isoforms with
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alternative splicing of exons equivalent to 7 and 15. TISSUe distribution of AFP and

APLP2 is very simiIar suggesting that these proteins share a sunHar function (Sandbrink

et al. 1994c; Wasco et al. 1993). APLP2 is 52% identical and 71% similar to APP at the

amino acid lever with conservation of the major motifs of APP (as depieted in Fig. 1). It

differs tbrough the transmembrane region; the Ap sequence is not conserved (Sprecher et

al 1993;Wasco et al. 1993). The murine homologue ofAPLP2. named APLPI, was aIso

cloned by Wasco et al (1992). As weIl,. the Drosophila APP gene family member,

APPt. bas been cloned (Rosen et al 1989).

2.3 AFP expression

2.3.1 Developmentai expression

Using isoform-specific antisera in immunoblots ofpost-natal brain homogenates,

LOft1er and Huber (1992) demonstrated that APP expression was upregulated in

deveIoping rodent CNS with the highest level of expression occurring at postnatal days

[0 to 16. The KPI-containing isoforms predominated during this tim~ which

corresponds to a period of dynamic change in the neuronal cytoskeleton and

establishment ofneural circuitry. SimiIarly, expression ofcell-associated KPI-containing

isofonns peaked during the period ofrapid axon elongation in the retinofugal pathway of

the hamster, and cell-associated APPm and soluble ectodomain foons peaked during

end-arbor formation and synaptogenesis (Moya et al 1994). ImmunohistochemicaI

localisation of APP confirmed the appearance of protein in subpopuIations of neurons

according to a developmentaIly proscribed pattem ofneuronal differentiation (Arai et aI.

1994; Ohta et al 1993; SaIbamn. &. Ruddell 1994)~ The APP homologue in Drosophila

g



• was also shown to be expressed and processed in a stereotypie fashion reflecting a raIe in

neural patteming and function (Torroja et al 1996).

2.3.2 Expression in experimental neurotoxicity

A number of studies have suggested that the relative abmtdance of isoforms

expressed within the brain is subjeetto change with injury. Various neurotoxic insuIts in

vivo produce an increase in the expression of APP including: excitotoxins (Siman et al.

1989; Solà et al 1993; Wallace et al 1993); ischemia (Abe et al. 1991; Kalaria et al

1993; Obgami et al. 1992; Stephenson et al 1992; Tomimoto et al. 1995). and trauma

(Chen et al. 1996; Lewén et al. 1995; Otsuka et al. 1991; Scott et al. 1991). The 695 and

75lmO isoforms are differentially regulated by injwy with the KPI-eontaining proteins

generally showing the greater and more prolonged response. Whereas this upreguIation

can oecor robustly in reactive~ non-neuronal cells (i.e.~ gIi~ macrophages~ vascuIar

elements) [e.g.~ Siman et al 1989; Solà et al 1993}. it bas aJso been demonstrated in

affeeted nemons (e.g.~ Scott et aL 1991; Stephenson et al. 1992).

Interpretation of these studies is a complex problem given our limited

understanding of the biology of APP (reviewed below) and the variety of neuronal

systems examined. For exampl~ APP upreguIation was observed both in neurons

deprived of their target by axotomy (Scott et al. 1991) and in target tissue deprived of

afferent input by Iesïoning or blockade ofneurotransmission (Beach et al. 1996; Wallace

et aI.. 1993). Enhanced AFP immunoreaetivity, as was found in neuronal processes

adjacent ïschemic lesions, may refIect aItered protein traffickin& or attempts at

regeneration(Stephenson et al 1992).. ft is possible that the AFP gene is non-specifically

aetiwted because the promoterbinds immediate earIy gene-type transcription factors and

heat shock elements activated by stress (Brogg etal 1995; Dewji &. Do 1996; Donnelly
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et al 1990; Lahiri & NaII 1995). However~ osmotic stress selectively upregulated APP

mRNA and protein in neurons of the supraoptic and paraventricular nucleus concomitant

with expression of the immediate-early c-fôs gene (palacios et al. 1995). The APP

promoter aIso responds ta growth faetor-mediated transcriptional activation (Lahiri &

Nall 1995) suggesting the possibility that enhanced expression in target tissue follows an

increase in local concentrations of neurotrophins due ta the loss of tùnctional innervation

(Banatietal1994; Wallace et al 1993).

2.3.3 Expression in aging and Alzheimer~s disease

Cellular APP content. as measured in peripheral lymphocytes~ is positively

correlated with age (pallister et al 1997). In aged human brain, there is a trend towards a

higher ratio of751n70 to 695 isoforms (Anderson et aL 1989; Kônig et al. 1991; Koo et

al. 1990b, Tanaka et al. 1992). Specitically in Alzheimer's disease, the data is most

consistent for a relative increase in the proportion ofthe 770 isofonn (Tanaka et al 1988,

1989; Kômg et ai. 1991). There May aIso be brain region-specifie increases in the

proportion ofKPI-containing isoforms in Alzheimer's disease (Johnson et ai. 1990; Neve

et al 1988)~ although this is not a universal finding (Tanzi et aI. 1993). It is noteworthy,

however, that APP expression in A1zheimer's disease brail1y as in control brain,. remains

primarily neuronal (Tanzi et al 1993). In this respect Alzheimer's disease differs trom

most acute neurotoxic insults in which glial APP expression is upreguIated.

2.4 The processing ofAPP

APP is a highly processed protein. The A~ peptide is a minor produet of APP

metaboIism, but its prominence in Alzheimer~sdisease has made the processing ofAPP a

field of intensive investigation.. The foIIowing sections review the early data regarding
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APP metabolis~ and Chapter 4 expands on this subjeet with work completed for this

thesis~ Unless otherwise stat~ amino acid numbering is based on the 695 isoform.

2~4.1 Post-translational processing

During i1s transit through the endoplasmic reticulum and Golgi apparatus, APP

acquires glycosaminoglycan side chains (Dyrks et aL 1988; Weidemann et al 1989;

reviewed in Breen et al. 1998). Although 2 potentiaI sites near the transmembrane

domain exist for N-linked attachment of carbohydrate residues (i.e.~ Asn-Xaa.-SerlI'hr

where Xaa cannot be proline)? only AsI1467 appears to be used (pihIsson et al. (992).

Enzymatic analysis ofthese residues incficates that the oligosaccharide is of the bi- or tri

antennary complex type with a fucosylated tri-mannosyl core and bisecting N-acetyl

gIucosamine residues (Saïto et ai. 1995). Sialic acid residues are variably incorporated

on the N..linked gIycosaminoglycan side chams, apparently in a developmentaIly

reguIated pattern (Saito et al. 1995; Sodeyama et al 1994)~ APP is aIso tyrosine

suIphated in the trans-Golgi network on one or both of TY[217 and Tyr267 (Schubert et ai.

1989c; Weidemann et al 1989)~ APP can carry O-linked carbohydrate residues which

attaeh to SerlThr sites (Weidemann et al. 1989). Pangalos and co-workers (1995) have

aIso described serine-linked chondroitin sulfate glycosaminoglycan attachments to APP

(Appican) and APLP2. Appican is found in human brain where, cell cultures studies

suggest,. it is produced aImost excIusively by astrocytes (Shioi et al. 1995)~

The post-translational modifications noted. above are concentrated in the

extraeellular portion ofAPP and are postuIated to play a role in APP-mediated cell-eell

and cell-matrix interactions (Breen et al 1998)_ An additionai form ofpost-translatîonal

modfficatio~ threonine and serine phosphorylatio~ occurs within the cytopIasmic

domain ofAPP_ The cell cycIe-dependent p34cdc2 kinase phosphorylates APP at Tbr66&
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with the highest level of phosphorylation occurring at G2/M when this kinase ïs

maximalIy active (Suzuki T.et aL 1994). Whether this resuIt is relevant to non

replicating CNS cells is questionable. A kinase that is highly expressed in b~ the

proline-directed glycogen synthase kinase -3P. also phosphorylates APP at this residue in

vitro (Alpin et al 1996). APP is not a substrate for another multifimctional proline

directed protein kinase expressed in neurons. mitogen-aetivated protein kinase (Alpin et

al 1996; SuzuIà T. et al. 1994). Othee. in vitrot studies have demonstrated that protein

kinase C and caIciumlcaImoduIin-dependent protein kinase II (CaM kinase mcao

phosphoryIate SerCSS5t and that CaM kinase II can phosphorylate ThrCS54 (Gandy et al.

1988; Suzufri et al 1992). The significance of these modifications is unclear. As is

discussed belowt kinases influence APP processing, but phosphorylation of APP per se

does not appear to be required (Efthimiopoulos et al 1994).

2.4.2 Cellular trafficking

APP is subject to polarised traffïcking within the widely used model system.

Madîn-Darby canine kidney cells (e.g. t Haass et al 1994b). and within neurons (e.g.•

Koo et al. 1990a). In the polarised kidney epitheIiaI cells, APP and i15 metabolites

appeared aImost exclusively (90%) in the basolateraI compartment. Mutation studies

reveaIed two sorting mechanisms involving distinct pools of APP (Haass et al 1995).

Protein destined for the cell surface was directed to the basolateral suriàce according to a

C..terminus signal involving Tyrcsn and [css ofthis motifredirected some ofthe protein to

the apical compartment Hawever~ metabolites of APP CODtinUed ta be sorted ta the

basoIateraI compartment suggesting there are additional signais in the ectodomain that

participate in œil trafficking..
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While these resuIts are intriguin& it should be noted that epithelia and nemons do

not necessarily use or interpret sorting signaIs in an identicaI fashio~ and APP trafficking

is a case in point (reviewed in Higgins et al. 1997). Most basolaterally trafficked proteins

Wldergo dendritic sorting in neurons. but APP underwent fast anterograde axonal

transport (Koo et al. 1990a; Morin et al 1993), in a process mediated by signais

embedded in the N-glycosylation domain and in the juxtamembranous AI3 domain

(Tienari et al 1996). Loss of these signaIs favoured somatodendritic localisation,

probably directed by a recessive signal in the C terminus (Tienari et al. 1996). Sîmoos et

al (1995) have demonstrated transcytosis of APP in hippocampal neurons with protein

first delivered to the axon and subsequently endocytosed and rerouted to the dendrites.

In addition to sorting of the prote~ Tanzi et al (1993) have reported

compartmentalisation ofAPP message. Along with the expected perinuclear site, mRNA

was localised to apical and proximal dendrites and to the axon hillock implying the

capacity for translation within specifie neuronal compartments. Previously, Denman et

al (1991) had shown that APP message is not translated with maximal efficiency; 70%

of APP69S mRNA and 50% of APP7Stn70 mRNA in rat brain was associated with

polysomes. These two studies, taken together, suggest a rapid response capacity for site

specifie expression ofAPP. and add to the complexity ofcontrol exerted by the cell over

this protein.

2.4.3 Proteolysis

APP is a substrate for three secretase activities (Fig. 2) [reviewed in Checler

1995J. Themajority ofAPP is directed to the constitutive exocytic pathway in which a

secretase cleaves the proteÛl at the L}'S6lrLeU613 bond to generate a soluble N-terminaf

ectodomain (APPaS) and a membrane embedded C-terminaI fragment (Esch et aI. 1990;
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• Kuentzel et al 1993). The C...terminaI fragment is subsequently cleaved within the

transmembrane domain by y-secretase to yieId a second secreted fragmen~ a 3kD peptide

referred to as p3 (Busciglio et al. 1993a; Haass et al. 1992b~ (993).

The kineties of APP metabolism were reported by Kuentzel et al (1993) working

with endogenous APP7StmO in human H4 neuroglioma cells. Radioactivity mass balance

analysis indicated that 70-80010 of synthesised protein was degraded before post

transIational processing was complete. Only mature~ terminally glycosylatecl membrane

embedded. APP was a substrate for secretase processing. The haIt:life ofthis protein was

short with the cleaved ectodomain detected in cell lysates concomitant with the

appearance of mature APP. The halt:Iife of appearance of the secreted N-terminal

fragment in the extracellular medium was approximately 30 min. This is consistent with

an APP half-life of30 ta 60 min reported by others (Oltersdorf et ai. [990; Overly et ai.

1991; Weidemann et al. 1989). Cleavage produets are detected intracelIuIarly in vitro

(Kuentzel et al. 1993; Sambamuni et al 1992) and in vivo (Sapirstein et al. 1994; Tokuda

et al 1994)~ but a portion of APP is delivered intact to the cell surface where it is also

subjeet to a-secretase cIeavage (Koo & Squazzo 1994; Lo et al 1994).

a..secretase proteolysÎs is enhanced by neurotransmitters that activate G protein

coupIed receptors expressecl endogenously or by transfectio~ in a variety of cell types

(reviewed by Buxbaum &. Greengard 1996 and ~rtsch & Growdon 1994)~ These incIude:

Ml and M3 muscarinic receptors (Farber et aI.. 1995; ~rtsch et aL 1992; SIack et al

1995; Wolfet a. 1995). serotonin S-fIT2a and S-HT2c receptors (N"rtsch et al. 1996)~ and

metabotropic glutamate receptors (Lee et al. 1995)~ A variety of other stimuli are

reported to increase APPaS secretion incIuding: estrogens (Jaftè et aI. 1994), interleukin-l

and -IP. (Buxbaum. et aI.. 1992; VasiIakos et al 1994), bradykinin (N"rtsch et aI.. 1993)~

and tbrombin (Davis-SaIinas et al 1994).
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Most of these stimuli converge at the IeveI of intraceUuIar signalling molecules

and modulation of the processing of APP after receptor activation can he replicated by

direct activation of these molecuIes. ThDS~ phorbol esters mimic activation of the

phosphoüpase C/protein kinase C cascade to produce an increase in APPaS secretion an~

ingen~ a decrease in A(3 secretion (Buxbaum et al. 1993; Mills et al. 1996; SIack et aI.

1995). Mellitin mimics activation of phospholipase A2 with similar downstream effects

on APP metabolism (Emmerling et aI. 1993; Nitsch et al. 1997). Increased intracellular

calcium may also influence APP processing but the effect appears ta be compl~ perhaps

reflecting activation ofproteases as weil as participation in signaIling cascades (reviewed

in Buxbaum & Greengard 1996 and Checler 1995). A central role for mitogen-aetivated

kinase as the ultimate downstream effeetor of the multiple signal cascades affecting APP

processing is suggested by the recent studies ofMiIis et al. (1997) and Desdouits-Magnen

et al (1998). As noted abo~ phosphorylation of APP itself does not appear to he

involved in regulating ex-secretase aetivity. The mechanisms responsible have yet to be

determined.

A minOi proteolytie pathway involves cleavage at the Met596-Asps97 bond (695

numbering) by f3-secretase followed by y-secretase cIeavage of the resulting C-terminaI

fragment to release the 4kD A(3 peptide (Haass et al. 1992b; Seubert et al 1992).

Although the meties of p3 and A13 peptide generation are similar (BuscigIio et al

1993a)~ Œ- and p-secretase aetivities diverge at the level of the trans-GoIgi (e.g.y

McConIogue et ai. 1996) and can be discriminated by pharmacologie manipulation and

by mutation..

Treannent with ammonium chIoride or chIoroquine decreases Ail production

(Fuller et al. 1995; Haass et al 1993; HigaIri et al 1995) implieating an acidic
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compartment as the site of its generation. Whether this acidic compartment is the

lysosome is controversiaI.. Lysosomal enzyme inhibition increases the lysosomal content

ofC-terminal fragments bearing an intact A~ domain leacling to speculation that a pool of

APP may be trafficked to this organelle for degradation an~ in the process~ set the stage

for Af3 generation (Caporaso et aI.. 1994; Golde et al. 1992; Raass et al. 1992a; Hayshi et

al. 1992; Siman et al. 1993). However~ multiple lines of evidence (our own studies

included) suggest that (3-secretase cIeavage occurs within the trans-Golgi network or

within endosomes, and those C-terminaI fragments that escape immediate y-secretase

cIeavage are direeted to the lysosome for degradation (Dyrks et al. 1993; Gabudza et al.

1994; Haass et al. 1993; Higaki et al 1995; Kuenetzel et al. 1993; Nordstedt et aL 1993;

Yamazaki et al. 1996).

The human Ap sequence appears to be naturally amyloidogenic, panicuIarly as

expressed in human astrocytes and neurons (BuscigIio et al. 1993a; Wenkin et al 1993).

When human protein or rodent protein ~humanised» by mutation is expressed in rodent

neurons, the amount of4kO peptide secreted is increased relative to that derived from the

naturaI rodent protein (De Strooper et al. 1995). Rare mutations associated with

hereditary Alzheimer's disease or cerebral amyIoid angiopathy increase A(3 secretion

(Cm et ai. 1993; Citron et al 1992; Haass et al. 1994a; Levy et al. 1990). These

mutations cluster around the ct- or p-secretase cleavage sites~ although it is unclear

whether the aItered amino acids influence enzyme specificity. protein trafficking. or bot&.

The unusual apical secretion of Af3 derived tram the Swedish mutant fonn. of APP in

Madin.-Darby canine kidney cells (La et aI.. 1994),. and the demonstration of a unique

intraeenular pool ofAf3 derived from the Swedish mutant APP in COS-I cells (Martin et

al 1995) suggest that this APP lJ111taIlt.. atI~ is sorted.aberrantly_
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The identity of the a.-, (3-, and y-secretases remains unresolvecl A number of

candidate proteases have been identified that can cleave synthetic peptides at the

appropriate sites (reviewed in Checler 1995). As weIl, protease inhtbitors have been

useful in classifying the primary aetivity of the secretase enzymes in intact cell systems

(e.g., Citron et aI. 1996a). In this regard, inclusion of the Kunitz protesse inhibitor

domain does not seem to influence proteolytic processing ofAPP (Ladror et al. 1994).

a.-Secretase appears to recognise its cIeavage site in relation to distance trom the

membrane and is relatively resistant to amino acid changes (Maruyama et al 1991).

Conversely, (3-secretase aetivity is sequence sensitive and most amine acid substitutions

abolish cleavage (Citron et al 1995). It should be noted that there is microheterogeneity

in the N-terminaI amino acids ofboth A(3 and p3 suggesting laxity in substrate-enzyme

recognition or binding (e.g., Busciglio et aL 1993a).

More recentIy, attention bas fallen on the y-secretase because of the realisation

that a longer, more fibrillogenic 42143 amino acid form of Af3 is the initial peptide to

dePQSit as amyIoid in the brain (Lemere et al. 1996). Most A~ or p3 terminates at Vales

but. in 10% ofsecreted peptid~ the cleavage occurred two or three amine acids further

C terminaI (Asami-odaka et al. 1995; Citron et aL 1996b). Sînce the longer forms are

generated constitutively at a fixed percentag~ any manipulation that increases 13

secretase cleavage has the concomitant effect of increasing secretion of AIl(42143). As

weil certain familial A1zheimer"s disease pedigrees are associated with mutations

adjacent to the y-secretase cleavage site. ThUS,. mutation of Vahl7 (770 numbering)

[Suzuki N. et al. 1994; Tamaoka et al 1994] or llen6 (Eckman et al 1997) promote

production of the longer peptides. Mutations in the presenilin 1 and 2 proteins? which

comprise the majority of hereditaIy A1zheimer's diseas~ have also been shown to
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promote y-secretase activity at the more C-tenninal site (Borchelt et al 1996; Tomita et

_al. 1997)~ There is experimentai support for the notion that y(40) and y(42/43) are

distinct enzymes (Citron et al 1996b; Klafki et al 1996a)~ but their identity and relation

ta APP trafficking and N-tenninaI secretase cleavage remain to be resolved.

2~S The fimction ofAPP

Despite its widespread expressio~ the cellular fimction of APP is poorly

understood. Most work ta date bas focussed on its raIe in neuronal differentiation

wherein cell surface APP or the soluble APP ectodomain may aet in concert with

extraceilular matrix and cell acIhesion molecules ta facilitate neurite growth. However~ a

number of other properties have been ascnlled to APP that may affect the function of

mature CNS ce[]s~ These aetivities are summarised below. Chapters 5 and 6 descnbe

wor1c, completed for this thesis~ that explores the functional consequences of APP

averexpression in our modeI œil system.

2.S~1 RoIe in neuritegrowth

The best studied biologica1 roIe for APP is its ability ta promote the

morphologica1 changes accompanying neuronal ditrerentiation. AFP is a cell surface

protein (Itmg et al 1996) being 10caIised to patches at the tips af cell processes and in

growth cones ofaetively elongating neurites ofcuItured hippocampai neurons [Ferreira et

al 1993; Manson et al. 1994 (a1though see critique of Storey et al. 1996a)l and hmnan

gfioma cells (Kametani et aI.. 1990). rn mature cuItured neurons~ APP anubodies label

axons in a punetate pattern. This APP immunoreactivity co-IocaIises with cIathrin

(Ferreira et al 1993; Yamazaki et al 1997)~ pl inte~ (Storey et aI.. 1996b; YamaDki

et al 1997)~ talin (Storey et al 1996b) and a-adaptïn (Yamazaki et al 1997)~ APP aIso
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co-iocalises with (31 integrin in astrocytes (Yamazaki et al 1997)~ The co-locaIisation

data have been interpreted to mean that APP is a component of adhesion patches ancL

through extraceUular matrix binding domains on it ectodo~ assists in axonaI growth

and stabilisation~

APP possesses a high and a Iowaffinity heparin binding site through. wbich it

interacts with the heparan sulfate proteoglycans within the extracellular matrix (Multhaup

1994; Multhaup et al. 1994)~ APP bas additionally been shown to bind fibrone~

coUagen IV. entaetin, and Iaminin with high affinity (Narindrasorasak et al. l 995)~ It is

interesting to note that extracellular matrix proteins influence the biogenesis of AFP in

vitro (Bronfinan et al. 1996; Mënning et al. 1995; Octave et aI~ 1989)~ Extracellular

adhesion molecuIes are aIso a prominent and early component of Alzheimer·s disease

plaque and angiopathy prompting speculation that aberrent tissue remodelling is involved

in the disease process (Eikelenboom et al. 1994; Munomâki et al. 1992; Snowet al.

1988).

Secreted APP eetodomain accumulated in association with microexudate

produced by cultured cells (KIier et aI. 1990; Small et al 1992). Substratum-bound APP~

in conjonction with heparan sulfate proteoglycans. was neuritotropic for chick

sympathetic neurons and rat hippocampal neurons (SmaIl et al. (994). A. heparinase

insensitive neuritotropic aetivity was descnoed by Ninomiya et al. (1994). aIthough this

was IocaIised to residues 319-335 which Multhaup (1994) had previously found to be a

big&. affinity heparin binding site. Cell-associated APP is aIso involved in neuritogenesis.

Antisense treatment that effectively downreguIated APP expression inhibited neurite

outgrowth in cortical nemons (AIlinquant et al 1995),. and in differentiated PCl2 cells,

(K1èbey et al 1993). Recent wade with primaIy cultures ofastrocytes and neurons ftom

APP-deficient mice eIucidated complementary roles for secreted and cell...associated APP
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• in neuronal development (Perez et al 1997). Neurons appeared. to require cell-associated

APP for survivaJ, axogenesis, and arborisation. Astrocyte-derived APP secretory

products influenced axon growth, dendrite number and branching.

The mechanism(s) by which APP might accomplish these effects remains to he

determin~ but is likely to be muItifaetorial given the complex, cell-type specifie

processing and devejopmentally regu1ated expression of APP. Signal transduction may

play a role. Soluble APP stimuIated tyrosine phosphorylation of insulin receptor

substrate-l in PCI2 cells suboptimaIly treated with nerve growth factor (NGF)~ thereby

potentiating the neuritotropie effec1s of NGF (Wallace et al. 1997). Activation of the a

subunit of the guanosine triphosphate (GTP)-binding protein Go increased the number of

neurites per neuroblastoma œIl (Strittmatter et al. 1994)~ and membrane-inserted APP is

reported to complex with Go through aC-terminai binding domain (Nishimoto et al

1993). As weil, APP May play a role in ttanscriptional activation of cytoskeletaI

proteins~ as reported by Ramakrishna et al. (1997) with respect to J3-actin gene expression

in COS-l cells. Protease inhibition may be important~ both to initial neuronal

development and to repair and pIasticity in the mature brain. KPI-containing APP7S1 was

shown to induce axonaI sprouting in the sciatic nerve, perhaps by removing the inhibitory

influence of proteases such as thrombin (Alvarez et ai. 1992). By enhancing œil

adhesion (LeBlanc et al. 1992; Schubert et al 1989b)t APP may contribute to the tensile

forces required for the poIarised growth of microtubuIes (Lafont et al 1993).

Altemativelyl' APP may directly interaet with the cytoskeIeton.. Binding mediated by a

C-terminal domain bas been demonstrated in cuItured neurons (Allinquant et al 1994).

Examination ofAPP in vivo- suggests a mIe for this protein in synaptogenesis. As

noted inSection 2.3.11' APP expression is upreguIated in deveIoping neural systems at the

time synaptic connections are estahlished (e.g., Moya et al 1994). Using confocal and
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eIectron microscopy to examine synaptic sites in rodent b~ Schubert et al (1991)

observed that the majority of synapsin-positive structures were aIse immunoreactive for

APP~ although the vesicular localisation of these proteins was separate. Most recently. a

synaptotrophic eifect was demonstrated in mice transgenic for wild-type APP695 or

APP7S1 (Mucke et al. 1994)~ or for a familial A1zheimer·s disease mutant fonn of APPUI

(Wong etal submitted).

2.5.2 Other activities

While not necessarily divorced from the raie APP May play in neuronal

differentiatio~ a number of other aetivities have been reported for this protein or its N

terminal fragment. The KPI domain of APP is a relatively specifie inhibitor of sorne

trypsin-like arginine esterases (Sinha et al. 1990). Indeecl the APP7SI tt-secretase

ectodomain is identical to protease nexin 2. an inhibitor ofplatelet coagulation factor XI.

(Smith et al 1990) released from its storage site in platelet ct-granules in response to

activating stimuli (Cole et al 1990; Li et al (994). In addition. a metalloproteinase

inhibitor domain capable of inhibiting the matrix-degrading enzyme geIatinase A has

been 10caIised to the C-tenninaI portion ofthe APP ectodomain (Miyazaki et al 1993).

Within the cysteine-rich portion of the N-terminus of APP and APLP2 resides a

binding site for copper type II (Hesse et al. 1994). APP Mediates a redox reaction in

which bound copper(lI) is reduced to copper(l) [MuIthaup et al 1996J. APP also binds

zinc(ll) and binding ofthis ion has been shown to moduIate the interaction with heparan

sulfate proteoglycans (MuIthaup etaL1994).

APPaS. at nanomolar concentratio~ suppressed action potentiaIs and

hyperpolariSed cultured hippocampal neurons (Furufcawa et al 1996). Wrthin

hippocampal slices~ APPaS shifted the frequency dependence for induction of Iong-term
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• depression and enhanced long-term potentiation induced by high frequency stimulation

(Ishida et al 1997). Both eifects involved guanosine 3',5'-cyclic monophosphate

(cGMP)-dependent activation of high-conduetance potassium channels that in~

modulated calcium influx.. RemovaI of extraeeIIuIar APP in vivo by the intraventricuIar

infusion of N-tenninaI-directed annbodies impaired performance on passive avoidance

tests ofmemory in 2 separate studies (Doyle et al. 1990; Huber et al 1993). Moreover,

intraventricuIar administration ofan APP peptide comprising residues 319-335 improved

Performance in leaming and memory tests (Roch et al. 1994). Thus, the secreted APP

ectodomain appears ta positively influence memory formation.

In addition to having a potential modulatory raie in caIcium-mediated neuronal

aetivatio~ Mattson and colleagues have descnoed a protective raie for APPaS in calcium

mediated neurotoxicity (Barger et al. 1995; Manson et al. 1993). In these studies,

pretreatment of cultured neurons with APPaS stabilised [Ca21i in the face of glutamate

activation ofN-methyl-D-aspartate (NMDA) receptors or hypogIycemia Treatment with

APPczS evoked a rapid inerease in cGMP that, as noted in the electrophysiological studies,

mediated theattenuationof[Ca21i (Bargeret ai. 1995; Manson et al. 1993).

Secreted AFP is reported to be an autocrine factor in the growth reguIation of

fibroblasts (Saitoh et al. 1989; Schubert et ai. 1989a). Nanomolar concentrations of the

secreted APP7S1 (but not APP69S) ectodomain were mitogenic for Swiss 3D fibroblasts

(Schubert et al. 1989a). Similarly, low concentrations of APPaS restored growth in

human tibroblasts in which endogenous APP was suppressed by an antisense expression

vector (Saitoh et al. 1989)~ No mechanism was explored in these early studies, but

APPaS bas been shown ta activate mitogen-aetivated protein kinas~ which couId
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influence cell viability and proliferation (e.g.~ Greenberg et al 1995). This topie is

discussed further in Chapter6.

Despite its very different topology~ membrane-inserted APP was reported to

exht"bit some properties ofa G protein-coupled receptor. The cytoplasmic tail sequence

657-676 bomld and activated Go. This response couId be abolished by treatment with

pertussis toxin and stimuIated by exposure to monoclonal antibody 22err, which

presumably induced dimerisation or comfonnational changes through binding its N

terminal epitope (N'lShimoto et al. 1993; Okamoto et al 1995). Nishimoto's group have

recently expanded on these studies by demonstrating that expression of a familial

Alzheimer's disease fonn of APP in a neuronaI-like COS cell clone induced apoptosis~

and that this effect involved activation of Go protein (Giambarella et al. 1997; Yamatsuji

et al 1996). These resuJts, while intriguing, are difficuIt to reconciIe with the apparently

normal brain deveIopment and function in individuals carrying this mutation. However,

toxicity secondary to APP expression bas been reported in transfectecl

neuroeetodermally-differentiating P19 cells (Yoshikawa et aL 1992), transfect~

differentiating neuroblastomaceIls (Maruyama et al. 1994)~ and fetaI trisomy 21 neurons

in culture (Busciglio & YanImer 1995). These studies do suggest that overexpression of

the hoIoprotein carries a biological consequence and that commitment to a neuronal

phenotype induces the cellular machinery through which APP~ or its metabolites~ might

act adversely. Chapter 5 explores tbis theme further.

2.6 Aetivi1y ofA~ peptide

There is a weaIth ofinformation regarding the aetivity of Ail in vitro and in vivo

(reviewed by Mattson 1997). However~ Most of the literature descoèes the effects of

supraphysiological (greater tbm picomolar) concentrations ofpeptide-, and the relevance
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ofthese results to AIzheimer~s disease pathology remains to be established These data

will be briefly swnmarised below? as will sorne ofthe work regarding Ail aggregation.

2.6.1 Toxicity in vitro

A131-40(42)? or a peptide comprising residues 25-3 5~ is widely reported to induce

apoptosis in a variety of cultured primary and clonai neuronal-type cells (e.g. Estus et al.

1997; Forloni et al. 1993; Le et aI. 1995; Li et al 1996; Loo et al 1993; Watt et al 1994;

Zhao &. DuftY 1996). Necrosis has aIso been descnèed (Behl et al. 1994a; Gschwind &.

Huber 1995). In generaf. these results retleet exposure to 10-100 pM of peptide~

concentrations that far exceed those found in cerebrospinal f1.uid or plasma (Seubert et al.

1992). Sensitivity to AI3 is aIso notably cell-type dependent PC12 cells, which are

frequently used in these experiments, are very susceptible (Gschwind &. Huber 1995;

Pilee &. Cotman 1993~ 1995). Variations in phenotype, culture conditions? and age of

primary neurons aIso render direct comparisons difficuIt The mechanism(s) of AI3

induced neurotoxicïty has yet to be resolved,. but the molecular repertoire of a given cell

type may he a major factor. For exampl~ NGF inhibited or enhanced toxicity in A(3

treated pe12 cens depending on the complement ofhigh and Iowaffinity NGF receptors

expressed (Rabizadeh et al 1994).

Analogous to excitotoxicity? disruption of calcium homeostasis appears to play a

raIe in AIJ neurotoxicity. NMDA channel activation enhanced A~ toxicity in a substantia

nigralneurobIastomahybridceIlline and in cuItured cortical nemons (Koh et al 1990; Le

et al 1995). Ap-Induced toxiCÏty was independent ofNMDA receptor activation in two

other studies of cuItured cortical neuro~ however (Brown et aI. 1997; Busciglio et al.

1993b). Mattson and colleagues (1992) showed that AI3 enhanced the suscepuèility of
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human cortical neurons to apoptosis induced by calcium ionophore or glutamate without

indueing toxieity itself (Mattson et al 1992). When calcium influx was attenuated by

activation of metabotropic glutamate receptors (Copani et al 1995). or buffered by

calcium-binding proteins (Pilee & Connan 1995). cells were rendered resistant to AI3

indueed apoptosis.

Ap treatment induced expression of c-Iun and subsequent apoptotie death in

cortical neurons (Estus et al 1997). Conversely. treated y-aminobutyric acid

(GABA)ergïc bippocampal neurons did not express c-Jun and were resistant to AI3

(Anderson et al 1995). These studies. and the demonstration by Paradis et al. (1996) that

Ap indueed the down-regulation ofthe anti-apoptotic protein Bel-2 in favour of the pro

apoptotic protein Bax. suggest that it is acting through induction ofan apoptone program

as opposed to directly damaging cells. Surprisingly. therefore. enhanced expression of

Bel·2 did not inhibit A(3-induced apoptosis (Behl et al. 1993).

There is considerable experimental data relating oxidative stress to A(3 toxieity.

Nitric oxide May serve as a pro-oxidant second messenger in Ap-exposed cells (Goodwin

et al. 1997; Le et al [995). AItematively. AI3 may impair the redox activity orthe cell

(Shearman et al. 1994) and cause accumulation of mitoehondrially-derived hydrogen

peroxide (Behl et al 1994b; Mark et al 1997). Binding of Ail to the receptor for

advanced glycation end products (RAGE) is reported to induee oxidant stress in neurons

and microgIia (Yan et al. 1996). FinaIly. Ap can generate ftee radicaIs in eell-ftee

systems and. thus~ bas the potentiai to direetIy injure membranes and macromolecules

(Hensley et al 1994). Mitochondrial DNA damage (Bozneret al 1991). aetÎVation ofthe

transcription factor NF-lCB (Ka1tschmidt et al. 1997)~ activation ofgIutamine synthetase

2S



and creatine kinase (Hensley et al 1994)~ and impairment of Na"'IIC"-ATPase aetivity

(Mark et al 1997) have ail been ascnoed to A(3-mediated oxidative stress.

2.6.2 Toxicity in vivo

Data regarding neurotoxicïty induced by AJ3 in intact brain cornes ftam two

experimental paradigms: direct injection (Emre et al 1992; Frautschy et al. 1991; Games

et al 1992; Giordano et al. 1994; Kowall et aI. 1992; Podlisny et al. 1993; Stein-Behrens

et al. 1992; Weldon et al. 1998) and transgenic engineering (Gantes et al. 1995; Holcomb

et al 1998; Hsiao et aI. 1995, 1996; Nalbantoglu et aL 1997; SturchIer-Perrat et al. 1997).

Neither technique bas reproduced the spectrum of Alzheimer's disease-type

neurodegeneration. Nonetheless, sorne aspects of Alzheimer's disease pathology are

induced including abnormal phosphorylation of tau, reactive gIiosis~ microgliaI

aetivatio~ Ap accumuIatio~ and neuritic changes (e.g.. Frautscby et al. 1991; GeuJa et al.

1998; Irizarry et al. 1997; Sturchler-Pierrat et al. 1997). Impaired leaming has been

demonstrated in sorne transgenic pedigrees (Holcomb et al 1998; Hsiao et aI. 1996;

Naibantogiu et al. 1997). Work in vivo remains stymied by the apparent species- and

aglHiependent nature ofthe response (Geula et al. 1998).

2.6.3 Trophic aetivity

Subnanomolar concentrations ofAp peptides were mitogenic in pel2 cells (Luo

et al 1996) and Apl-28 was reponed to enhance the early survival of hippocampal

nemons (Whitson et al 1989). When applied to culture sub~ AIJ promoted

attaebment and neurite outgrowth in cuItured conical or hippocampal nemons (Koo et al

1993; Wujek et al 1996). Low concentrations ofpeptide have been reported 10 aetivate
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tyrosine phosphorylation in PCl2 cells (LUQ et al 1995~ 1996)1P aIthough whether this

functions like tyrosine phosphorylation stimulated by growth factors is unclearr Most

reports of A~ and cellular kinases indicate a taxie interaction (Takashima et al 1993;

Yankner et al 1990a; Zhang et al 1994).

2r6.4 Ap as ligand

Shortly after its discovery~ Ap was proposed to be a peptide ligand based on

antibody studies and on simiIarities between AFP and the epidermal growth factor

precursor (Allsop et al. 1988). The strongest support for this notion cornes trom studies

in peripheraI tissues wherein Ap modulated substance P activity via serpin receptor

complex binding (Joslin et al. 1991; Khalil et aI. 1994). Yankner et al. (I990b) reported

that both the early neurotrophic and late neurotoxic effeets ofAp in hippocampaI cultures

involved tachykinin receptors~ but these results were not replieated (Rush et aI. 1992) and

A(3 was shown to Înteract onIy weakly with tachykinin receptors despite sorne amino acid

similarities with the true neuropeptide ligands (Kimura & Schubert 1993; Mitsuhashi et

al 1990; Rovera etaI. 1992).

2.6.5 Ion-mediated effects

As noted abov~ Ap appears to destabilise calcium homeostasis. One mechanism

MaY involve the ability of this hydrophobie peptide to incorporate into lipid structures

and form eation-seIective channels (Arispe et al 1993~ 1996). Af3 was afso reported to

interferewith. nicotine-invoked calcium influx inPC12 cells (Takenouchi et al. 1994) and

potassium-invoked acetylcholine release in hippocampal slices (Kar et al. 1996).

Potassium channel dysfimetio~ identical ta that round in fihroblasts nom AIzheimers
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disease patients, was induced in normal fibroblasts exposed to nanomolar concentrations

ofAJ3 (Etcheberrigaray et al 1994)p

2.6p6 Fibrillogenesis

Al} toxicity is enhanced by aggregatio~ and variation in the aggregate content of

test solutions bas been a confounding factor in much experimental work (discussed in

Mattson & Rydel 1992). There are many things that induce AJ3 fibrillogenesis and/or

aggregation including: low pH (Burdick et aL 1992; Wood et a. 1996); zinc (Esler et al.

1996), time in solution (Burdick et al. 1992; Pike et al. 1991), apolipoprotein E4 (Ma et

al 1994; Sanan et al. 1994; Wisniewski et aL 1994), complement protein CIQ (Webster

et al 1995), beparan sulfate (Kisilevsky et al. 1995), Ctt-antichymotrypsin (Ma et aL

1994) and transglutaminase (Dudek & Johnson 1994).

Structural studies have reveaIed that A~ tibrils are formed spontaneously through

conversion of the Cl helical peptide into a ~·pleated sheet stabilised by ifs hydrophobie

core (residues 17-21) [reviewed in Kisilevsky &. Fraser 1997]. The fibrils, 7-10 nm in

diameter and of varying lengths, selt:assemble into protofilaments that are the basis of

amyIoid Aggregation is a 2-step process involving,~ formation of a nucleation

centre and, second, propagation of fibril formation. The thermodyoamic barrier to

nucleation introduces a lag rime in the aggtegation of A(3 that is much shorter for the

42143 amino acid form of the peptide. Renee, an abondance of the longer peptide

acceIerates amyIoidosis and may he the basis of the earlier onset of hereditaIy

AIzheimer"s disease.. Onceform~ Ap amyloid is very resistant to degradation.
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Figure 1. Schematic ofthe motifs round within the APP gene. A. The 18 exons encoding

APP770 are shown with. the corresponding structural motifs deduced trom the amino acid

sequence. The signal peptide (SP) is followed by a region rich in cysteine residues ancl

th~ by a stretch of sequence whicf1 is 45% Asp and Glu residues imparting a highly

negative charge to the region. The Kunitz protease inhibitor (KPl) domain and short

sequence with homology to the OX-42 antigen are aItemately spliced, as is exon IS.

AIthough there are two potential N-glycosylation sites, only one appears to be used.

FoUowing the transmembrane (TM) domain is a short cytoplasmic taiL The Af3 peptide

derives from exons 16 and 17, and is partially contained within the transmembrane

domain. B. The APP promoter lacks a TATA box and 15 GC-rich - both features of a

bouse-keeping promoter. Two AP 1 binding sites and one region bearing bomology to

heat shock response elements are presen~ together with possible CpG methylation (Msp

1) sites. C. Two polyadenyIation signaIs within the 3' untranslated region give rise to two

posstble mRNA transcripts of3.2 and 3.4 kB, respectively.
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Figure 2. Schematic of the AJ3-peptide region showing its orientation within the plasma

membrane. The sites for cleavage by a-~ J3-~ and y-secretases are indicated as are the

locations of hereditary mutations known to enhance production of amyloidogenic

peptide.
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Chapter3

The Model System

3.1 The P19 cell Une

3.L1History

Embryonal carcinoma cells are plurÎpotent stem cells generated through cloning

of experimentally induced teratocarcinomas (reviewed in Graham 1977). Michael

McBumey (University of Ottawa) produced the P19 cellline in 1982 by grafting 7-day

egg cylinders from C3HJHe mice to the testis of syngeneic maies (McBurney & Rogers

1982). The resulting primary tumour was directly subcloned, and the derived P19 cell

line expanded and characterised. P19 cells have a normal maie karyotype (40:XY) and,

therefore, display normal gene dosage and chromosome stability. When injeeted into

blastocytes (even as a single cell), they produce chimeras of a wide variety of tissues

(Rossant & McBumey 1982). However, few live progeny result and these animais

typicalIy contain embryonaI carcinoma tumours in addition to apparently normal

chimeric tissues. Such studies demonstrate the piuripotentiai nature of P19 cells but,

aIso, suggest that the environment in vivo is not sufficient to ensure complete revemon of

these cells to normal germ tissue.

PI9 cells differentiate poorly under standard culture conditions~ but retain the

capacity to undergo induced differentiation after repeated passaging in vitro (Fig. 3).

Chemical induction in conjonction with a shift ta growth as aggregates is required ta

activate a cfifYerentiation gene program.. Monofayers ofWldifferentiated cells are replated

onto a substrate (e.g.~ bacteriaI grade plastic dishes) to which they cannat attach forcing

the cells to seW-adheœ and grow as aggregates or embryoid bodies. In the presence of
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10-7 M alI..trans retinoic acid the cells undergo neuroeetodermal differentiation (Jones

Villeneuve et al 1982). In the presence of 0.5..1% v/v dimethyl suIfoxide the cells

tmdergo mesodermal differentiation (McBurney et al 1982). Retmoic acid treatment in

the absence of aggregatio~and aggregation in the absence ofretinoic acid fail to induce

differentiation except for the appearance of a smalI number of endoderm-like cells

(Jones-Villeneuve et al 1982).

P19 cells have been used extensively to study the molecuIar events involved in

differentiation (e.g.~ Kranenburg et al. 1995; McCormick et al. 1996) an~ in particuIar~

the role ofretinoic acid receptors in neuronal development (Ionie et al. 1994; reviewed in

Bain et al 1994). Further discussion ofthese themes is outside the scope of this thesis;

however, the characteristics ofneuroectodennaI progeny ofP19 cells are pertinent to the

studies described herein and are reviewed below.

3.1.2 Neuroectodermal progeny

MacPherson and McBumey (1995) have written a comprehensive review of the

protocols involved in culturing and differentiating P19 cells, as weil as describing the

phenotypic charaeteristics of the neuronal progeny. In additio~ the receptor expression

and electrical properties of long term neuroeetodermal cultures have been descnbed.

TypicaIIy, once retinoic acid..treated aggregates are plated ante a tissue culture

substrate, a monolayer of tibroblast-like cells migrates out from the aggregate. Within 3

days, neuronal-like cells are seen ta extend processes over this monolayer. With

increased time in culture the aggregates tlatten and astrocytes and the fibroblast-Iike cells

fOIm a confluent carpet ovec which neurons form an extensive interconnecting network

ofpoIarised œil processes. Beginning at 3 days~ and becoming established after 1 to 2

weeks~ the process-bearing cells become reacti.ve ta antisera against a number ofneuron-
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specifie markers including: neural cell adhesion molecule (N-CAM)~ the neurotiIament

proteins (NF 68, NF 160, and NF 200), microtubule-associated proteins (ta~ MAP 2),

neuron-specifie enolase (NSE)t neuron-specifie nuclear antigen (NeuN), growth

associated protein-43 (GAP-43)t and the synaptie vesicle proteins synaptophys~

synaptotagmin and syntaxin (Pinley et al 1996; MacPherson & McBurney 1995; Pamas

&Linial, 1995; Turetskyetal1993)~

The neurotransmitter profile ofneurons derived ftom PI9 cells elosely resembles

that orthe mammalian neocortex (Staines et aL 1994)~ The majority ofcells (-60%) are

GABAergic being immunoreactive for GABA and gIutamie acid decarboxylase, and

positive for both GABA-transaminase activity and high affinity GABA uptake sites

(McBumey et al. 1988)~ The neuropeptides somatostatin and neuropeptide Y are found

in -20% ofneurons. GABAergjc neurons are frequently immunoreactive for somatostatin

anel occasionallYt for neuropeptide Y. Neuropeptide Y and somatostatin themselves co

localise in - 10-200.rc. ofneurons positive for either neuropeptide. In very mature cultures

(> 4 weeks oId), -20% of nemons become immunoreactive for enkephalin. Cultures are

consistently negative for vasoactive intestinal peptide, choIecysto~ neurotens~ and

corticotropin-releasing factor. A very small number of ceIls (typically <1%) are

immunoreactive for eaIcitonin gene-reJated peptide, gaI~ substance Pt tyrosine

hydroxylase. dopamine {i-hydroxylase, dihydroxyphenylalanine (DOPA) decarboxyIase~

and serotonin.. SimiIarly. a small number ofcells demonstrate positive histochemistry for

acetylcholinesterase and for reduced nicotinamide adenine dinucleotide phosphate

(NADPH)-dependent diaphorase activity (Staines et al 1994).

Choline aœtyItransferase activity and evoked acetylchoIine reIease bave been

reported in P19 neurons (Jones-Villeneuve et al 1982; McBumey et al 1988; Pamas le.

LiniaI 1995); however,. the cholinergie phenotype appears not to be stahly or- reliably
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expressecl SimiIarly, MOst investigators find few catecholaminergic cells in retinoic

acid-treated PI9 cultures, but Sharma and Notter (1988) reported a predominance of

catecholaminergic neurons and the absence of neurons reactive ta annoodÏes against

choline acetyltransferase and glutamic acid decarboxyIase in their study of one PI9 cell

subline. It would appear that PI9 cells can be reIiably differentiated to neuronal cells,

but that the uitimate phenotype is a matter ot: as ye~ poorly defined genetic switches.

Concomitant with the expression of proteins for neurotransmitter synthesis,

neuroeetodermally differentiated P19 cells express receptors and eiectrical properties

supporting synaptic cQnnectivity in vitro. Funetional GABAA receptors mediating

inhibitory transmission have been descnoed in 1 to 12 day post-retinoic acid cultures

(Finley et al 1996; Reynolds et al. 1996). The predominant synaptic aetivity. however,

is glutamate-mediated excitatory transmission (FinIey et al. 1996). Eleetrical and

pharmacological analysis identify these synapses as primarily involving a-amino-3

hydroxy-5..methyI-isoxazoIe (AMPA)/kainate receptors. Ftulctional NMDA receptors

have also been charaeterised and contribute to excitatory gJutamatergic

neurotransmission in PI9 neurons (FinIey et al 1996; TuretsIcy et al. 1993). Using

calcium influx as the sole end poin~ Morley and colleagues (1995) also detected

functional NMDA receptors in differentiated PI9 cells. They found evidence for

metabotropic glutamate receptors, but failed to deteet AMPAlkainate receptors able to

flux calcium.. Multiple glutamate receptor subunits are known to be expressed in PI9

neurons (Ray & Gottlieb 1993); thus, the ion properties noted above may reflect the

particular subunits assembIed in these neurons.

While the spotIight bas fallen on the neuronal progeny of retinoic acid-treated

PI9 cells as an experimental paradi~ neuroectodermally differentiated cultures grown

in serum.-based media contain non-neuronal cells as weIL After about 1 week in cuItur~
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glial fibrillary acidic protein (GFAP) immunoreactive astrocytes can be detected with

increasing abondance (Jones-Villeneuve et al. 1982). AIso present is a fibroblast-like cell

that resembles the myotibroblastic ceIls that are widely found in devefoping embryos

(Rudnicki et al. 1990). Subclones of such celIs have demonstrated multiple

characteristics of smooth muscle (Blank et al 1995; Rudnicki et al 1990). Mature

cultures of neuroectodermally differentiated P19 cells have been reported to develop a

subpopuIation of celIs that, by immunocytochemical and functional criteria, resemble

microgIia (Aizawa et al 1991). Finally~ oligodendrocytes have been subcloned from

retinoic acid-treated cultures and aIso found myelinating hast neurons in grafts of

differentiated PI9 cells in vivo (Staines et al. 1996).

3.2 Stably transfected P19 clones

Undifferentiated PI9 ceIls can be efficiently transfected with plasmid DNA and

will express the transfected cDNA after differentiation making this cell line particuIarly

suitable for the investigation ofprotein expression within a neuroeetodermal cell context

We took advantage ofthis property to prepare several clones stahly expressing the wiId

type 751 amino acid isoform of human APP as a tooi to explore APP processing and

activity.

3.2.1 Transfection and selection

Transfections were accomplished by calcium phosphate precipitation (Kingston

etal 1996). Plasmid pAD-75r (the gift ofK.. Beyreuthery- Centre for MolecuIar Bio[ogy.

HeideIburg)~ construeted as descnoed in Weidemann et al (19&9). contains the complete

coding region plus approximately 200 base pairs of 3~ untransIated sequence of the
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human 751 amino acid isofonn of APP. Transcription is initiated from the

cytomegalovirus promoter/enhancer and polyadenylation of the transcript is directed by

the SV40 polyA signal 20 J.1g of pAD-751 was co-transfected with 2 f.1g of the dual

reporter/selection plasmid pCMVlacZ IL obtained from the American Tissue Culture

Collection (Rockvill~ MD). pCMVlacZ II encodes the neomycin resistance gene for

selection of transfected clones in the presence of the aminoglycoside G 418

(Geneticin(!), as weIl as the baeterial p-galaetosidase enzyme for the histochemical

detection of transfected cells (Lim & Chae 1989). The latter cDNA is aIso under the

control of the cytomegalovirus promoter. P19 cells were transfecte<L in paralleL with

ooly the pCMVlacZ fi plasmid to generate experimental controls.

Geneticin® 0.6 mg/ml was added to standard culture media to select for clones in

which the plasrnid DNA had become stahly iutegrated iuto the host genome. Integration

was subsequently confirmed by hybriclisation with an internai BamH l fragment of the

APP cDNA to extraets of clone genomic DNA eut with BamH l and electrophoresed

through a 0.8% agarose gel before transfer to a nylon membrane. Control clones were

selected by positive X-gal histochemistry confJ11J1Ïng expression of the l3-galaetosidase

protein. Embryonai carcinoma cells, although efficiently transfeetecl are also prone to

inactivation or loss of the transfected DNA (McBumey et al. 1994); hence, clones were

maintained in 0.2 mg/mI Geneticin® during routine passaging prior to the start of

differentiation..

3.2.2 APP expression in transfected clones in vitro

The cytomegalovirus promoter is considered to be a constitutively active.

intermediate expressor with demonstrated aetivity in undifferentiated and

neuroectodennally differentiated PI9 cells (Fukuchi et aL 1994a). However~ cells
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derived ftom teratocarcinomas can exhibit repression of cytomegalovirus promoter

aetivity via the binding of nuclear factors to motifs in the viral DNA (Liu et al. 1994).

These nuclear proteins are downreguIated with differentiation (Liu et al. 1994) and we~

and athers (Wu & Adamson 1993)t have found that PI9 clones become permissive for

cytomegalovirus promoted gene expression upon retinoic acid-induced differentiation.

To demonstrate protein expressio~ 2 week oId neuroectodermal cultures were

fixed and processed for immunoreactivity toward a monoclonal antibody (clone llell)

that reeognizes an N-terminal epitope conserved between human and rodent APP (Fig.

4). There is moderate immWloreactivity in the control placZ cells~ indicative of

expression of the endogenous prote~ and stron~ diffuse immunoreactivity in the cell

body and processes ofpAO ceIls.

As discussed in Section 2.4~ APP is a highly processed protem. Its metabolic fate

is likely ta be of importance in the pathophysiologica1 events leading to Alzheimer?s

diseas~ as weil as being integraI to normal APP biology. PI9 cells are capable of fully

processing and metabolising APP. Hong et al (1992) reported a pattern of secretory

cleavage of the endogenous 695 amine acid protein by neuronal P19 cells that was

anaIogous to their results in primary cultures of hippocampal neurons. Non

differentiated PI9 cells stahly expressing the 695 or 751 amino acid isofonns ofhuman

APP were shown to produce the secreted peptides, p3 and Ap (bath the 40 and the 42

amino acid forms)~ as weil as the corresponding eetodomains (Ho et al. 1996).

Expression of the KPI-containing 751 amino acid isoform. favoured J3-secretase

processing in this study; however,. whether this is relevant to neuroectodermally

differentiated P19 cells is uncIear since these cells undergo profound changes in protein

expression [incIuding protease expression (e.g., Bolduc et al 1997; Kobayashi et al

1996)1 with retinoic acid treatment. Conditioned media and [ysates of one month oId
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cultures of our differentiated pAO clones~ grown of in the presence of 3sS-methionine~

revealed fragments immunoreactive to N- and C-terminai specific antisera (see chapter

4). These resuIts suggest that our P19 clones process the transgenic human protein

through the expected exocytic pathway.

3.3 APP expression in transfected clones in vivo

3.3.1 Grafting APP-expressing clones into rat brain

Grafting in the central nervous system bas been studied for sorne years from the

perspective of repopuIating damaged brain tissue and of understanding the clues guiding

neurotransmitter identity and conneetivity in the brain.. More recentIy~ grafting has been

used as a tool to explore the effects of chronic exposure of targeted brain regions to

secreted proteins. Two groups reported specifie neuropathological and behavioural

effeets. respectively. after the injection of PCl2 cells transfeeted with C-terminal

fragments of the APP cDNA (Neve et al. 1992; Tate et al 1992). Cortical atrophy and

abnormally phosphorylated tau in the adjacent neocortex were found in 4 month oId mice

that received hippocampal-cortical injections as newborDS (Neve et al. 1992). Adult rats

with grafts in the suprachiasmaric nuclei of the hypothalamus exhibited disrupted

circadian reguIation 4 to 6 weeks after surgery (Tate et aI.. 1992).

McBumeyts group reported that retinoic acid-treated PI9 ceUs successfully

implant and complete their neuroectodermaI differentiation within acluIt rat brain

(Morassutti et al 1994). The caveat in using murine cells in a mature rat hast is the need

for chrome immunosuppression; however~ our experience, and that of others (e.g.~
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Bnmdin et al 1988; Morassutti et al 1994) indieates that rats tolerate cyclosporin A

treannent weil.

We chose ta inject our APP-expressing clones into the entorhinal corte~ This

area of the brain is a consistent and early site of neuropathology in A1zheimer's disease

and we reasoned that it MaY have intrinsic wInerability to whatever detrimentai effects

are mediated by APP or its Metabolites. Stereotaxie coordinates were chosen with

reference to published studies (e.g.7Kurumaji & McCuUoch 1990; Parent et al. 1994)7

and to visualisation ofinjected dye (Fig. 5)~

Our protocol was modelled on that of Morassutti et al. (1994). pAO and placZ

clones were induced to differentiate as embryoid bodies in the presence of 0.3 1-1M a1l

trans retinoic acid for 48 ~ at which point the aggregates were collected and replated in

fresh media with retinoic acid for a further 24 h. To prepare the ceUs for graftin~ the 72

h aggregates were colleeted, washed once in cold sterile phosphate-butrered saline pH

7.2 plus 0.1 mg/ml calcium chIoride, 0.1 mg/ml Magnesium chloride, and 0.6% wlv

glucose, then resuspended in this wash buffer plus 5% heat-inactivated rat serum. Cells

were held on ice prior ta injection. By trypan blue exclusion, approximately 60% ofcelIs

remained viable after up ta 8 hours on ice and were capable of growing as

neuroeetodermaI progeny in vitro if returned to culture. Volumes were adjusted ta

deliver approximately 30,000 cells per injection.

Adult male Sprague Dawley rats (275-300 g) were anesthetised with Equithesin

(chloral hydrate 85 mglk& sodium pentobarbitaI 20 mglkg) and placed in a stereoweic

frame. Three microIitres ofprepared ceUs were injected into the right entorhinaI cortex

at AP +1.4, L -3~1, and V -1~5 relative to the ïntra-aural IiDe through a 26G cannula

canted IS° medial-rateraI and connected to a Hamilton syringe mounted in a Sage

perfusion pump~ The injectionwas givenover 3 min foUowed by a S min waiting period,
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to alIow sorne dispersion of the bolus? and then slow withdrawaI of the cannuIa. Rats

were treated post-operatively with buprenorphine (0.1-05 mglkg) and Tribrissen@

(trimethoprim. 8Omglk& suIfadiazine 400 mglkg claily for 3 days). Immunosuppression

(cyclosporin A 10 mglkg claily) was initiated 24 h prior to surgery and continued until the

end ofthe experiment

After 4 weeks~ the rats were perfused with 4% paraformaldehyde in 0.1 M

phosphate buffer pH 7.47 the brains post-fixed in the same solution ovemight, and then

cryoproteeted in 200J'o sucrose in 0.1 M phosphate buffer prior ta cryosectioning. Fifty

micrometer sections were processed for immunocytochemistry using monoclonal

annèodies against NF 160? GFAP? and APP. Adjacent sections ftom one animal are

shown in Figs. 6 through 8.

In Fig. 67 reactive astrocytes delineate the cannuJa track and gra.ft but are aIso

found in substantial patches within the body of the graft. The latter cells may be P19

derived gIia. Antibody to NF 160 (Fig. 7) stains hast processes infiItrating the margins of

the graft as weIl as neuritic elements an~ rarely? cell bodies within the graft. Ag~ the

latter immunoreaetivity may be P19-derived neurons. These results established that the

clones were able to integrate ioto the entorhinal cortex and survive at [east 4 weeks in

vivo in a cycIosporin A-treated hast.

Given the high lever of APP expression in vitro? it was surprising to find that

formic acid pretreatment and high antièody concentrations were necessary to detect APP

immunoreactivity in the grafted clone (Fig.. 8). P-GaIaetosidase expression was aIso

difficuIt to demonstrate by immUDocytochemicaI or bistochemical techniques (data Dot

shown). These results may indieate failure of sufficient differentiation to permit

cytomegalovirus promoterderepression, ormay indicate that sorne characteristic ofthe in

vivo environment induced siIencing of the cytomegaIovirus promoter~ However~ the
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pattern of immunoreactivity observed within the graft was very interesting. The graft

was weIl vascuIarised and it was around these vessels that the immunoreaetivity was

strongest, bath in terms ofthe diffuse deposition characteristic ofstaining throughout the

b~ and in terros ofimmunoreactive processes.

Investigation ofA~ accumulation was attempted but no immunoreactive material

was detected within the graft using two commercially avaiIable antisera. However. these

antisera were not very active toward plaque in sections of A1zheimer's disease brain

which inspire<!, in Part the lUldertaking ta generate a monoclonal antibody against A~. as

rePQrted in Chapter 4.

The grafting work was not pursued beyond the pilot study described above.

While it raised sorne very intriguing questions, some of which will be discussed further

in Chapter 7. the failure to achieve high expression ofAPP in vivo negated the purpose of

the grafts. namely to examine the effect of chronie exposure to cell surface-associated or

soluble APP on the entorhinal cortex. The remainder of this thesis focuses on studies

lUldertaken in vitro.

The specifie objectives ofthis work are as rollows:

1) to investigate the spontaneous subcelIuIar localisation of APP fragments within

matur~ neuroectodermally ditrerentiated P19 clones.

2) to identify functional changes associated with APP overexpression..

The goal was to test the hypothesis that: APP and/or its deavage products aet

intraceBuIarIy to ioduce Cunctional deficits atTecting tfle rong-term viability oC

centralnervous system-type ceIIs.
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Figure 3. Phenotypes of P19 cells prior to and 6 days after neuroeetodermal

differentiatioIL Â Live culture of a P19 clone stahly transfeeted with hAPP7Sl- B_ The

same clone after differentiation in retinoic acid. At 6 days~ neuronaI-type cells (arrows)

cm be seen growing over fibroblastic- or astrocytic-type cells. This culture was fixed

and stained to APP expression. Scale bar represents 200 J.U11..
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Figure 4. Stahly transfected P19 clones were grown for 2 weeks after neuroeetodermal

differentiation at which tinte they were fixed and examined for APP expression. mAb

22C117 which recognizes an N-terminal epitope in human and rodent APP7 was used to

detect expression of endogenous and transgenic protein (see Chapter 47 Methods). A.

Control reactÏon in which primary antibody was omittecl B. Control clone pIad 12. C.

APP-transfected clone pAD 28. Scale bar represents 200JlIll.
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Figure 5. Visualization of the P19 graft site in rat entorhinal cortex- India ink was

injected at the coordinates seleeted: AP +1.4~ L -3.1~ V -7.5 relative ta the intra-aural

Une with a 150 medial to lateraI cant The brain section was lightly cOWlterstained with

neutraI red.
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Figure 6~ Graft of APp..transfected clone pAO 28 4 weeks after implantation in the

entorhinal cortex of a mature rat host 50 llI11 thick ftee-tloating sections were reacted

with a mAb to the astrocyte..specific marker GFAP~ A. Intense immWloreactivity

persisted aIong the cannuIa track and at the margins of the graft. Reactive astrocytes

were also present within the graft itself B~ An enlarged view of the immunoreaetive

cells within the graft. C. An enIarged view of the host astrocytes delineating the graft

margin. Scale bar represents 200~

4S



•

•

A

~-

.:/'
- - f ','

-



Figure 7. An adjacent section of the pAO 28 graft was stained for the neuron-specific

marker NF 160. A. The graft is clearly demarcated within the host tissue. B. There is

- limited incursion of the host processes into the margin of the grafl C & D.

Immunoreactive neuritic eIements and occasional cell bodies (arrows) are found within

the body ofthe graft. Scale bar represents 200~
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Figure 8. ImmlUloreactivity for APP was reveaied in a formic acid-treated section of the

pAO 28 gra.fl A. There is enhanced immunoreactivity within the graft relative to the

adjacent hast tissue. B. The staining was most intense around vascular elements

infiltrating the graft C. An enIarged view of the graft reveaIs ditlùse cell body staining

and immunoreactivity throughout numerous cell processes (oudined with arrowheads).

Scale bar represents 200 pm..
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Chapter4

Af3 epitope immunoreactivity reveals putative proteolytic compartments and

intracellular protein associations in neuroectodermally differentiated

embryonal carcinoma cells expressing the human amyloid precursor protein

Susan M Grant Adriana Ducatenzeiler~Moshe Szyf: A. Claudio Cuello
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Abstract

Intracellular processing of the amyloid precursor protein (APP) is believed to play a

criticai role in the development of Alzheimer~s disease plaque. The trafficking of this

protein bas been inferred from numerous biochemical manipulations in a variety of

cultured cell systems. We bave used high resolution electron microscopy coupled with

our specifie monoclonal antibody~ McSAl~ to directly visuaIize those structures that are

spontaneously associated with the A~ epitope within mature neuroectodennally

differentiated embryonal carcinoma (FI9) cells. Immunoreactivity was intense in early

endosomes. Immunoreaetive deposits were alse localised within the trans-Golgi network

and in diIatated rough endoplasmic reticulum (ER.)~ but were not found in Lysosomes. Ap

immunoreactivity was 8SSOCiated with microtubuIes and filaments9 with the outer

mitochondrial membranetc and with the nuclear envelope. Our results are consistent with

the biochemical data relating ta p-secretase cleavage b~ in additio~ provoke

speculation that the ER. might harbor low-Ievel y-secretase activity of importance in the

setting ofretarded APP transit. The potentiaI for intracellular fragments containing the

Ail epitope to engage in physiologically relevant interactions is suggested by our

observation of immunoreacti.vity associated with specifie organelles. Thustc our resuIts

expand on current data regarding APP trafficking and provoke intriguing questions about

APP fimction..

49



• Introduction

Progressive deposition of insoluble aggregates of the 39 to 43 amino acid 13

amyloid (AI3) peptid~ derived from the proteolytic cleavage of the amyloid precursor

protein (APP), gives rise to one of the pathological halImarks of A1zheimer's cfisease.

Although initially discovered. in the context ofsenile accumuIations~A~ is DOW known to

be a low abtmdance produet of normal APP metabolism an~ aIong with the non

amyloidogenic p3 peptide and the N-terminal ectodomains, is a soluble secreted fragment

(Haass et al 1992b; Seubert et al. 1992; Shoji et al 1992; reviewed in Checler 1995).

The major APP processing pathway involves an N-terminai cleavage within the

AI3 domain by an unknown protease activity~ termed a-secretase. J3-Secretas~ the

identity of which is a1so unresolveci, preserves the intact AJ3 demain within the C

terminal fragment so that subsequent y-secretase cleavage within the transmembrane

demain liberates the 4 kD AJ3 peptide. J3-Secretase cleavage is increased for APP

proteins bearing mutations around either the Ct- or the J3-secretase cleavage site (Cai et aL

1993; Citron et aL 1994; Haass et al. 1994a). Increased production of a longer~ more

fibril10genic 42/43 amino acid fonn of Ap bas been linked to mutations in the APP

protein adjacent ta the y-secretase site (Eckman et aI. 1997; Suzuki et aL 1994)~ and to

mutations in the presenilin l or presenilin 2 proteins (Borchelt et aL 1996; Tomita et al

1997). Sïnce ïnheritance of these mutated genes resuIts in early onset A1zheimer's

diseas~ the cellular processing of APP appears to be a criticai determinant of this

dîsease.
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To study the intracelluIar processing of APP~ we have developed a mAb highly

specifie to an epitope in the human AI3 sequence and applied it in a high resolution

electron microscopie examination of neuroeetodennally differentiated P 19 cells stahly

transfected with the 751 amino acid isoform of human APP. After differentiation with

retinoic acid, PI9 neurons are known to upregulate and process APP in a manner

anaIogous to primary neuronal cells in vitro (Hung et at 1992). Robust APP expression

persists in our transfected clones during long term culture providing a useful model to

investigate secretase activity and Ap epitope localisation in mature central nervous

system-type cells.
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Materials and Methods

Reagents

Uniess otherwise specified, ail tissue culture reagents were purchased from Gibco

BRL (Burlington. Canada). and all laboratory chemicals from Sigma Chemical Co~ (St

Louis. MO) or Fisher Scientific (MontréaL Canada). Protease inhibitors were purchased

from Boehringer-Mannheim (LavaI, Canada)and prepared as IOOX frozen stocks. AlI

SDS-PAGE was carried out in a Mini-Protean II gel apparatus using matena! and

methods obtained from BioRad (Mississaug~ Canada).

Generation ofAPP-transfeeted P19 clones

Murine embryonal carcinoma (P19) cells. obtained from M. McBumey of the

University ofOttawa (McBumey & Rogers (982). were routinely cultured in [0% fetal

bovine serum (FBS) [ImmunoCorp. MontréaL Canada} in Dulbeco·s modified EagIe·s

media (DME) suppIemented with 1 mM sodium pyruvate. 2 mM l-giutamine. and

prophyIactic anttbiotics (0.03 mg/ml kanamyc~ 0.2 mgfml streptomycin. and 0.02

mg/ml neomycin). Neuroectodermal differentiation was induced essentially as descnoed

(McBumey et al 198&). Subcontluent monolayers ofcelIs were dissociated with 10 mM

EDTA and replated at 106 cells/lO ml media supp[emented with 0.3 J1M alI-tram retinoic

acid (Sigma) in batteria! grade petri dishes for 4 days with one change of the

differentiation media after 48 h. At the end ofretinoic acid treatment the cell aggregates
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were mechanicaIly dissociated, plated on tissue culture plastic~ and maintained with

reguIar changes of 10% FBSIDME media.

Transfeetions were accomplished by calcium phosphate precipitation (Kingston

et aI. 1996). Plasmid pAD-751 (the gift of K.. Beyreuther; Weidemann et al 1989)

contains the complete coding sequence plus approximately 200 base pairs ofnon-coding

3' sequence of the 751 amino acid isofonn of human APP under the transcriptionai

control of the cytomegalovirus promoter. 20 J.Lg ofpAD-751 was co-transfected with 2

J.Lg of the dual reporter/selection plasmid pCMVIacZ II (American Tissue Culture

Collectio~ RockviIle~ MD), which expresses both J3-galactosidase and neomycin

resistance under viral promoters. Control cells wece transfeeted with pCMVlacZ n

alone. Both APP-transfeeted clones, termed pAO, and control transfeeted clones, termed

plac4 were selected with and then maintained, during routine passaging. in Geneticin@

(Gibco BRL). pAO clones were analyzed by Southem blotting using an internai BamHr

fragment of APP as the probe. Activity of the transgenes in seleeted pAO and plaeZ

clones was confinned by detection ofJ3-galaetosidase aetivity using X-gaI histochemistry

on differentiated ceUs (Lim " Chae 1989).

Generation ofmAb MeSAl

synthetic APl-40 (BacheD1y Torrance~ CA) was conjugated to keyhole limpet

hemocyanin (Boehringer-Mannheim) with gIutaraIdehyde and IS or 25 J1g of peptid~

emuIsified in Freund~s adjuvant (Difco~ Detroit MI). was used to immunize Balb/c

female mice by multiple site intraeutaneous and intraperitoneai injection.. AlI animaIs
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developed antibody responses and one animal in the 15 J1g group was seleeted for

subsequent intrasplenic boost and fusion with the non-producing mouse myeloma cell

line SP2fO.Ag,. essentially as described (Cuello le Côté 1993; Kahler & Milstein 1975).

Supematants of the resuIting clones were screened for immunoreaetivity ta senile plaque

in sections offrontoparietal cortex from an Alzheimert s disease brain. A highly positive

clone was subcloned by limiting dilution and the subclone McSAl was chosen for

subsequent analyses. McSAI, an IgGl, le chain immunoglobin (Isostrip kit Boehringer

Mannheim). was prepared as a 25-fold concentrate of hybridoma supernatant (Minicon

Concentratort Amico~Beverly, MA) for the applications reported herein.

Comparative ELISA

Initial experiments were done to determine the antibody and antigen dilutions to

be used in subsequent comparative assays. Microassay plates were coated with antigen

dilutions in PBS pH 7.4 and adsorbed ovemight at 4°C. Unoccupied binding sites were

blocked with 3% aSA in PBS for [ h at room temperature. SubsequentIYt MeSAl,

diIuted 1:750 in PBSt was aIIowed to incubate for 1 h at rcom temperature. After

extensive washing with PBS. wells were incubated for 1 h at room temperature with a

HRP-eonjugated goat anti-mouse IgG affinity-purified antiserum (Jackson

ImmunoResear~ Bio/Can. Scientific. Mississauga. Canada) diIuted 1:5000 in PBS.

Wells were extensively washed with PBS and bound peroxidase aetivity was deteeted

colorimetrica1Iy with 2,2azinobis(1-ethylthiazline)suIfonic acid. Competition assays

were performed to map the MeSAI epitope and to determine potential cross-reactivity

with other proteins of Înterest. MeSA! 1:750 was mixed with various concentrations of
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peptides comprising residues I-12y 10-20~ 12-28~ 25-35 (American Peptide Company~

SunnyvaI~CA)~ or 140 ofthe A~ sequence for 1 Il at 370C before being applied to wells

precoated with 300 ng/ml Af31..w. Similar[y~ MeSAl 1:750 was preineubated for 1 h at

370C with various concentrations ofbovine serum albumin (BSA)? human IgG? ubiquitin

or human recombinant apolipoprotein E (Calbiochellly La Joll~ CA)~ or the brain

peptides substance P (peptide Institute Inc.? Os~ Iapan) or neurokinin A (peninsula

Laboratories loe. Belmon~ CA) prior to its use in AJ3t-40 precoated wells. To detennine

the specificity ofMcSAl for the human peptid~ seriai dilutions ofsynthetic human Af3t

40 or rodent A131-40 (Quality Controlled BiochemicaIs Ine.? Hopkinto~ MA), which cliffers

from the human sequence at residues G1r? PhelO~ and Arg13?were applied and deteeted as

descnoed above.

Immunocytochemistry

Light Microscopy

Blocks of fonnalin-tixed frontoparietal cortex trom a 64 year oId female

A1zheimer's disease patient (II h post-mortem deIay) were cryoproteeted in 30% sucrose

overnight then eut into 50 J.UIl thick sections on a fteezing sIedge microtome. Sections

were permeabilized for 30 min in PBS + 0.2% Triton X-IOO (pBS+T) folIowed by a 15

min incubation in 88% fonnie acid. After extensive washes, sections were blocked with

3% aSAinPBS for 1h at room temperature. MeSAl 1:1500 inPBS was incubated with

the tissue ovemight at 4°C. After further washes the sections were incubated with the

secondary antibody, HRP-conjugated goat anti-mouse IgG affinity-purified antiserum
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(Jackson ImmunoResearch) diIuted 1:2000 in PBS~ for 1 h at room temperature.

Following additional washes~ immunoreactivity was deteeted using 0~06% DAB in the

presence of 0.01% hydrogen peroxide. The immunocytochemistry was repeated using

MeSAl preincubated with competitor peptides or proteins as described above. Ta assess

the relative affinity of the antibody for its epitope presented either as the cleaved AI3

fragment or as the intact holoprote~ recombinant APP was prepared by in vitro

transcription/translation (TNT Coupled Reticulocyte Lysate System,. Promeg~ Madiso~

WI). Dilutions ofMcSAI (1:1500, 1:3000, 1:4500 and 1:6000) reaching and exceeding

the limit ofdetection of amyloid plaque were preincubated for 1 h at 3?OC with a1iquots

of the TNT reaction. The detection lintit of preîncubated antibody was then compared

with that ofMcSAI arone as descnbed abave.

Immunoreaetivity in neuroeetodermaIly differentiated P19 clones was aIso

evaIuated using MeSAI and an N-terminaI anti-APP monoclonal antibody (Anti

Alzheimer precursor protein A4, clone nCIl, Boehringer-Mannheim). At the

completion ofretinoic acid-induced differentiatio~ pAO and plaeZ clones were plated on

poly-I-Iysine coated coversIips and grown for 2 weeks in 10% FBSIDME media. After 2

brief washes in PBS the cells were fixed for 20 min at room temperature in 4%

paraformaldehyde in O.lM phosphate buffer pH 7.4 supplemented with 200 mM sucrose~

The cells were washed extensively in PBS, blocked for 1 h in 5% horse serum in PBS+T~

and incubated overnight with mAbs neI1 l :300 or MeSAl 1:200 in PBS. Stainîng was

completed using the Elite ABC kit (Vector, Burlingto~ CA) according to the

manufacturer~s directions with DABlhydrogen peroxide detection.

Electron microscopy
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Mature (1-2 month old) cultures ofneuroeetodermally differentiated PI9 clones

were prepared for preembedding immunogold electron microscopy as described with

sorne modifications (Pickel et al 1993). After several PBS washes~ cells were fixed for

30 min at room temperature with 4% paraformaIdehyde, 0.1% glutaraldehyde in 0.1 M

phosphate buffer pH 7.4 supplemented with 50 mM sucrase and 0.4 mM calcium

chloride. After tixatio~ cells were incubated with 3 changes of buffer l (1% BSA, 1%

FBS, 0.2% sapo~ 0.02% sodium azide in PBS) aver 10 min. McSAI 1:200 in PBS

supplemented with 50 mM sucrase and 0.1% BSA was incubated with the cens ovemight

at 4°C. To control for non-specifie stainin~ one set of pAO cultures was incubated with

dilution buffer ooly and one set with the mAb 4G8 1:500 (Senetek PLC Senescence

Technology, Maryland Heights, MO) [Kim et al, 1990}, whieh recognizes residues 17-24

ofthe Ap sequence. CelIs were washed extensively with 0.01 M PBS, reblocked rOI' 10

min in buffer fi (0.1% gel~ 0.5% aSA in O.OIM PBS), and then incubated for 2 h at

room temperature with l nM gold-conjugated goat anti·mouse [gO (British BioCelI,

Cedar Lane Laboratories, Homby, Canada) diluted 1:50 in buffer Il After one wash in

buffer n and 3 washes in 0.01 M PBS, the cells were refixed for 10 min at room

temperature with 2% gIutaraIdehyde in 0.01 M PBS. Silver intensification of the

immunogold deposit was then perÎonned as follows. Cells were washed 3 rimes in 0.01

M PBS and once in 0.2 M citrate buffer pH 7.4. The siIver reagent (IntenS EM Silver

Enhancement Kit Amersham, Oakville, Canada) was prepared according ta

manufaeturer's directions and added to the cells with constant agitation for exaetIy 10

min.. After further washes with 0.2 M citrate buffer followed by 0.1 M phosphate buffer,

the cells were dehydrate<l osmieated and Epon embedded. mtrathin sections were eut

and counterstainedwith uranyl acetate and lead citrate. Grids were viewed with a Philips

410 transmission electron microscope.
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Immunoprecipitation ofAPP fragments

Neuroectodennally differentiated clones were plated in 30 mm dishes and grown

under conditions identical to those descnoed for the eleetron microscopy series. After 4

weeks, cell monolayers were washed 3 times with PBS and then metabolically labeled for

16 h with 100 J,LCi of 35S-methionine (Amersham) in 1 ml of 10% FBSIDME media

Iacking Methionine or cysteine. The conditioned media was collected. chille~ and

clarified by centrifugation before being supplemented with CM buffer (finar

concentrations: 50 mM Tris HCl pH 7.4. 1% Triton x-roo, 0.1% SOS, 50 mM sodium

orthovanadate, 10 J.LM leupeptin, 10 mM benzamidine, 2 J1g/ml aprotinin, 1 mM PMSF).

Monolayers were washed 3 rimes with PBS then lysed in 500 J.LL RIPA buffer (50 mM

Tris HCI pH 7.4, 1% Triton X-IOO, 1% sodium deoxycholate, 0.1% sns, ISO mM

sodium chIoride. 10 mM sodium tluoride, 30 mM sodium pyrophosphate, 50 JlM sodium

orthovanadat~ 10 J.tM leupeptin, 10 mM benzamidine, 2 J.1g/ml aprotinin, 1 mM PMSF).

The lysates were incubated on ice for 30 min then centrifuged at 15,000 g for 15 min at

4°C. The supernatants were collected for subsequent immunoprecipitation.

Celllysates and conditioned media were processed in paraIlel with aIl procedures

carried out on a rocking pIatrorm at 4°C. unIess otherwise indicated. Samples were

precIeared by incubation for 3 h with 2 J.Ll ofnonnal rabbit serum and 50 ~ ofprotein A

agarose (Am-Gel, BioRad). Nonspecifically bound materiaI was removed by brief

centrifugation ta pellet the agarose and the cleared supematants were transferred to new

tubes~ The secreted N-terminaI ectodomain of APP was immunoprecipitated trom

condîtioned.media with 0.5 pg ofmAb 22CII~ and the intraceIluIar C-terminal fragments
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were precipitated fram the cell lysates with 5 J.Ù of a rabbit antiserum generated against

the C-terminal ofAPP (gift ofK- Beyreuther). After 2 ~ 5 J.1g of rabbit anti-mouse IgG

(Sigma) was added ta the conditioned media preparation ta facilitate capture of the

mouse IgG by protein A. After incubation of bath preparations ovemigh~ immune

complexes were precipitated with 50 J.Ù of protein A-agarose for 3 h. The agarose was

pelleted by briefcentrifugations and washed twice in buffer A (10 mM Tris Hel pH 8.0~

150 mM sodiwn chloride~ 0.025% sodium azide) plus 0.1% Triton X-IOO, once in buffer

A without detergent:, and once in buffer B (50 mM Tris HCI pH 6.8). The final wash

buffer was aspirated and 30 JÙ of Ioading buffer was added ta the agarose pellet which

was immediately boiled for 5 mi~ coole~ vortexed, and recentrifuged in preparation for

gel loading. Precipitated N-tenrunaI fragments were recovered in 2X Lammeli sample

buffer and separated in a 10% SDS-PAGE gel The gel was fixed for 30 min in 5%

glutaraIdehyde prepared in 0.4 M sodium borate/phosphate buffer~ pH 6.2, treated with

~HANCE (DuPont NEN, Guelp~ Canada), dried, and exposed to Kodak X-QMAT

film at -SO°C for 3 days. Precipitated C-terminai fragments were recovered in

Trisltricine sample buffer and separated in a 16.5% Trisltricine SOS-PAGE gel according

to KIafki et al. (1996b). The proteins were transferred to a 0.1 J.UU polyvinylidene

fluoride membrane (ImmobiIon pSQ. MiIlipore, Bedford, MA) in 2S mM Tris, 192 mM

glycine~ l00ÂJ methanol The dried membrane was exposed to HyperfiIm-(3max

(Amersham) at-80oe for 2 weelcs.

Analysis ofAPP expression
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• Western Analysis

Monolayers of undifferentiated cells or neuroectodennally differentiated cells at

various times after retinoic acid treatment were washed 3 rimes with PBS~ dissociated

with 10mM EDT~ and collected by Iow speed centrifugation. The pellets were

incubated on ice with lysis buffer (50 mM Tris Hel pH 7.6~ 2% NP-40~ 150 mM sodium

chIoride~ 0.01% sodium azide~ 10 mM sodium tluoride. 30 mM sodium pyrophosphate~

20 mM iodoacetamid~ 50 ~ sodium orthovanadatet 5 ~ml leupep~ 2 J.1g/ml

apro~ 1 ~ml pepst~ 1 mM PMSF) for JO min and then centrifuged at 15t OOO g

for 15 min at 4°C. AIiquots ofthe supematant were analyzed for total protein content by

the bicinchoninic 8Cid method (BeA Protein Assay Reagen~ Piercey Rockfor~ IL) and

15 J.lg of protein were boiled in 2X Lammeli sample butTer prior to loading in a 7.5%

SDS-PAGE gel. Proteins were separated by ovemight electrophoresis at 30V at 4°C then

transferred to a nitrocellulose membrane (BioRad) in 25 mM Tris~ 192 mM glycine. 20%

methanoL After bIocking overnight with 5% skim milk powder in TBS with 0.1% tween

20 (TBS+T). the membrane was incubated for l h at room temperature with a mouse

ascites preparation of mAb net1 (gift of K.. Beyreuther) diIuted 1:10,000 in TBS+T.

FoIIowing extensive washes in TBS+T~ the membrane was incubated for l h at rcom

temperature with a neat preparation of the bispecific monoclonal antibody McCIO (anti

mouse, anti-HRP; Kenigsberg &. Cuello~ 1990) preincubated with 5 ng/ml horseradish

peroxidase. The membrane was washed extensively in TBS+T before detection of the

immunoreactive bands by chemiluminescence (ECL Kit and Hyperfilm-EC4

Amersham) according to the manufacturer's directions.
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Northem AnaIysis

mRNA was isolated from undifferentiated cells and from ceUs cultured as

described above for 4 weeks after retinoic acid treatment by the guanidine thiocyanate

method of Chomczynski and Sacchi (1987). 15 J.Lg of total mRNA was separated in a

1.2% formaldehyde agarose gel and transferred to Hybond N+ membranes (Amersham)

in 10X SSC. The APP transcript was deteeted with a 459 bp cDNA fragment Iabeled

with 32aP-dCTP (Random Primed DNA labeling ~ Boerhinger-Mannheim). The

membrane was hybridized ovemight at 42°C in l ()oAt dextran suIfate~ 50% formamide~ 1

M sodium chIoride, 1% SOS. 0.2 mg/ml denatured salmon spennDN~ washed Mice for

5 min at room temperature in 2X SSC and once for 20 min at 65°C in 2X SSC t 1% SDS

before being exposed to Kodak X-oMAT film at -SO°C. Equalloading was confirmed

by visualization of 18S rRNA using a 32yP-GTP-labeled (T4 kinas~ United SWes

Biochemi~Clevelancl OH) 24mer oligonucleotide as descn1>ed (Szyfet aL~ 1990).
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ResuIts

Charaeterization ofmAb McSAl

Antisera and clones were initially screened by immunocytochemistty in

AJzheimer~s disease brain sections to ensure that the antibody wouId detect AI3 in a

~native' state. IndeecL McSAl localises both diffuse and neuritie plaque (Fig. 9A panels

band c) and cerebrovascular amyloid (data not shown) in formie acid-treated sections of

atTeeted cortex. The staining is abolished wben the antibody is preincubated with

competitor peptide (Fig. 9A panel a). McSAl aIso recognizes soluble~ synthetie A(3 as

demonstrated by its activity in ELISAs. Because the original antigen comprised the

entire 40 amino acid peptide sequence, we were interested in detennining the specifie

residues involved in antibody recognition. MeSAl was preincubated with 10-foid

dilutions ofpeptides corresponding to overIapping residues of AJ31-MJ, as weil as with the

complete peptide. As expected, the original antigen, A(3140, effeetively eompeted for

binding (Fig. 9B). The peptide encompassing residues 1-12 of A(3 was also an effective

competitor; none of the other peptides exhibited any aetivity in this assay. As weil, no

cross..reactivity was seen for any of the proteins examined by competition in

immunocytochemical or ELISA assays (data not shawn).

Sînce Pl9 cells express endogenous murine APP after differentiatio~ it was of

interest to determine the cross-reaetivity between human and rodent sequences. Each

peptide was prepared in seriai dilutions and subjeet to an indirect ELISA with MeSA!

(Fig. roC)~ WIthin the sensitivity ofthe assay~ MeSAl is highly specifie for the human

sequence. This result confirms the epïtope mapping data because the amino acid
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differences between the two sequences reside in 3 of the tirst 13 residues. It is Iikely.

therefore. that either or both ofArF! and TyrIO in the human A~ sequence is (are) criticaI

for antibody recognition.

APP expression in transfected P19 clones

APP expression is kno\m to be reguIated at multiple levels including by

transcriptional activation in response to cellular stress (Solà et aL 1993)~ by ceII-specifie

alternative spIicing (LeBlanc et al 1991). by alternative polyadenylation and translationai

reguIation (de Sauvage et al. [992)~ by complex post-translational processing

(Weidemann et al. [989)t and by regulated degradation in the secretory processing

pathway (Nitsch & Growdon 1994). APP mRNA couId be detected in the pAO clones

prior to differentiatio~ but was greatIy upregulated by retinoic acid-indueed

differentiation. (Fig. 1O~ compare Janes J and 4). SimiIarlY7 APP protein leveis were

only slightly increased in undifferentiated pAO clones. Neuroectodermai differentiation

was pennissive for expression of the transgenic protein as weIl as the endogenous

prote~ and AFP expression remained robust in pAO clones for at least [ month after

terminaI differentiation (Fig.. lOB). The neuroectodermal progeny of PI9 cells incIude

cells with neuronal~ glial and fibroblast-like phenotypes (Iones-Vl1Ieneuve et al 1982).

This mix: wu reflected in the isofonns of endogenous APP expressed in differentiated

ceIIs. The evolution ofthe cultures from predominantly neuronal at 3 days to increasing

numbers of maturin& proliferation-capable glial and fibrobfastic types after- 1 week in

culture is mirrored by the shift in intensity trom the -95 ID band corresponding to the

695 amino acid neuronally-expressed isofonn to the -IOO and 110-115 ID bands
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corresponding to the immature and mature 751 and 770 amino acid isofonns expressed in

non-neuronal cells (Fig. lOB (anes 2-4 and 6-8).

Immunocytochemistry was performed on differentiated clones after 2 weeks in

culture using 2 different antibodies. The mAb neIl recognizes an area between

residues 66 and 81 of the N-terminal domain of human and rodent AFP.. as weil as the

related protein APLP2 (Chauvet et aL 1997). Compared with contrais in which the

primary antibody was omitted, weak immunoreaetivity was present in the placZ 12 clone

(Fig. 10C panels a and b~ respectively) and strong diftùse immunoreactivity was seen in

the transfected clone pAO 18 (Fig. 10C panel cl. As expected, based on the ELISA

resuIts~ McSAl did not stain the control clone (Fig. 10 panel e) but stron& primarily

perinuclear staining was seen in the human APP-expressing clone pAO 34 (Fig. 10C

panelf).

We found abundant soluble APP a-secretase N-tenninal immunoreaetive

fragments in conditioned media tram APP-transfeeted. clones (Fig. (00). Similarly~

immunoprecipitation ofceIllysates with C-terminal specifie antisera yielded a prominent

band of-11.5 kD likely corresponding to the cx-secretase C-terminal fragment (Fig. IOE).

Sensitive 2-site ELISAs have demonstrated that P19 cells do generate Ap peptides (Ho et

aI. 1996)7 but our immunoprecipitation studies~ albeit performed with a relatively small

number ofceIIs7 wouId suggest that ~-secretase cleavage remains a minor pathway in P19

cells transfected with wiId-type human APP~ confirming the fidelity of normal APP

processing in overexpressing clones.

UItrastrueturallocaIisation ofAp immunoreactivity



The McSAl dilution of 1:200 provided specifie labeling ofcells transfected with

human APP under the more stringent fixation required for preservation ofultrastructural

detail. Occasional non-specifie reactions were observed in placZ clones at higher

concentrations ofMeSA!. In the absence ofprimary antibody there was no labeling of

any structure (Fig. Il a and hl. Both mAbs MeSAl and 4G8t specifie for oon

overfapping epitopes of Af3t revealed immunoreactive materia! within dilatated a
which was present in numerous cells (Fig. Il c-h).

Immunoreactivity was also Iocalised ta vesicles in the perinuclear compartment.

In the absence of techniques to demonstrate specifie biochemical markerst the nature of

these vesicIes cannot be definitively detennined. On morphological criteri~ we interpret

the vesicles in Fig. l2a to represent the trans-Golgi network or endosomeslprimary

lysosomes. The vesicles in Fig. 12h are clearly part of the trans-Golgi network. In Fig.

12ct the immunoreactive materiai appears to be deposited within the lateraI compamnent

oftrans-Golgi cistemae.

AIthough immunoreactivity was commonly found in single dePQsitst aggregates

were the rule in clathrin-coated vesicles Iocated in peripheral regions ofoccasional cells

(Fig. 13). Despite extensive searchin& A(3 immunoreactivity couId not be round in

Iargert more centraIly located vesicles (prelysosomes) or secondary lysosomes ta which

endosomes might deIiver the peptide for degradation.

AI3 immunoreactivity could be consistently locaIised to severa! organelles or

cytoskeletaI elements as depided in Figs. 14 and IS~ Immunoreactive deposits were

ftequently found associated with the outer mitochondriaI membrane (Fig. 14 fi and cl.

Immunoreactivity was associated with microtubules which MaY reflect transport ofAPP
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fragments in secretory vesicular traffic. VesicIes? per se? were not seen aIthough it is

possible that the silver depositing arotmd the gold-antibody complex obscured smaIler

structures (Fig. 14 d). Filaments? particularly those adjacent to filament bundIes~ were

aIso labeled with immunoreactive deposits (Fig. 14 e). Immunoreactivity was rarely seen

within the nucleus or along nuclear membranes in profile. Howevery when the nuclear

membrane was in the plane of sectiofiy imnuUloreactive deposits dotted the surface in

amongst the nuclear pores (Fig. 15 and inset).



Discussion

The pathways involved in the processing of APP and the generation of AI3 have

heen the subject of intensive investigation. Most work to date bas relied on biochemical

techniques to distinguish functionaI compartments ofparticular relevance ta cx-~ p-? or y

secretase aetivities. We have used a bighly specifie mAb coupled with high resolution

e[ectron microscopy ta directiy visualize intracellular compartments where the epitope is

reveaIecl and ta localise cell structures with which Ap immunoreactivity is

spontaneouslyassociateel Using this approach, we find A~ immunoreactivity within the

trans-Golgi networle, early endosomes~ and diIatated ER. In additio~ immunoreactive

deposits are associated with microtubules? filaments. mitochondri~ and the nuclear

enveIope. No staining oflysosomes is seen with ourantibody.

It is IikeIy that impottant differences in the dynamîcs of protein processing exist

between proliferative~ clonai cell [ines and cells that are committed to a differentiated

state. When PI9 cells undergo retinoic acid-induced differentiation there are profound

morphological changes and de novo expression of phenotype-specmc proteins including

structural proteins (e.g..~ neurofiIament) [paterno et aI.. 1997]~ synthetic enzymes (e.g..

gIutamic 8Cid decarboxylase) (Staïnes et al. 19941 receptors (e..g.. Trk family members)

[Salvatore et al199S} and proteases (e.g. convertases) [Bolduc et al1997~Kobayashi et

al 1996J. APP is also upreguIated in diftèrentiated PI9 cells (Yoshikawa et al. 1990)

where it bas been shown by athers to undergo metabolism via a-~ P-~ and y-secretase

aeti.vities (FuIcuchi et al 1996~Ho et aI.. 1996)- Neuroectodermally differentiated PI9

ceIIs are~ therefore;. a useful model to investigate sites wherein the A(3 epitope is
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generatecL- as per our study~ and ta assist in the identification of the secretase enzymes

and in the study ofintracellular APP-protein interactions, bath ofwhich are critical issues

in AIzheimer's disease research.

The antibody we bave generated for this study is highly specifie to an epitope in

the human A(3 sequence. Severa! observations lead us to believe that the observed

immunoreactivity does not represent the intact holoproteia No staining of human tissue

was seen in the neuropil surrounding amyloid deposits. The staining patterns of mAb

22e! 1 (AFP N-tenninal specifie) and MeSAI were distinct in our transfeeted cells

(Fig. 1OC). When limiting dilutions ofMcSAI were preincubated with APP prepared by

in vitro transcription/translation, there was 00 diseemible difference in the sensitivity

toward Af3 deposits when eompared with non-eompeted MeSAl (data. not shown). At

the eleetron microscopie leve4 we did not observe staioing within the Golgi stacles or at

the plasma membrane, two sites ofstrong immunoreactivity with APP antisera (Culvenor

et al 1995; PaIacios et al 1992; Yamazaki et al 1993). Othee antibodies direeted against

the region of A(3 that is reeognized by McSAI bave aIso been reported not ta recognize

the boloprotein (Hyman et al. 1992; McGeer et al. 1992; Wolozin et al 1992; Wong et al

1985), a resuIt that May relate to the proximity of this site ta the membrane or to foIding

or post-translational modification of this region within the protein. It is important to

not.; bowever7 that we eannot determine wbether the MeSAI immunoreactivity

represents the A{3 peptide ooly_ or N- or C-terminaI fragments in wmeh the epitope bas

been reveaIed by secretase clea.vage.

A~ immunoreactivity was round in the trans-Golgi networ~ an acidic

tubuIovesicuIar compartment believed to serve as a staging area for the exocytic pathwa.y

in which the sorting and packaging of proteins are aceompIished (Anderson &. Pathak
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1985; Farquhar & Palade 1981). Another of the post...translational processing functions

of the Golgi apparatus is the conversion of proproteins destined for secretio~ such as

pro~proalbumi~and proopioco~ ta mature faons (Farquhar & Palade. 1981).

The responsible proteases are poorly locaIised and it is believed they encounter their

substrates during transit of the precursor through the Golgi complex and become co

packaged into secretory vesicles. When Golgi trafficking is disrupted with brefeldin A

(Busciglio et al. 1993a; Haass et aI. 1993) or a dominant negative RabIB mutant (Dugan

et aI. 1995)~ both the maturation and cleavage ofAPP are inlubited indicating that transit

through this compartment is a necessary step for the eventual localisation of the protein

ta the secretase-containing compartments. However~ two studies have round that at least

a portion of J3-secretase aetivity is resistant ta manipulations of trans-Golgi function

suggesting that exposure ta this J3...secretase enzyme pool might invalve aberrant or

alternate sorting processes (Martin et al. 1995; Tienari et al. 1997). It is tempting ta

suggest that our observation of trans-Golgi immunoreactivity might be indicative of that

portion ofAPP trafficked ta immediate J3-secretase cleavage.

a-Secretase activity occurs in the defauIt exocytic pathway. Constitutive APP

cleavage occurs during transit along this pathway with a-secretase fragments reported in

extracts ofwhite matter from rodent and human brain (Sapirstein et al. 1994; Tokuda et

al 1994) and within vesicles isoIated from human neuroglioma cells (KuentzeI et aI.

(993). APP delivered intact to the plasma membrane is aIso subject ta a-secretase

cleavage as demonstrated by œIl surface labeling techniques (Koo et al [996; Lo et al

1994) and by enhanced pl and soluble eetodomain secretion for APP mutants incapable

of endocytosis (1(00 et al 1996; Koo &. Squazzo 1994; Tienari et al 1997). The

immunoreactivit;y we observed in association with microtubuIes may reflect secretory
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transport ofN-terminal et-secretase fragments bearing the MeSAI epitope; our antibody

wouId be unable to detect a-secretase C-tenninaI fragments or the p3 peptide.

There is convincing evidence that an important site of sequentiai p- and ï

secretase activity is the early endosomet shortly after intemalization of intact eell-surface

APP" with subsequent recycling back ta the tell surface and AI3 reIease (Haass et al

1993; Koo &. Squazzo 1994; Peraus et al. 1997). The dense immunoreactivity we

observed in sorne coated vesicIes found in peripheral zones" and the demonstration of

clathrin-coated pits at the eell membran~ support the interpretation that APP had

undergone trafficking to the eell surface followed by endocytosis and f3-secretase

cleavage. Our results directIy support the proposai that the early endosome is an APP

proteolytÏc eompartment It should be noted that the endosomes depicted in Fig. 13)

panels b-e" were locaIised to relatively few ceIIs. As retinoic acid-tteated P19 eells

mature into a heterogeneous mix ofphenotypes" it may be that the propensity for or rate

ofendocytosis and recycling vary with eell type. The eell depieted in Fig. 13a was more

typicaI of the majority of neuroeetodermaI progeny. Here Af3 immunoreactivity was

found on the rim ofa cell surface invagination adjacent to a coated pit in the process of

fonning. We suggest this photomicrograph depiets the reIease ofAPP cIeavage produets.

possibly fram an endosome being recycIed to the cell surface.

Even in those cells with abundant immunoreactive endosomest we were unable ta

localise Af3 immunoreactivity to larger perinuclear vesicfes (Iate endosomes or

prelysosomes) or to secondary lysosomes. Whether A(3 is generated in lysosomes is

controversial For exampi~ Iysosomatropic agents and lysosomai enzyme inhibitors do

not consistentIy enhance the co-Iocalisation of (3-secretase fragments to the Iysosomai
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compartment (pro: Golde et al 1992; Siman et al. 1993; con: BuseigIio et al. 1993a;

Haass et al 1993; Higaki et al 1995). With respect ta our resuIts, Af3 derived from wiId

type APP is known ta exhtbit N-tenninal heterogeneity from the use of alternative

cleavage sites or from post-cleavage pruning (Citron et al 1994; Yamaguehi et al 1998);

hence~ it is possible that the McSAI epitope was rapidIy lost within the lysosomes.

The recent discovery that presenilin proteins interact specifieaIly with the

immature N-glycosyrated fonn of APP indicates that one of the events predisposing to

Alzheimer's disease might occur at a very early step in APP processing (Weidemann et

al. 1997; Xia et al. 1997). Presenilins 1 and 2 have been loca1ised to the ER (Kovacs et

al 1996), but how their interaction with immature APP in this comparnnent influences

subsequent y-secretase cIeavage bas yet to be determined (reviewed by Haass 1997 and

Kim & Tanzi 1997).

It was very interesting to find that Many ofthe cells stahly expressing APP had

extremely diIatated ER reminiscent of cells naturally speciaIized for production and

secretion of a single protein produet e.g.~ plasma cells or gonadotrophs. The diIatated

ER was invariably immunoreactive for AI3 epitopes as demonstrated by two non

overiapping monoclonal antibodies. No deposits were seen in the absence of a primary

antibody ruIing out non-specifie ~sticking' ta the proteinacious contents. We speculate

that prolonged residence of APP in the ER may faciIitate cIeavage by a protease that

otherwise bas Iow aetivity toward wild-type APP. thereby changing the topology of the

protein with downstream eftèets on trafficking. The common ~gain of function· effect

from the myriadpreseniIin mutations may. therefo~be 10 delayER exit ofnascent APP.
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In support of this notio~ Cook and colleagues (1997) have reported that

manipulations which prevent protein transport ftom the ER have no effect on the

intracelIuIar production of AJ31~ implying that y(42)-secretase cIeavage occurs within

the ER.. Also consistent with this view. co-transfection of mutant (but not wiId-type)

presenilin 1 with wiId-type APP had the dual effect of increasing production of AJ3t-42

and reducing secretion ofthe a-secretase N-terminal product (Ancolio et al 1997). It is

noteworthy that mutant AFP, truncated after the 51st
, but not the 40th

, amino acid from

the AJ3 start site, is still a substrate for a- and f3-secretase cleavage (Citron et al. 1995). If

the scenario we propose is true. it might be possible to identify and selectively ïnht1>it the

putative ER.-resident y(42)...secretase, thereby reducing the production of the fibrillogenic

AJ3(42143) peptide and deIaying the onset of amyloidosis (lwatsubo et aL 1994;

Kisilevsky & Fraser 1997).

The demonstration of Af3 immunoreactivity associated with specifie organelles

and cytoskeletal eIements was another intriguing aspect of our study. The function of

APP has yet to be clearIy elucidated (reviewed by Mattson 1997), but most studies have

focussed on a role for the holoprotein at the cell surface or of the secreted eetodomain

within the extraeeUular matrix. No role bas been ascnoed to the p3 peptide and Ap is

generaIIy regarded as a taxic byproduct ofAPP metabolism. It is notable" therefore" that

human neurons (Sïmons et al. 1996) and astrocytes (Busciglio et al.. 1993a) have an

intrinsic capaci1y to catabolîze APP in an amyloidogenie manner" and that intraceUular

AJi &as been round in neurobIastoma cens (Fuller et al 1995; Xu et al. 1997). neuronaIly

ditrerentiated human teratocarcinoma cells (Cook et al. 1997; Turner et aI. 1996; Wertkin

et al 1993).. and cuItured hippocampal nemons after viral transfer orthe APP cDNA

(Tienari etal 1997). In fact there is an expanding list ofproteins interacting with motifS
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in the C-terminal ofAPP including the heterotrimeric Go protein (Nishimoto et aI.. 1993)~

the phosphotyrosine binding domain proteins FE65 and protein XII (Borg et al. 1996;

Guénette et al. 1996; McLoughlin et al. 1996)? and the glycolytic enzyme

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [SchuIze et aL 1993J.

An interaction between the cytoskeleton and APP~ apparently mediated through

the C terminus, bas been found previously (Allinquant et al 1994; Refolo et al. 1991).

The appearance ofAf3 immunoreactivity on the nuclear membrane bas aIso been reported

before in biopsied human muscle (Zimmermann et al. 1988)~ APP cDNA·infected Sf9

cells (Currie et al 1991) and mammalian cells transfeeted~ respeetively~ an Af3

minigene (Johnstone et al 1996) or aC-terminal construet (Maruyama et al. 1990) both

lacking a signal peptide. We can draw no conclusions regarding the physiological

signfficance, ifany~ ofthese associations except ta note that many of the transfeeted cells

analyzed by EM had dysmorphic nuclei (see Fig. Il cl.

Whereas spurious associations arising ftom protein overexpression must always

be kept in mind when analyzing transfected models~ increased APP expression in

individuaIs with trisomy 21 is invariably associated with AJzheimer~s disease-type

pathoIogy by mid-life lending support to our approach of examining APP metabolism in

aged cultures of overexpressing clones. Importantly, our transfeetants expressed wild

type APp· in keeping with the fact that the vast majority of AIzheimers cfisease patients

do not have APP mutations. Higher protein concentrations were a necessary prerequisite

ofour EM analysis ofthe produets of APP metabolism,. but the relative aetivities ofa

and f3-secretase in mature, neuroectodermally diftèrentiated P19 cells do not appear to be

changed in the face ofAPP overexpression.
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Pl9 cells transfected with APP bave been reported to deteriorate rapidly after

neuroectodennal differentiation (Yoshikawa et al.. 1992) an~ indeecl substantiai cell

death was observed immediately after retinoic acid treatment in both pAD and plaeZ

clones. However7 the cells examined in our studies had been maintained in culture for l

to 2 months. Enhanced APP expression is compatible with cell viability as the current

transgenic models (e.g.7 Czech et al 1997; Games et al 1995; SturchIer-Pierrat et al

(997) and our own cultures demonstrate. The ability to keep differentiated pAO clones

in culture for prolonged periods may. in f~ faciIitate the expression of processing

changes or protein associations predisposing to A1zheimer·s disease-type pathology. For

example. in neuronal progeny ofdifferentiated human teratocarcinoma cells. J3-secretase

cleavage became more pronounced over rime (Turner et aI. 1996). In this regard our

approach may have advantages aver those studies employing non-central nervous

system-type cells or transient transfeetioDS. McSAI is highly specifie for its epitope and

pennits the direct visualization of potential sites of proteolysis or peptide associations

within the cell. aIthough it may not discriminate the context of epitope presentation after

initial cleavage ofthe holoprotein. Nonetheless. the results presented here are a valuable

addition to the current biochemical and Iight microscopie analyses of APP processing..

and provoke intriguing questions regarding intracelluIar interactions of potentiaI

significance to APP trafficking and functiOIL
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Figure 9. Charaeterization of mAb McSAI by immunocytochemistty in A1zheimer·s

disease cortex and by comparative ELISA (A) 50~ fonnie acid-treated sections of

ftontoparietal cortex ftom a 64 year oId A1zheimer·s disease patient were incubated with

McSAl and A~ immunoreaetive deposits visualized by peroxidase-aetivated DAB

deposition. (a) MeSAl staining was abolished by preincubation with 300 nglml of a

peptide corresponding to residues 1-12 of the AJ3 sequence. (b &. c) Iow and high

magnification views reveaI the localisation ofdiflùse and neuritic plaque by MeSAI with

negligtble staining of the surrounding neuropiL ScaIe bars represent 100 lUD· (B)

Competition ELISA in wmch McSAl was premeubated with IO-foId dilutions of

peptides eorresponding to overlapping portions of the original antige~ A~t-40. (C)

Indirect ELISA eomparing the reactivity of McSAl ta the human A(3 sequence and the

rodent AJ3 sequence which differs in 3 orthe first [3 residues.
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Figure 10. Analysis of APP expression in PI9 cells stahly transfeeted with the 751

amino acid isoform of human APP (pAO clones)~ and their transfection controls (placZ

clones). (A) Northem analysis ofAPP mRNA hefore (lanes l & 3) and after ([anes 2 &

4) neuroectodermaI differentiation. Rows 1 & 2 are short and long exposures ofthe same

blot to reveal levels of endogenous AFP in the control clone. Row 3 is the same blot

probed for 18S message. (B) Western analysis of total cell lysates before and after

neuroeetodennal differentiation. 15 J.Lg ofprotein were loaded in each lane and deteeted

with mAb nell directed to an N-terminal epitope of APP. Lanes 1 & 5.

tmdifferentiated cells; lanes 2 & 6. differentiated 3 days; Janes 3 & 7. clifferentiated 9

days; lanes 4 & 8. differentiated 4 weeks. Mr markers are indicated to the left. (C) P19

clones were grown for 2 weeks after neuroectodermai differentiation before being fixed

in 4% parafonnaldehyde and subjeet to immunocytochemistry with either mAb nell

(a-c) or McSAI (d-t) coupled with peroxidase-aetivated DAB deposition. (a & d) pAO

clones were incubated in the absence ofprimary antibody as negative controls. (b & e)

plaeZ clones. Cc k 1) pAO clones. Sca1e bar represents 100 J.UD. (D) plaeZ and pAO

clones grown for 4 weeks after differentiation were metabolicaIly labeled for 16 hours

and the conditioned media was immunoprecipitated with mAb 22e11. The immune

complexes were resoived by 100,4 SDS-PAGE and the gels processed for fluorography.

(E) 4 Week cultures of differentiated cells were metaboIically labeled for 16 hours and

the ceUS Iysed in RIPA for immunoprecipitation with rabbit antisera to the C-terminus of

APP. Immune complexes were resolved by 16.5% Trisltricine SDS-PAGE and proteins

transferred to a 0.1 pM PVDF membrane before being exposed to Hyperfilm-l3max. Mr

markers are indicated to the Ieft.
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Figure IL Neuroectodermally differentiated PI9 clones were maintained in 10%

~ FBSIDIviE media for 1-2 months prior to processing for silver-intensified immunogold

cytochemistry~ AIl photomicrographs are of clone pAO 28. (a & b) Cells incubated in

the absence of primary antibody are negative for any staining. (c. ~ g) CeIls were

incubated with mAb 4G8 which recognizes residues 17-24 ofthe A~ sequence~ (e.. t: h)

CeDs were incubated with McSAl which recognizes residues 1-12 of the A~ sequence.

Both antibodies stain materiaI within a dilatated structure reveaIecL at higher

magnjfication (g & h). ta be noosome-studded ER. filled with fine electron-Iucent tibrillar

material. Sorne ofthe silver-intensified immunogold deposits are indicated with arrows~

Asterisks provide orientation between the paired [ow and high magnification views of

each staining. ScaJe bars represent 20 J.Ull (a, C. e) or 2 Illll (b, d, t: ~ h).
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Figure 12. mAb MeSAl localises Af3 immunoreactivity to the trans-Golgi compartment

in mature~ diff'erentiated pAO 28 cells. Silver-intensified immunogold complexes in

vesicles are indicated by arrows (a & b). (c) Immunoreactive deposits are seen within the

Iateral compartment ofcisternae on the trans face ofa Golgi stack. Scale bar represents

2 J1I11..
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Figure 13p Immunoreactivity~ often present as multiple deposits~ was Iocalised to coated

vesicles in ma~ neuroectodermal cultures ofclone pAO 28p (a) Clathrin coated pits

were seen to fonn along the plasma membranep An adjacent invagination is

immunoreactive. (h) The plasma membrane bas been disrupted during processin~ but

severaI immunopositive and immunonegative endasomes,- were round adjacent ta the cell

surfacep Cc-el Multiple immunopositive endosomes were located in the ceU peripberyp

Scale bar represent 2 pm.
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Figure 14. MeSA! revealed Ap immunoreactivity assoeiated with severa! intracellular

structures in mature~ neuroectodermally differentiated pAO 28 cells. (a) At Iow power.

immunoreactive deposits were Iocalised to mitochondria (m) and in areas traversed by

microtubuIes (mt) and filaments (t)~ These associations are highlighted in high

magnification views. (b & c) Immunoreactive deposits were associated with the outer

mitochondrial membrane~ (d) Immunoreaettve deposits were [ocated aIong microtubules

and. occasionalIy~ in the associated fibriIIar material (e) Immunoreactive deposits were

typicaIly exeluded from regions of bundIed filaments~ but were round associated with

adjacent 'loose~ filaments~ Scale bar represents 2 J.U1L
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Figure 15. AJ3 immunoreactivity was rarely observed in the nucleus of

neuroeetodermally differentiated pAO 28 cells under the specifie staining conditions

employed in our study. However7 in those few cells with a substantial amount of nucIear

membrane in the plane ofsection,. multiple immunoreactive deposits were found over the

nuclear envelope. The deposits couId be visualized in amongst the nuclear pores (inset of

highlighted rectangle). Scafe bar represents 2 ~1lL
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Connecting Text

The previous resuIts provided clear evidence that APP fragments were avaiIable within

specifie intraeeUuIar compartments of neuroectodennally differentiated cells. We

noticed abnonnalities in the mitochondria of numerous ceUs during this study~ and were

prompted to examine the uItrastrueture of clones soon after differentiatio~ a time when

APP expression is greatly upreguIated and cell wInerability mayt therefore. be greatest.

We observed striking mitochondrial abnormalities in young neuroectodermal progeny.

Ibus. we decided ta investigate whether these mitochonclria were functionally impaired.
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Chapter5

Mitochondrial abnormaIities in neuroectodermaI ceUs stably expressing
hAPP75l

Susan M. Grant; Sai L. Shankar, Ruth ME. Chalmers-Redman, William G. Tatton,

Moshe Szy( A. Claudio Cuello



Abstraet

Metabolic hypofunetion is a common finding in a number ofneurodegenerative diseases7

including A1zheimer"s disease. The strong linkage between the amyloid precursor

protein (AFP) and Alzheimer"s disease led us to examine whether overexpression of this

protein in eNS-type cells had an effect on mitochondria We found abnormal

morphology in mitochondria of the neuroectodermal progeny of P19 cells stahly

transfeeted with human APP7S1. In additio~ the mitochondria of APP-transfected clones

had a decreased mitochondrial membrane potentiaL These changes were independent of

AJ3 toxicity and distinct from complex: l inhibition. Our results may have important

implications for the earliest events in the patbophyslology ofAlzheimer"S disease and,. by

extrapolatio~ for intervention therapies.
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Introduction

Mitochondrial dysfunction bas been demonstrated in a number of

neurodegenerative diseases. including A1zheimer·s disease (Beai et al. 1993). Regional

metabolic abnormalities have heen documented by positron emission tomography~ even

in patients with early disease who exhtètt only memory impairment (Duara et aL 1986).

As weil. deficits in specitic enzymes eatalyzing oxidative phosphorylation have been

descnoed in patients with Alzheimer's disease (Chandrasekaran et al 1994; Gibson et al

1988; Kish et al 1992; Parker Ir. et al 1997). Non-critical inherited mutations in

mitochondrial DNA (mtDNA) and/or cumulative mtDNA damage have been suggested

to underlie this metabolic dysfunction giving cise to a sIowly evolving excitotoxic

neurodegeneration (Beai et aL 1993). Recent evidence that the mitochondrial complex

IV enzyme cytochrome c plays a key role in programmed cell death (Reed 1997). and

growing data regarding the fimction(s) ofthe mitochondrial resident BcI-2 protein family

(Reed et al 1994) suggest that mitochondria Mediate œll survival in multiple ways. It

was of interest therefor~ to determine how the amyloid precursor protein (APP). which

is strongly implieated in the development of A1zheimer·s disease (SeIkoe 1994) might

influence mitochondriaI function.

In the present study~ we examined mitochondria in neuroectodermally

cfifferentiated murine embryonaI carcinoma (P19) cells stahly expressing the human 751

amino acid isoform. of APP. The morphology of these organelles was examined by

eIectron micrOSCOPY7 and their fimction was evaluated, indirectIy~ by measuring the

pyridine cedox state ofthe cens and. direetly~ by measuring the mitochondrial membrane

potential
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Materials and Methods

Materials

AlI chemicals were purchased from Sigma (St. Louis. MO) and tissue culture

reagents ftom Groco BRL (Burlingto~ Canada)~ unless otherwise statecl

Cel/ culture

PI9 cells (obtained ftom M. McBurneyt University of Ottawa) were transfected

by calcium phosphate precipitation of20~ ofthe APP cDNA plasmid pAD-751 (kindly

provided by K. Beyreuthert Centre for MolecuIar Biologyt Heidelberg) and 2 J.tg of the

selection plasmid pCMV1acZ II (American Tissue Culture Collectio~ Rockvillet ~).

Clones were selected in 0.6 mg/ml Geneticin<8> and maintained, during routine passagin~

in 0.2 mg/ml Geneticin®. Incorporation and expression of the wiId type human 751

amino acid isoform. of APPt under the control of the cytomegaJovirus promoter. was

confirmed by Southem and Northem blotting using a radiolabelled interna! fragment of

the APP cDNA Protein expression in differentiated cells was evaIuated by Western

blotting and by immunocytochemistry (see below). pAD-751-expressing clones are

designated pAO; control clones transfected only with pCMVIaeZ n are designated pIacZ.

Pl9 clones were maintained in Dulbecco·s modified EagIe media (high glucose)

supplemented with 10010 fetai bovine seru~I mM sodium pyruvate. 2 mM l..glutamin~

and prophylactic antibiotics (0.03 mg/mI kanamyc~ 0.2 mg/ml streptomyc~ 0.02

mg/ml neomycin) in a 3T'C~ 5% CCh atmosphere. Neuroectodermal differentiation was

performed as descnoed (McBumey et al 1988). Subconiluent monoIayers were

dissociated in ro mM EDTA and plated in baeteriaI grade petri dishes at 106 ceIlsfIO mi

ofmedia supplemented with 0.3 pM aII-trans retinoic acid. After 4 days. œIl aggregates

were dissociated and pIatedon tissue culture substrates-.
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Light andelectron microscopy

At the completion of retinoic acid diftèrentiation, cells were plated on poly-l

lysine coated coversIips (for immunocytochemistry) or tissue culture plastic (for electron

microscopy) and maintained in 10% FBSIDMEM media for 3 days. For light

microscopy. the coverslips were fixed for 10mm at room temperature with 4%

paraformaIdehyde in 0.1 M phosphate butTer pH 7.4 supplemented with 50 mM sucrose

and 0.4 mM calcium chloride. After nonspecific binding of protein was blocked by a

30min incubation at 22°C in blocking buffer (5% horse serum in PBS + 0.1% tween 20),

the primary antlbody was appIied ovemight at 4°C. MeSAI. our mouse monoclonal

antlbody that recognizes an epitope within the N terminall2 amino acids ofhuman APt

was used diluted 1:500 in blocking buffer. The reaction was developed with Veetor Elite

ABC reagents aceording to the manufacturer's protocol using 0.06% diaminobenzadine

as the chromogen.

For eleetron microscopy, 3 day old neuroectoclermal eultures were collected in 10

mMEDT~washed with Hank's balanced sait soIutio~ pelleted and fixed for 2 h at 4°C

in 3% glutaraIdehyde. The cell pellet was post-fixed in osmiwn,. Epon-embedded and

processed for electron microseopy with uranyI acetate and lead. citrate applied as

counterstaÎnS. Grids were viewed with a Philips 410 transmission eleetron microscope.

MlTassay

At the end of retinoic acid treatment the cen aggregates were mechanicalIy

dissociate<l resuspended in 10010 FBS/DMEM media IacIcing phenol~ plated at 100

pI/weil ofa 96 well plate and aIIowed ta- grow undisturbed for 72 ft. For: an additional

4& h the celIs were grown in media. alone. or media suppIemented with 10 or 100 J1M of
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peptide comprising amino acid residues 25-35 ofamyloid J3 (APrprote~ or the reverse

sequence peptide AJ335-25 (American Peptide Co.~ SunnyvaIe~ CA). At the end ofthis

treatment;. the cells were incubated a further 4 hours in J-[4.5..œmethylthizol-2-yl]-2,S

diphenyltetrazolium bromide (MT!) at a final concentration of 0.5 mglml~ followed by

solubilization ovemight at 3?OC in 10% sns. Absorbance of the formazan product was

read at 600 nm. Duplicate experiments were performed, in triplicat~ on the

neuroeetodermal progeny ofeach clone.

Measurement ofnlitochondrial membrane potential

Mitochondrial membrane potential (à'l'M) was estimated using the aIdehyde

fixable fluorescent probe chIoromethyl-tetramethylrosamine methyl ester (C~

Mitotracker Orange, Molecular Probes. Oregon) essentiallyas described (Wadia et ai.

1998). After retinoic acid treatment, cells were plated onto poly-I-lysine coated

coverslips and cultured for 3 days in 10% FBSIDMEM media. CeUs were incubated in

138 DM CMTMR for 15 min at 370C and then in dye-free media for 10 min before being

fixed on ice in 4% paraformaldehyde for 10 min. A Leica TCD confocaI scanning

microscope coupled to an argon-krypton laser (Omnichrome, USA) was used to reso[ve

individual mitochondria. Using a pinhoIe of 20 and an excitation filter wavelength of

488 nm and Iong-pass emission fiIter of 590 l1IDy images were scanned through a lOOK

oil immersion objective at 512 x 512 x 8 bits per pixel resolution. background offset of

I~ and averaged 32 times in bidirectionai scan mode. Another series ofceIls was treated

for 6 h with 15 DM rotenone,. a complex l inhibitor,. prior to incubation with CMTMR and

processing as descooed above. Images were saved in a TIFF format and anayIzed using

the MetamorphTU: software package. Fluorescence intensity measurements were obtained
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using a reetanguIar region taoI of2 x 2 pixels within 2 regions ofeach mitochondria for

approximately 100 mitochondria per treatment condition. The data were analyzed using

nonparametric statistics (Mann-Whitney U test) using the StarlsticaTH software package.
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ResuIts

Based on their robust expression of the bAPP7Sl transgene after neuroectodermal

differentiation, 3 pAO clones (18~ 28, and 34) were selected for analysis of the effect of

tbis expression on mitochondrial fimctiOIL They were comparecl with 2 plaeZ clones (12

and 14) to control for the nonspecific effects of transfection and clonai selection. The

phenotypic evoIution of neuroectodermally ditrerentiated PI9 cells bas been descn"bed

previously (McBumey et al 1988). When grown in 10% se~ neurona4 gIi~ and

tibroblastic type cells mature over rime with neuronal characteristics appearing first at

approximately day 3-4. As depieted in Fig. 16a & b~ differentiated pAO ceUs are

strongly immunoreactive for the human AI} epitope. Examination by eIectron

microscopy revealed striking differences in the morphology ofmitochondria in numerous

pAO cells that did not exhibit the typicai uItrastrueturaI stigmata ofapoptosis or necrosis

(Behl et al 1994a). Compared with control plad clones, which contained mitochondria

packed with regular lamellar cristae and a uniformly eIectron dense~ pAO clone

mitochondria exfu"bited severa! abnormalities (Fig.. 16c vs 16d). rn some instances the

mitochoncfrial matrix was extremely electron dense (Fig. 16e). Frequendy, the inner

mitochondriai membranes were collapsed into circuIar bodies Ieaving large vacant areas

within the organelle (Fig.. 16~ t). Another common feature of mitochondria tram pAO

celIs was the occurrence of whorling membranous inclusions, sometimes involving

adjacent endoplasmic reticuIum (Fig. 16( g).

Whether these mitochondriai uItrastrueturaI abnonnalities were associated with

functionaI changes was assessed in 2 ways. The pyridine redox status oÏ the ceIls was

measured by quantifYing the enzymatic reduction oÏ MIT to its colored forrnazan



product (Table 1). Hydride ions can he generated outside of the mitochondria (e.g. by

NADH-dependent dehydrogenases of the glycolytic pathway) but MIT reduetion is

ftequently used to gauge oxidative phosphorylation aetivity, often as a surragate measure

of cell viability (Brown et al. 1997; S&earman et al 1994). There was no difference in

basallevels ofMIT reduction between placZ and pAD clones assayed between days 3

and 5 after neuroectodermal differentiation. Nor was there a Icss of cell viability after

exposure to 10 or 100 ~{ AP25-35. a peptide previously reported ta he toxic in vitro

(BehI et al. 1994a; Brown et al 1997; Shearman et al 1994).

Mitochondrial function was aIso assessed by using a potentiometric dye ta

measure the â'VM of incfividual mitochondria within each of the pAO and placZ clones.

Decreased fluorescence intensity was observed in ail 3 experimental clones compared

with contrais. Note the shift in the fluorescence intensity ta the Ieft in Fig. 17.

Moreover, the magnitude ofthe decrease in 4'1'M was consistent among the pAO clones.

Ta determine ifthis change reflected inhibition ofthe respiratory chain,. cells were treated

with the complex 1 inhibitor rotenone priaI' ta measurement of 4'V~[. Rotenone treatment

produced a decrease in d\(lM of similar magnitude in both APP-transfected and control

transfeeted clones (decreases of 13.2 and 24.5% for placZ 12 and 14, respectîvely, versus

13.3,9.1, and 15.6% forpAD 18,28, and 347 respectively).
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Discussion

Using direct visualization of mitochondriaI morphology and assays of

mitochondrial fonction,. we bave shown that overexpression of human APP7s1 in

neuroeetodermally differentiated Pl9 cells produces distinct abnormalities. A(3,. and a

peptide comprising amino 8Cids 25-35 ofthis protei~ are widely reported to induce œIl

death in neuronal. celi lines (Behl et al 1994a; Shearman et al. 1994) and in primary CNS

cultures (reviewed in Manson 1997). Both apoptosis and necrosis have been reported

and either fonn of cell death invokes aberrant mitochondrial funetion. P19 cells do

process APP ta (1- and p-secretase cIeavage produets (Ho et al 1996) ancl thus~ pAO

clones would be expected to secrete Ail into their media.. However~ wInerabiIity ta A(3 is

notably œil-type dependent (Brown et al. 1997; Pilee & Cotman 1993) and our MT[

analyses indicate that neuroectodennally differentiated PI9 cells remain viable in the

presence ofhigh concentrations ofAJ325-35.

The morphologicaI abnormalities we observed in pAO mitochondria are

reminiscent of Gomori bodies~ which are astrocytic inclusions homologous ta corpora

amylac~ a prevalent cytoplasmic inclusion in aged and. particularly~ in A1zheimer"s

disease brain (Brawer et al 1994; Schipper& Cissé 1995) Gomori bodies can be induced

in cultured astrocytes by exposure ta the oxidative phosphorylation inhtbitor cysteamine.

They begin as mitochondria with. irreguIar. swollen,. often saccuIar~ cristae and evolve

ovec a period ofdays iota compIex autophagosomes (Brawee et al. 1994). The longevity

ofcysteamine-treated. astrocytes paralIeIs our observation that APP-transfected Pl9 cells

remain viable with this degree ofmitochondrial abnormaIiW.
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Viral-mediated overexpression of hAPPUI in cultured human muscle was

reported to induce a [oss of cytochrome c oxidase staining trom otherwise

uItrastrueturally preserved mitochandria (Askanas et al. 1996)~ Our observation of a

decrease in â'VM in ail pAO clones is the first report. based on functional analysisy that

APP expression per se can affect the potential for mitochondria to carry on oxidative

phosphorylation.

In concert with a proton gradient established by Fr pumping, the eIectrochemical

gradient establishes the mechanism for energy transduction and the production of ATP

(Harold 1986). These gradients are stab[e under basal conditions but Loew and co

workers (1993)" using high resolution confocal imaging in living neuroblastoma cells.

observed that neurite mitochondria undergo spontaneous and reversible decreases in

membrane potentiaL The rotenone data imply that APP (or its metabolites) is not acting

as a toxin within complex l of the respiratory chain analogous to the action of the

Parkinsonian agent I-methyl-4-phenyIpyridinium (MPp) [Bates et al 1994). Rather.

APP (or its metabolites) might be acting to promote a decrease in d'VM by interfering

with maintenance ofeither the proton or the electrochemicaI gradients, or by stabilizing a

population of mitochondria spontaneously shifted to a [ower â\VM. MetaboIic:

heterogeneity between different CNS cell types, different brain regions, and even

different neuronal compartments (synaptic versus non-synaptic mitochondria fractions)

bas been demonstrated (Lai 1992). Moreover. mitochondria isolated ftom the Iiver of

aged rats~ but not ofyoung animaIs,. can be subdivided into distinct popuIations based on

L\'l'M (Hagen et al 1997)~ These data provide a possible basis for the brain region

seIeetivityand age dependence ofAIzheimers disease fuelling our speculation that APP,.

tbrough its action on the mitochon~might promote a cascade ofadverse intraceIIuIar
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events involving metabolic compromise and dysregulation of mitochondrial protein

function leadin& ultimately,. to the Alzheimer's cfisease-specific pattern of neuronal

dystrophy, eventuaI cell Ioss,. and reaetive gliosis.
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Conclusion

Numerous studies have documented defects in oxidative phosphorylation in

Alzheimer's disease b~ although how these defects arise aneL as importantly, how

they induce the specific neuropathology of Alzheimer's disease have not been

detennined. There is strong data suggesting that APP plays a pivotai mie in this disease

and we ha~ ind~ found that overexpression of hAPP7S1 and the accompanying

intraeelIuIar production ofAPP proteolytic fragments in neuroeetodennally differentiated

P19 cells is associated with aberrant mitochondrial morphology and function. At the

ultrastruetural leveI, the inner mitochondrial cristae are remodeJed, and affected

mitochondria appear to undergo an autophagocytic process. Expression of APP and ils

Metabolites is not associated with a global decline in viability as detennined by the

capacity for MIT reduction. Instead the overexpressing clones are characterized by a

decrease in â.\(fM.. This relative uncoupling of oxidative phosphorylarlon is not a

consequence of complex l toxicity and the mechanism remains to be clarified. These

results have important implications for the pathophysiology of Alzheimer's disease

whic~ in~ might elucidate targets forphannacotherapy at the very earliest stages of

the disease.
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Table 1. Redox status based on colourimetric determination in MTT reduetion

% ofhasaI absorbance

Ap25-35 AJ335-25

basal absorbanc~ la lOOJLM 10 lOO~

plaeZ 12

plaeZ 14

pAD 18

pAD28

pAD34

0.383 ±0.035

0.273 ±0.010

0.339 ± 0.000

0.215 ± 0.008

0.227 ±0.021

100 90

110 101

73 74

100 109

128 94

129 131

142 169

102 96

110 92

107 116

• absorbance at 600 nm ± SEM
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Figure 16. Expression OfbAPP7S1 in transfected clones and the assoeiated mitoehondriai

uItrastruetural abnormalities 3 days after retinoic acid-induced neuroectodermal

differentiation. a Be b) APP expression is revealed with a human Af3 epitope-directed

monoclonal antibody. MeSAl. in APP-transfected clones pAD 34 and pAO 1&,

respectively. c) Mitochondrial morphology in control-transfected clone plaeZ 14. d-g)

Mitochondrial abnormalities in the APP-transfected clone pAO 2&. Membranous whorls

encroaching on dysmorphic mitochondria are highlighted with arrows in panels f &, g.

Scale bars represent 200 JUl1 (a,b)t 20~ (ctd) or 2~ (e-g, and inserts c &. d).
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Figure 17. Frequency distribution ofA\{I~ measured as average CMI'MR mitochondrial

fluorescence intensity~ for controI- and APP-transfected clones 3 cfays after

neuroeetodermal diftèrentiation. Note the shift in Â'VM towards the left indicating a

decrease in A\{IM in untreate<l as weil as rotenone treat~ pAO clones. The data were

analyzed using the Mann-Wh.itney U nonparametric statistical test. In Wltreated cultures

(top row) significant differences were fotDld between control and untransfeeted clones

(pAD18, pAD28? pAD34; p<O.Ol). Exposure to 5 nM rotenone (bottom row) caused a

signfficant shift to the left for clone placZl2 (p<O.OS), and for the remaining clones

(p<O.OI).
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Connecting Text

During our anaylsis ofmitochondrial functio~ we established that the redox potentials of

ail 3 clay old clones were simtlart and that the Ap postuIated to be secreted in the media

was unIikely to be inducing œIl death. Ta further investigate the occurrence ofcell loss

in differentiated, transfected clones, we examined the phosphorylation (and, hence.

activation) of members of the mitogen-activated protein kinase family. These proteins~

ERK 1 and 2, Joo. kinase, and p38, have been identified as important Mediators of cell

survival. The phosphorylation ofp42MAPK (ERK 2) seemed particu1arly sensitive to APP

overexpression; therefore, we investigated its dynamic phosphorylation at early and later

rimes ofneuroectodermaI growth.
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Phosphorylation ofmitogen-activated protein kinase is altered in

nemoectodermal cells overexpressing the human amyloid precursor protein

751 isofonn
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Abstract

Hyperphosphorylation of the microtubule-associated protein tau is a histopathoIogical

ballmark of A1zheimertcs disease. However~ the aberrant expression or processing of the

amyloid precursor protein (APP) is the ooly known genetie basis for preseniIe familial

Alzheimers disease.. and the molecular connection between AFP and tau has been

perplexing. Attention bas focused on proline-directed serinelthreonine kinases as

mediating the cytoskeletal modifications of AIzheimer~s disease~ and we show that

overexpression of APP can influence the activation of a candidate kinase,. the mitogen

aetivated protein kinase (MAPK). In murine embryonal carcinoma cells stahly

transfeeted with the human 751 isofonn of APP~ we observed steady-state

hyperactivation of p42~L\PK concomitant with APP overexpression 3 days after

neuroeetodermal clifferentiation. In more mature differentiated cel~

immunocytochemical analysis reveaIed enhanced basal samarie and nuelear

immunoreactivity for phosphorylated MAPK coupled with an attenuated phosphorylation

response to growth factor stimulation. Our results suggest that APP can influence the

MAPK signaling pathway in such a way that the absoIute and time-dependent activation

required for discrimination of the appropriate downstream response are compromised.

Such an etreet would have important consequences for the fimetioning of cells

coincidentally expressing bath. proteins~ a situation that occurs in neuronal populations

wInerabIe to Alzheimer's disease pathoIogy.
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Introduction

One of the major histopathological hallmarks of A1zheimer·s disease is the

neurofibrilIary tangle (NFI')~ an intraneuronal inclusion composed of paired helical

filaments derived from abnormaIly phosphorylated microtubule-associated protein tau.

Indeed, a spectrum of cytoskeletal abDOrmalities can be deteeted with antibodies to

phosphorylated epitopes in tau that includes neuropil threads throughout the affected

cort~ swoUen dystrophie neurit~ and extracelluIar ~ghost· tangIes marking the death of

an affeeted Deuron (reviewed by Goedart 1993). NFT density increases in a stereotypie

anatomical pattern in Alzheimer~s disease that correlates with the progression of

dementia (Braak &, Braak 1996). However~ inherited forms of this disease appear to

involve aItered amyloid precursor protein (APP) metabolism and no genetie linkage bas

been made to tau. It is possibl~ however~ that APP or its metabolites influence the

dynamic pbosphorylation and/or depbosphorylation of tau.

Severa! proline-directed serinelthreonine kinases bave been identified that

catalyse the addition of phosphate to tau at those sites which are typically Don

phosphorylated in aduIt Deurons but tbat become pbosphorylated in Alzheimer·s disease.

Mitogen-aetivated protein kinase (MAPK)~ also known as extraceIluIar signal reguIated

kinase (ERK), is particularly intriguing because it can phosphorylate tau in vitro on sites

peculiar to paired helical filament tau (Drewes et al 1992). Moreover, its topographie

distribution in human brain corresponds to neuronal populations wInerable to NFr

development (Arendt et al 1995; Hyman et al. 1994; Pei et al 1994; Trojanowski et al

1993b).

APP expression is high in the same neuron populations (Bahmanyar et aI.. 1987;

Lewis et al 1988); hence. il seemed pertinent ta examine MAPK activation in APP

expressing celIs. We have stahly transfected the 751 amino acid isoform. ofhuman. APP
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into murine embryonal carcinoma (P19) cells that can be induce<L by aggregation in the

presence of retinoic acicl to differentiate into neuronal, glial and fibrobIastic (i.e.~

neuroectodermal) cell types. MAPK phosphorylation was assessed using a phosphcr

specifie MAPK antibody onder basal conditions and in response ta growth factor

stimulation. We show that overexpression of APP in newly differentiated clones is

associated with hyperphosphorylation of MAPK, and that more mature cells exhtèit an

attenuated phosphorylation response to acidic fibroblast growth factor (aFGF)

stimulation. Our resuIts are consistent with the notion that aberrant APP expression can

be juxtaposed to bath defining lesions of A1zheimerPs disease: pathological

accumulations ofAf3 peptide and ofhyperphosphorylated tau.
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Materiais and Methods

Materials

Recombinant human aFGF was purchased trom Promeg~ dissolved in

phosphate-bufTered saline (PBS) with 1% bovine serum alb~ and stored as ftozen

aIiquots. All-trans retinoic acid and heparin were purchased ftom Sigma The

PhosphoPlus p44/42 MAP Kinase Antibody kit was purchased trom New England

BioLabs.

Preparation ofstably transfeeted P19 ceIls

Wild type P19 cells (gift of M. McBumey) were transfected with the complete

cDNA of the 751 amino acid isoform of human APP onder the control of the

cytomegaIovirus promoter (gift of K. Beyreuther; Weidemann et al 1989). Cells were

co-transfected with the selection plasmid pCMVIacZ rr (American Tissue Culture

Collectio~ RockviII~ MD). Stahly transfected clones~ termed pAD~ were identified by

Southem analysis and expression of the transgene was confinned by mRNA and protein

determinations in neuroeetodermally differentiated cells. Control cIones~ termed p1ac4

were transfeeted with pCMVIacZ rr only.

NeuroectodermaI differentiation

Cells were grown in Du1becco~s modified Eagle~s media (DMEM) supplemented

with l00~ heat-inaetivated fetaI bovine seruIll, 1 mM sodium pyruvatey 2 mM 1·

gIutamin~ and prophylaetic antibiotics (0.03 mg/ml kanamycin. 0.2 mgfmI streptomycin,

and 0.02 mgfml neomycin). Undifferentiated clones were maintained in selection media

(0.2 mg/mI Geneticin<!l).
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NeuroectodermaI differentiation was performed essentiaIly as descnoed

(MacPherson & McBumey 1995). Subconfluent monolayers ofcells were dissociated in

IG mM EDTA and replate~ at 106 cens per ID ml media plus 0.3 ~ aIl-trans retinoic

acic( in baeterial grade plastic dishes for 3 days. At the end oftreatmen~ the aggregates

were mechanically dissociated and plated onto tissue culture plastic.

MAPK phosphorylation

Plates of undifferentiated celIsy and cells at various times after differentiatio~

were placed on ice. washed twice with cold PBS pH 7.4y and incubated for 20 min in cold

lysis buffer (50 mM Tris HCI pH 8.0. 137 mM sodium chIoride~ 1% Nonidet P40. 10%

glycerol. 50 J.LM sodium ortbovanadate. 20 mM sodium pyrophosphate. 10 J1M Ieupeptin.

10 mM benzamidin~ 2 J.1g/ml aprotinin. l mM phenylmethylsuIphonylfluoride).

Supematants were coUected after centrifugation of celllysates at 12.000 g for 15 min at

4°C. Total protein was determined by the bicinchoninic acid method (BeA kit Pierce)

and 2S ~ of protein was boiled in 2X sample buffer prior to separation by sodium

dodecyI suIphate-polyacrylamide gel electrophoresis. Samples for MAPK detection were

separated in 12% gels prepared with low-bis acrylamide (acrylamide:bis ratio of 118.5:1)

as descnèed (Mins et al. 1997). Identical. samples for APP detection were separated. in

7.5% gels prepared with standard bis acrylamide (ratio of37.5:I).

ImmunobIotting was perfonned as descn"bed by the manufacturer. Non

phosphorylated protein was detec:ted with a rabbit antisera generated against a peptide

corresponding to residues 345 to 358 ofrat p42MAP1C
• The membrane was then stripped

by incubation in 62.5 mM Tris HCI pH 6~8. 2% sodium dodecyI suIphat~ 100 mM p-
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mercaptoetbanoI at 65°C for 30 mia After thorough washing the membrane was

. reprobed with rabbit antiserum raised against a peptide corresponding ta residues 196 ta

209 of human p44MAPK: phosphorylated on bath threonine 202 and tyrosine 204. A

purified mouse monoclonal ann"body recognising an N-terminal epitope of human and

rodent APP (clone neI1. Boerhinger-Mannheim) was used to detect APP.

aFGF stimulation

Immunocytochemistry:

At the end ofretinoic acid treatmen~ APP clone pAO 18 and control clone pfaeZ

14 were plated on poly..l..lysine coated cover slips and grown in standard [()OA» serum

media for 12 days. The coverslips were washed twice with DMEM (without additives)

and incubated for IS min at3~C in assay mediaalone (DMEM + [ J.18/ml heparin) or in

assay media + aFGF 50 ngfmL At the end of treatment the cells were washed briefly

with PBS and fixed for IS min at 4°C in 4% paraformaldehyde in 0.1 M phosphate buffer

pH 7.4 with 50 mM sucrose and 0.4 mM calcium chIoride. Immtmocytochemical

detection of phosphorylated MAPK was perfonned according ta the manufacturer·s

protocol using the Vector ABC reagent and diaminobenzidine as chromogen.. The

coversIips were cleared in ascending aIcohols and xylene. mounted in EntelIan~ and

photographed through a Leitzmicroscope..

Imunoblotting:
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In paraIle~ 12 day old cultures ofplacZ 14 and pAD 18 cells were washed in PBS

and collected with 1 mM EDTA. The cell suspension was divided into 2 equal aIiquots~

the cells pelleted and washed twice on ice with PBS before being resuspended in assay

media or assay media + 50 ngfmI aFGF. After a 15 min incubation at 370C~ the cells

were chilled in an ice waterba~ pelIete<L and resuspended in 2X electrophoresis sample

buffer. Equal volumes ofboiled, centrifuged sampIe were loaded in a 12% Iow bis gel

and the blots processed for MAPK and phospho-MAPK immunoreactivity as described

above.

Quantitation ofresults:

To compensate for differences in protein loading and antibody sensitivity? the

intensity of the immunoreaetive bands for MAPK and phospho-MAPK were quantitied

by measuring the density of the autoradiograms with MasterScan Biological Imaging

Systems™ scanner and software.. The extent of phosphorylation was calculated as

intensÏty of phospho-MAPK divided by intensity of non-phosphorylated MAP~ and

expressed as a rold increase in normalised phosphorylated MAPI<.
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ResuIts and Discussion

MAPK expression depends on Ille differentilltion state.. Hyperphosphory/adon of
MAPK coïncides wit/r APPexpressiolL

AlI clones demonstrated robust expression of a 42 kDa band,. corresponding to

p42MAPK (ERK2}7 prior to differentiation. Neuroectodermal differentiation induced a

reduction in total MAPK expression in ail the PI9 clones relative ta that seen in

Wldifferentiated cells; however7 MAPK phosphorylation increased (Fig. 18). There was a

4 fold increase in the amount ofnarmaIised phospho-MAPK for both ofthe plaeZ control

clones between the end of retinaic acid treatment (day 0) and clay 3 of neuroeetodennal

growth. By compariso~ phospho-MAPK increased 21 raid in pAO lB cells and 10 foid

in pAO 28 cells coincident with the upreguIation ofAPP.

Both undifferentiated and differentiated cells weee cultured in the same 10% fetaI

bovine serum media; henc~ the enhanced phosphorylation seen in ail clones after

differentiation must retlect a change in signal transduction capabilities,. presumably in

support ofpheno~icmaturation or function. Apparendy APP interaets with titis aItered

capability ta enhance phosphorylation of MAPK.. The secreted N-terminai APP

ectodomain bas been reported ta aetivate MAPK in a Ras-dependent fashion in peI2

cells (Greenberg et al 1994. 1995). Murayama and colleagues (1996) implieated the

intact membrane-insened farm of APP in a Go protein-dependent activation of MAPK.

In both cases. the increase in phospharylation was rapid and declined over time. Ours is

the first report that high IeveIs. af intracellular APP cm cause the steady-state

hyperactivation ofp42MAPK:.

PU ceUs express predominandy p41MAPIC (ERIQ)
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• The neurotransmitter profile of Pl9-derived neurons resembles that of the

mammalian neocortex (Staines et aI.. 1994) making this cell line an attractive system for

studies pertaining to central nervous system-type cells. Because p42MAPK localises to

neurons wInerabIe ta the development ofNFT, it was particularly interesting ta note that

P19 celIs express aImost ex:clusively ERK 2. Using rabbit antisera developed against rat

ERIC 1 (gift ofNew England Biolabs)~ ooly very faint 44 kD bands were detected after

proIonged exposure of the blots (data not shown). However~ the phospho-specific

antibody did reveaI a low level of immunoreactive phosphorylated p44MAPK after

differentiation (Fig. 18). InterestinglYt there was a notable difference in the effeet of

differentiation on the intensity of the 42 and 44 kD bands such that p42MAPK

phosphorylation was enhanced out ofproportion to that ofp44MAPK.

APP overexpression attenuates the response to aFGF

MAPK is known to participate in the signalling cascade activated by ligand

binding of tyrosine kinase growth factor receptors. Once phosphorylated, MAPK can

interact with cytosolic partners and is aIso translocated to the nucleus where it causes

transcriptional activation of genes to eifect a biologicaI response (Force & Bonventre

1998; Robbins et al 1994). Neurotrophic factors promote the SUIVÏva4 development and

regeneration ofneurons an!l therefo~are ofgreat interest in neurodegenerative diseases

(reviewed in Hefti et al 1989). aFGF expression in mature rat brain is limited to specifie

neuron populations including those known to be affected by neurodegeneration (Stock et

al 1992; Wùcox & UnnerstalI 1991). Moreover, MAPK is known ta colocalise with

receptors for FGF in rat retinal neurons (Bfanquet &. Jonet 1996). For these reasons~ it

was of interest to determine if APP overexpression couId influence the response of

MAPK toaFGF.
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Undifferentiated and retinoic acid-treated P19 cells express receptors for FGFs

(Ameerun et aI. 1996; Mummery et al 1993). Exposure ta basic FGF (bFGF) induced

MAPK phosphorylation in differentiated Pl9 cells (Ameerun et al. 1996)7 and bath aFGF

and bFGF were mitogenic in undifierentiated ceIls (Mummery et aL 1993). When 12 clay

old cultures of our PI9 clones were treated with aFGF 50 ng/mI, in the presence of

hep~ we observed a IO-rold increase in MAPK phosphorylation on immunoblots of

control clone plaeZ 147 but only a 4-fold increase for AFP clone pAO 18 (data not

shawn). Immunohistochemical analysis ofthe response to aFGF was very revealing (Fig.

19). Most of the reactivity in unstimulated plaeZ 14 cells was associated with a

population of mitotically active cells probably representative of the fibroblast-Iike ceIls

that develop after retinoic acid treatment (Rudnicki et al. 1990). Larger, spreading cells

in these cultures were immunonegative. After 15 min of stimulation with aFGF. both

types of cells exlubited intense nucIear and perinucIear immunoreaetivity. In COD~

tmStimulated. pAO 1g cells exhibited strong immunoreaetivity in a reticular pattern

throughout the perikarya with variable nuclear staining. After aFGF treatment there was

moderately enhanced somatie and nuclearstaining.

In protocols designed to separate cytoskeletaI proteins ftom the cytosolic ftaetio~

a portion ofcellular MAPK copurifies with microtubule-associated protein 2 and tubulin

(Morishima-Kawashirna 1996; Reszka et al. 1995). APP~ too~ cao bind the cytoskeleton

(Allinquant et al 1994; ReColo et al. 1991)~ and was reported to directIy bind tau (Smith

et al 1995). Recent studies indicate that APP aIso interacts with proteins bearing

homoIogy to the phosphotyrosine binding protein Shc,. which is known to participate in

tyrosine kinase receptor signalIing (Borg et al 1996; Fiore et al 1995). It ïs tempting ta

speculate that APP might be involved inbringing kinase cascade proteÎnS in proximity to
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• microtubuIe-tethered MAPK thereby aetivating MAPK and influencing the

phosphorylation-dependent dynamics of microtubuIe stability. In this scenario,

overactivation ofMAPK couId he fostered by the abnormai expression or trafficking of

APP, as occurs in Down's syndrome or hereditary A1zheimer·s disease, facilitating the

hyperphosphorylation oftau.

The high level of basal phosphorylation in clone pAD 18 and minimal response

to aFGF stimulation suggest that APP overexpression induced a change in both the

magnitude and the traDsience of MAPK phosphorylation. Both parameters are believed

to dietate the outcome ofMAPK-mediated signalIing (Marshall 1995; Sugden & C[erk

1997). If APP can alter these parameters, there may he important consequences lor

neuronal aetivities involving MAPK, including long term potentiation (Kornhauser &

Greenberg 1997) and synaptic p[asticity (Jovanovic et al. 1996).

It is a1so noteworthy that MAPK has been identitied as an important downstream

effector in the regulated catabo[ism of AFP (Desdouïts-Magnen et al. 1998; Mi[1s et al

1997). One can conceive of a cycle ïnvolving aItered eatabolism of APP and

dysreguJation ofMAPK activation leading, especially in cells with coincidentally high

expression ofboth proteins, to [oss ofcontrol over important MAPK-dependent events.
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Figure 18. Neuroectodermal differentiation ofP19 clones is associated with changes in

total MAPK content and in the proportion of phosphorylated MAPK. Undifferentiated

(UD) ceIls,. cells at the end ofretinoic acid-induced differentiation (0). and cells cultured

for 3 days after differentiation (3) were analysed by immunobIotting 25 ~ of total

protein. A. rabbit antisera to non-phosphorylated MAP~ B. rabbit antisera ta MAPK

phosphorylated on both threonine 202 and tyrosine 204, C. mouse monoclonal antlbody

to APP. Control clones: plaeZ 12 and placZ 14; APP-transfected clones: pAO 18 and

pAO 28. Neuroectodermal difierentiation induces downregulation of MAPK but

enhances its phosphorylation. Overexpression of APP by day 3 is associated with

hyperphosphorylation ofMAPK in transfeeted clones. P19 cells express predominantly

P42MAPK (ER!( 2). After differentiation bath MAPKs can be deteeted by the phospho

specifie antisera; however, p42MAPK is the predominant aetivated protein.
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Figure 19. Twelve day old neuroeetodermal cultures were exposed to 0 (basal) or 50

ngfmI (+aFGF) ofgrowth factor for 15 min at 370C before being fixed and processed for

immunoreactivity to the phospho-MAPK antisera Arrows in panels ~ b. e. and f

indicate more fully differentiated celIs in cultures ofthe control clone plaeZ 14. Cultures

of APP-transfected. clone pAO 18 typically contain tlattenecl process-bearing cells that

are immunoreactive for phospho-MAPK before and after aFGF treatment ScaIe bar

represents 200~
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Chapter7

Discussion

That APP bas a role to play in A1zheimer's disease seems irrefutable. However,

its contribution to the neuropathology is generaIly viewed in tenns of the secretion and

extracellular deposition of ifs AI3 peptide fragment The data offered in this thesis

suggest that, within cells expressing high amounts of APP, key cell functions are

compromised potentially inducing a slowly evolving degeneration.

There is an abundance of information conceming the abnormalities observed in

post-mortem Alzheimer's disease brain. Numerous studies in vitro have attempted to

define the molecuIar basis for these abnormalities. In the following sections l would like

to take the opportunity to speculate about how our results might be interpreted within the

context of these other investigations. My goal is ta identify novel pharmacological

targets ofpanicuIar relevance to ear[y intervention in Alzheimer's disease.

7.1 P19 cells as a model system

Despite the difficulties we encountered with expression of the transgene, P19

cells can be recommended for studies of APP aetivity in the CNS on severa! grounds.

F~ retinoic acid treatment induces an irreversibIe commitment to differentiation, and

the neuroectodermaI progeny refIect phenotypes round in mammaIian neocortex.

Second. P19 cells are capable of fully processing human APP to produce the same

cleavage products as are found in human brain. Thini,. PI9 cells do not undergo

apoptosis in response to moderate (but supraphysioIogicaI) levels ofexogenous Ap. This

resistance Permits examination of the effects of APP overexpression.. Fourtb,
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difTerentiated Pl9 cells can be cultured for many weeks and will maintain expression of

the transgene during this tÏme. Long tenn cultures may be particuIarly valuable in

examining the evolution ofthe interaction ofAPP with the intracellular environment.

J.. difficuIty with Pl9 ceIIs, aIluded to in Section 3.1.2, is variability in the

relative proportion of astrocytes, tibroblast-like cells. and neurons produced, and in the

expression of neurotransmitter phenotype. A clonaI effect appears to operate, which is

exacerbated by the introduction of foreign DNA. Thus, our stahly transfected clones

exhibited considerable variability with respect to post-differentiation morphology. It is

perhaps even more remarkable, then, that the effeet of APP on mitochandrial function

and MAPK phosphorylation was consistently observed among the APP-transfected pAO

clones relative ta the control plaeZ clones.

AlI of the studies described herein used neuroectodermal cultures grown in

serum-based media. While this media can support at least the initiai development of all

œil types, it is probably not ideal for the complete differentiation of neurons, in

particuIar. Serum is a1s0 a source of variability in cell growth and responsiveness. .In

hindsight, .a better experimental design would have been to use a defined media with

minimal serum and aclded trophie factors to enhance neuronal survivaL As weil reguIar

generation of new stahly transfected clones wouId have minimised the confounding

influence ofprolongedpassaging in selection media

Fmally~ the pAD clones used for the studies descnèed herein were chosen for

their high levels of APP expression. A better approach may have been to look for a

correlation between the level ofAPP expression (i.e.~ low~ medium,. and high expressing

clones) and the degree ofMAPK activation ormitochondrial uncoupling. Demonstration

orthe results in another œIl line would alSo have been vaIuable. An alternative source of

œlls for the analysis of APP overexpression in a CNS context is transgenic embryos.
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Primary cultures of specifie neuronal populations or of glial cells should be a powerful

system to examine the effects reported here in P19 celIs~ provided the transgene promoter

is sufficiently active in vitro.

7.2 Lessons from P19 cell grafts

Many factors influence the successfuI implantation of cells into the brain

including: donor and host immunogenetic differences~ maturity of donor and host

cavitation of hast tissue at the graft site. graft vascularisation. and functional

"appropriateness" ofthe graft phenotype to the host site {Dmmett et al. 1986; Lund et al

1989). APP expressionper se does not appear to influence graft survival because grafts

from mouse embryos bearing trisomy 16 (the murine equivalent of trisomy 21) persisted

for at [east one year in syngeneic hosts (Richards et al. 1993). Successful implantation of

differentiated PI9 and human embryonal carcinama (NT2N) cells iuta cyclosporin A

treated rat hosts bas been descnèed (Morassutti et al. 1994; Trojanowski et al 1993a).

Fukuchi et al. (1994b) demonstrated expression in vivo of an APP C-tenninai cDNA

using the cytomegalovirus promoter in P19 cells grafted into mouse hippocampus.

Our failure ta find the expected overexpression of APP in our 4 week old graft

might reflect the attrition of high expressing ceIIs~ the persistence of transcriptional

repressors inhibiting cytomegalovirus promoter aetivity~ or the selection and expansion in

mo ofa subclone that had last or silenced its transgene. An effect ofcyclosporin cannot

be ruIed out,. although. to date it bas not been reported to influence APP production..

It was interesting ta note that,. at big&. antibody concentrations~ APP

immunoreactive material perhaps reflecting endogenous mutineprot~ was localised to

areas of the graft infiItrated by vascuIar elements. The blood-brain barrier status after

transplantation is a controversial issue; bowever. in one study oftransplanted C6 gIioma
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ceIIs~ extravasation of dye or horseradish peroxidase was extensive in a one week old

graft (Bertram et aL 1994). Cerebral vessels are subjeet to senile changes and vessels in

Alzheimers disease brain have a number of additional abnormaIities (reviewed by

KaIaria 1996). AIthough not correlated with functional deficits, it is possible these

changes compromise the barrier in aged hrm Brewer and Ashford (1992) reponed that

rat hippocampal neurons exposed to buman serum exhibited an increase in

immunofluorescence for four Alzheimer's disease-related antisera: anti-phosphorylated

ta~ anti-Ap, anti-MAP 2 and anti-ubiquitin. The increase was greater with serum from

oId versus young humans, did not occur with fetaI bovine seIUItl, and was not observed

with anti-neuron specifie eno[ase antisera. It is tempting to suggest that our resuIts

reflect a reactive upregulation of endogenous murine APP in response to serum borne

factors. The localisation of immunoreactivity within processes makes this a more likely

scenario than infiltration ofsoluble APP eetodomain ftom rat plasma

7.3 IntracelIuIar processing ofAPP

Ta aceomplish our analysis of the intracelIuIar localisation of APP eataboIie

fragments, we developed a monoclonal antibody highly specifie to a human epitope in

the AI3 domain. Using this antt1>ody in a preembedding EM protocoL we could visualise

immunoreaetivity in vesicuIar compartments that previous biochemieal studies had

suggested might be sites ofa- and f3-secretase aetivity. Ours is the first evidence that

does not re[y on inhibiting cellularprocesses to identify theproteolytie compartments.

In addition to eonfuming a role for the trans-Golgi and for endosomes in APP

proteo[ysis~ we observed immunoreactivity within diIatated a We specuIate that this

latter finding might be indicative of low level y-secretase aetivity in this compartment,

and might be the mecbanism by which presenilin mutations~ through their interaction
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with immature forms of APP~ promote y(42)..secretase cleavage.. Long-lived trisomy 16

grafts exfuoit ultrastructural pathologies that include extended ER and Golgi funher

suggesting that overexpression ofAPP taxes the protein processing machinery ofthe celL

Sînce aIl newly synthesised. proteins destined for fast axopIasmic transport pass through

the GoI~ faiIure to efficiently process APP may be detrimental to activities dependent

on rapid protein transpo~ as weIl as PQssibly being amyloidogenic.

Our EM study aIso reveaied AP immunoreactivity spontaneously associated with

particular organelles. We observed deposits at the outer mitochondrial membran~

associated with microtubuIes and tilaments~ and decorating the nuclear envelope. These

observations emphasize that APP metabolites could aet from within the cell to affect

activities localised to these sites. It cannot be ruled out that these are spurious

associations reflecting the overexpression of the precursor protein; however,. there are

intriguing parallels to other proteins with hitherto established raies witbin a single cell

compartment. The cytosolic enzyme GAPDH bas a1so been localised to the plasma

membrane,. mitochondri~ cytoskeleto~ and nucleus. In addition to its known roIe in

glyeolysis,. a number ofnon-glycolytic activities have been described (lshitani et ai 1998

and references therein). Bel 2 has anti..apoptitic aetivity mediated through its association

with the mitochondria. However,. it is aIso found in the ER. and nuclear envelope

(Krajewski et al1993)~ and bas been shown to stabilise the ER Ca2~ pool (Distelhorst et

al. 1996) and to promote axon regeneration in the CNS (Chen et af.1997).

As descnDed in C&apters 2,. 4,. and 6~ the C terminus of APP is the site ofseveral

protein interactions and is subject to dynamic phosphorylation. Conditional expression

ofthe terminaI 111 amino acids of APP in human neuroblastoma cells was reponed to

inducepronouncedcytotoxicity. Exposure to conditioned media had no eftèet suggesting

the toxicity involved intraceIIuIar mechanisms (Sopher et al 1994). The Ail peptide has
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at least one intracellular partner, ERAB~ which ÈS thougbt ta be a hydroxysteroid

dehydrogenase enzyme, and the AI3-ERAB interaction was shown to mediate toxicity in

neuroblastoma celIs (Yan et aL 1997). These reports~ combined with our uItrastruetural

data, support the notion that APP or its metabolites might bave important intracellular

activities ofrelevance ta the viability ofmature CNS cells.

7.4 APP and oxidative metabolism

When first characterising our APP transfected clones, we investigated whether

overexpression ofthe prote~ and presumably of its AI3 metabolite, resuIted in apoptosis

(see Section 2.6.1). Fukuchi and colleagues, also working with PI9 transfectants, had

described bath toxicity and enhanced survival with different APP construets (Fukuchi et

al. 1992b, 1996b); bence, the etrect of APP on P19 survival was unclear. Both

tuldifferentiated and retinoic acid-treated P19 cells appear ta be reIatively resistant to A(3

induced toxicity as detennined by MT[ assay. However~ examination of the

uItrastrueture in differentiated clones reveaied a striking mitochondriai abnormaIity in

cells Iacking the nuclear changes typical of apoptosis or necrosis. Our collaborators at

the Mt. Sinaï School of Medicine determined that APP-expressing clones exhibit a

decrease in â'l'M relative to control transfeetants.

Oxidative phosphorylation depends on the proton-motive force generated by

proton pumping and establishment of an electrochemicaI gradient. The decrease in

membrane potentiai implies relative uncoupling of respiration with potentiaHy serious

consequences for energy metaboIism. and Ca2? sequesteratÏon.. This reduction in â'l'M is

distinct nom the conapse of the membrane potentiaI that accompanies aeute cytotoxic

insuIts~ but may be particuIarly relevant to the sIowly evolving nature of Alzheimers

dîsease. Indeed, oxidative defeets have been uncovered in ether neurodegenerative
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disorders including Parkinson~s disease~ amyotrophie lateral scleros~ and Huntington~s

disease (parker Ir. & Swerdlow 1998; Swerdlow et al 1998; reviewed in Beai 1996).

The neurodegeneration characteristie of each disease May retleet the specifie oxidative

abnonnality; however, post-mortem evidence offree radical damage points ta prolonged.

oxidative stress in each ofthese disorders (Beai 1996).

Our observations in PI9 cells need to be confirmed and expanded with particular

reference ta the generation of reaetÏve oxygen speci~ Ca2
+-buffering capacity. and ATP

status of APP-expressing ceUs. Preliminary studies in newly differentiated P19 clones

indicate that APP overexpression May induce some change in anti-oxidant systems as

revealed by increased resistance ta high (>500~ concentrations ofhydrogen peroxide.

Conversely, no difference in vuInerability ta sodium nitroprusside-induced toxicity was

round between APP-transfected and control clones (data not shawn). As the following

review suggests~ the specifie mitochondrial changes induced by APP overexpression may

be very relevant to the pathophysiology ofAlzheimer's disease-type neurodegeneration..

Free intracelluIar Ca2
+ plays a pivotai role in the transduction and exocytie

response to Iigand-mediated. signaIs. Mitochondria are an important CaZ.·buffering

organelle that sequesters and releases Ca2
+ as dietated by the needs of the

microenvironment (Simpson " Russell 1998). Agents that cause loss of membrane

potential (permeabiIity transition) disrupt mitochondrial Ca2+- cycling and induce cell

death. It is conceivable that less severe decreases in â'VM couid produce a more indolent

defeet. In this regard" human neuroblastoma cybrids transformed with mitochondria

from Alzheimer"s disease patients exhibit subtIe disturbances in Ca2
+ homeostasis

(S&eehan et al 1997). Even subtle changes. if persisten~ may be sufficient to disrupt

Ca2+-dependent events in sensitive systems. Le.• cholinergie neurotransmission (peterson

&. Gibson 1983).
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As discussed in Chapter S, there is ample antemortem functional and postmortem

biochemical evidence for a defeet in oxidative metaboIism in Alzheimer~s disease brain.

Acute uncoupling of oxidative phosphorylation promotes the toxie accumulation of

reactive oxygen species (Zamzami et al 1995). Chronie hypometaboIism may induce

Iess severe oxidative stress in AIzheimer's disease brain but over time~ oxidative damage

ta membrane Iipids~ protems, and DNA accumuIates (Beai et al. 1993). If APP can

influence A'I'M and/or oxidant control systems in vivot the increase in APP expression

with aging (Section 2.3.3) May reach a threshold wherein its effect on mitochondrial

fimetio~ perhaps in combination with patient-specific factors that affect mitochondriaI

integrity or antioxidant defences, couId bring about an Alzheimer's disease-type

neuropathology.

It shouId not be negIected that the effect of APP on â'VM may serve a purpose in

promoting certain cell functions. For example, both reactive oxygen species and Ca2


can influence differentiation and pfasticity (Mattson 1998; Mattson & Barger 1993; Sohal

&. Allen 1990). In this regar~ cortical neurons from trisomy 21 fetuses degenerat~

beginning at l week in culture, coïncident with elevated IeveIs ofreactive oxygen species

(Busciglio et al.. 1995). It is tempting to speculate that higher Ievels ofAPP in these cells

exacerbated the effeets of reactive oxidative species produced normally during neuronal

differentiation.

7.5 APP and kinase activation

One of the Icey puzzles in AIZheimer~sdisease is understanding the connection

between APPtAP-associated lesions (plaque) and tauJPHF-associated Iesions

(neurofibriIlary changes). The cytoskeletal changes involve abnormal phosphorylation of

neurofiIament triplet proteins an~ Most strikingIy~ of tau (Gnmdke-IqbaI et al 1986;
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TaJamo et al 1989; Vickers etai. 1994). Interest bas focussed, therefoœ.. on the possible

abnormal activity of kinases and/or phosphatases. Our observation that overexpression

of APP alters the phosphorylation dynamics of a candidate kinas~ MAP~ provides a

novel mechanism for reconciling the origin ofthe two Iesions.

It should be noted that MAPK is not the ooly kinase capable of phosphoryfating

tau. MicrotubuIe affinity-regulating kinase (MARK) and protein kinase C~ for example~

also phosphorylate tau in such a way as to affect its binding of microtubuIes (Combs et

al 1998; Drewes et al 1995~ 1997). It is unknown whether APP exerts any influence

over the aetivity ofthese kinases.

As discussed in Cbapter 6, and further demonstrated in our EM study in Chapter

4~ APP associates with the cytoskeleton and this may allow it to mediate protein-protein

interactions leacling to the activation of microtubule-tethered MAPK.. MAPK is aIso

activated by Ca2
+ and by hydrogen peroxide (Guyton et ai. 1996; Luo et al. 1997; Xia et

al 1996); hen~ the mitochondrial changes associated with APP overexpression may

underlie MAPK hyperphosphoryIatio~ particuIarly at the 3 day rime point of

neuroeetodermaI differentiation when our data were colleeted. Interestingly. ATP

depletion was reported to aetivate other relevant kinases (a neurofilament kinase and a

tau kinase) in peI2 cens (Bush et al 1995). Because the dephosphorylation ofMAPK is

an integraI part ofthe kinase signalling mechanism (reviewed in HWlter 1995), il is aIso

possible that APP influences the aetivity of MAPK phosphatases or their access to

phosphorylated MAPK. This is an interesting possibility that bas yet to he explored.

Abnormally phosphorylated tau seIf:.assembfes into paired heIical filaments

which resist degradation.. Recent work by Del C. Alonso et al (1997) indieates that

paired heIicaI filament tau cm sequester nonnal tau,. MAP 17 and MAP 2,. and thereby

promote microtubule disassembly. Thus,. it may be that minor changes in. tau
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phosphoryIatioll, provided it occurs on residues leading to the persistent paired helical

form of the prote~ are sufficient to reach a threshold for self-promoting changes in

microtubule stability. This slow evolution of tau phosphorylation is in keeping with the

idea that APP-associated neuropathology depends on reaching an event threshoIcl

7.6 Overviewand conclusions

The work completed for this thesis bas fuIfiIIed the stated objectives of revealing

the intracellular associations of APP eatabolic fragments and investigating funetionai

changes~ specific ta APP-overexpressing ce1Is7 that may be particularly relevant to the

genesis ofthe slowly evolving neurodegeneration ofAlzheimer~sdisease.

We have found the following:

• Ap-epitope-containing fragments were fOWld in trans-Golgi vesicles and in

endosomes in proximity to the cell surface. AbnormaIly dilatated ER was identified

as apotential site ofsecretase clea.vage.

• These fragments were aIso spontaneously associated with mitochondria,

microtubuIes7 filaments7 and the nuc[ear membrane thereby placing them in a

position to Înteraet with organelle-specitic factors.

• Overexpression of APP in neuroectodermaIly differentiated clones was correlated

with abnonnal mitochondriaI morphology and autophagy.

• The mitochondria of diftèrentiated APP-expressing clones exhibited a decrease in

mitochondriaI membrane potentiaI but remained as sensitive to complex l inhibition

as control clones.

• p42MAPK expression became downreguIatecl but the proportion of phosphorylated

proteinwas increased by neuroeetodermaI differentiatiOIL UpreguIation oftransgenic
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ofthe APP effect and by increasing A~ amyloidosis. Amyloid plaque stimulates reactive

changes that place additional demands on compromised neurons and exacerbate the

primary defects. As wel~ plaque is the trigger for an inflammatory reaction that is

direetly toxie. The age of anset of Alzheimer~s disease reflects the rime the event

threshold is reached. the resilience ofan individual·s neuronal circuitry. and the rapidity

ofreaching the secondary trigger point
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Figure 20. A hypothetical model of Alzheimer~s disease. APP expression slowly

rises with age~ eventually reaching a tbreshoId beyond which key cellular activities

become dysreguIated. Amyloid deposition and cytoskeletal changes begin.. Progression

ta A1zheimer's disease. in certain individ~ occurs as APP expression ancL perhaps~

A(3-peptide accumulation exceed the threshold for more global toxie changes. including

inflammation. Between the two event horizons~ the senile changes of nonnaI aging and

the preclinical stages ofAlzheimer~sdisease overlap.
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Chapter8

Potentiai therapeutic targets

"The denre to tDke medicine is perhaps the greatest feature which distinguishes man

from animais. n Sir Wùliam OsIer

The therapeutic armamentarium against Alzheimer·s disease is very smalt

Current therapies 50ch as tacrine and donepezil aim ta boost remaining neurotransmitter

funetian (Mohr et aI. 1994). althaugh the underlying neurodegeneration may not be

slowed. Repair of the damaged neuronal circuitry has been proposed (Cuello 1994). but

problems of specificityt efficacyt and deIivery remain ta be solved Inhibition or even

reversai of plaque formation bas received considerable attention (Soto et aL 1998) and

may prove vaIuable in combating progression ofthe (ater stages of the diseasa Our data

suggests there are other mechanisms at work in the earliert indolent stage of the disease

that May be amenable to pharmaceuticaI correction.

The mechanism by which APP induces a decrease in A'V~{ is fertile ground for

drug development studies. Among APpts myriad aetivities (reviewed in Section 2.5.2)

ion channel modulatio~ copper binding,. or protease activity may have a raIe to play.

New protein partners are emerging which may interact with APP. In this regard. APP

and Bel 2 were upreguIated in an identicaI fashion in rat retina after Iesioning (Chen et al

[996). and both BcI 2 and Bel-X[. have been shown ta moduIate Â'I'M (Hennet et al 1993;

Vander Heiden et al 1997). Locatization of the mutated protein produets of WUson~s

diSease (Lutsenko & Cooper 1998) and Freidreich ataxia (Campuzano et al. 1997) to

mitochondria aIso point ta this organelle as an. important site fOi neurotoxic actions. It
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might, therefore~ be useful to look for interactions between APP and resident

mitochondrial proteins.

It will be important ta elucidate the mechanism by which APP alters the

phosphorylation dynamics of MAPK. If it involves activation through Ca2
• and/or

oxidants arising from the uncoupling of respiratio~ then improving mitochondrial

fimction will be the goal If the mechanism involves an effect of APP itself on the

signalIing cascade. then it will be important to determine the proteins involved as a first

step to inhibiting the process.

Amelioration of the changes wrought by increased APP may prove of great

benefit to individuals genetically at risk for developing Alzheimer·s disease~ to patients

with the very earliest symptoms~ and perhaps even to the heaithy elderly as a preventative

measure in old age.
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List oforiginal contributions

1. We generated and charaeterised a new monoclonal annbody that demonstrates

excellent reactivity ta amyloid in human brain tissue as weIl as activity against

soluble synthetic peptide in ELISAs. This antibody recognises an epitope within

anUno acids 1-12 ofAJ3 and is specific for the human protein.

2. We applied preembedding immunogold eIectron microscopy te resoIve the

intracellular associations of APP fragments bearing the AJ3 epitope.

Immunoreaetivity was round in the trans-Golgi and in early endosomes canfirming

published reports of proteolysis in these companments. Ours is the tirst report to

localise the subceIluIar generation of APP fragments without interfering in normal

cell funetion.

3. We demonstrated the spontaneous association of AI3-epitope-containing fragments

with mitochondri~ microtubuI~ fiIaments~ and the nuclear envelope. We aIso

directIy visualised these fragments within abnormaI dilatated ER..

4. Using MIT assays to measure cell dea~ we determined that Pl9 celIs are relatively

resistant to the neurotoxic effects ofsoluble AIt

s. In collaboration with Dr. Tatton and bis colleagues: Overexpression of hAPP751 in

neuroectodermally differentiated cells was found ta be associated with a decrease in

d'VM. This effeet was distinct from camplex. l inhibition.. Our observation is the first
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report that high intracelIuIar leveIs ofAPP cm produce a discrete fimetionaI deficit in

oxidative phosphorylation..

6. We observed distinctive morphological abnormalities in mitochondria of APP

overexpressing cells after retinoic acid-induced neuroeetodermal differentiation.

7. We established that P19 cells express aImost exclusively p42MAPK
• Using

phosphorylation-specific anti-MAPK antisera. we described the effect of

neuroeetodermaI differentiation on MAPK activation

8. We observed dysregulation of MAPK phosphorylation concomitant with APP

overexpression. In early differentiated cultures, a sustained activation ofMAPK was

round. In mature APP-expressing cells, we observed an attenuated response to aFGF

stimulation.

130



UI do not know what 1 may appear to the world~ but ta myself1 seem ta

have been only a boy p/aying on the seashore, and diverting myself in

now and then finding a smoother pebble or a prettier shell than ordinary,

whilst the great ocean o/truth lay all undiscovered befOre me. ft

Sir Isaac Newton
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