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A bstract 

The processes underlying the neurodegeneration in Alzheimer's disease (AD) are 

unknown. Apoptosis has been proposed as the mechanism of neuronal cell death, while 

altered levels of amyloid precunor protein (APP) and the amyloid B peptide, a 

proteolytic cleavage product of APP, are believed to contribute to the neurodegeneration 

in AD. Thus, defining the molecular mechanisms regulating these events are of interest. 

The expression of the immediate early genes (IEG), in p d c d a r  c*, has been shown 

to be a requirement for neuronal apoptosis. Due to the presence of activator protein-l 

(AP-1) consensus sequences in the pmmoter of the AFP gene, which has been shown to 

be respoosive to regulation by immediate early genes, we set to out determine whether 

expression of the immediate early genes resulted in a correlated increitse in the 

expression of APP during neuronal apoptosis. Apoptosis was induced in highly puri-fied 

human primary neuron cultures by semm deprivation and characterized by propidium 

iodide and TUNEL (terminal tramferase mediated dUTP nick end labeling) staining to 

detect condensed chromatin and fiagmented nuclei, distinct morphologid featwes of 

apoptotic cells. Immediate early gene, c-fos and c-jun, expression was assesseci at the 

transcriptional level by RT-PCR and irnmuaoblotting at the protein level. We observed a 

transient induction of c-fos and c-jun mRN4 and c-Sun protein in neurons dying by 

apoptosis. There was slight increase in APP levels, however, no statisticaliy significant 

changes were detected. Our results suggest the immediate early genes possibiy mediate 

the underlying molecular mechanisms of apoptosis in human neurons in vitro and in vivo. 

Furtherrnore, we speculate the increase in AB peptide production previously observed in 

senun deprived primary human neuron cultures may not entirely result fiom an 

overexpression of APP, but fiom the altered metabolism of APP in prirnary human 

neuron cultures dying by apoptosis. 

Alterations and proteolysis of the cytoskeletal protein tau occur during the 

pathogenesis of AD and result in the formation of neurofibrillary tangles ( N F ï s )  found in 

the AD brain. Additionaily, the expression ievels of the neuton-specific proteins G A P 4  

and synaptophysin are iacreased and decreased, respectively, and associated with 

neuritic alterations and loss of synapses in AD. Since apoptosis can lead to cytoskeletal 



alterations and protein protcolysis, the proteolytic degradation and expression levels of 

tau, GAP43 and syaaptophysin were anaiyzed by immunoblots. We detected the 

appearance of degradation products and an increase in the expression of tau protein 

during semm deprivation-induced apoptosis. Furthemore, we obse~ed an i n c m  in 

the expression of GAP43 and a decrease in the expnssion of synaptophysin. Taken 

together, our results M e r  support the contribution of apoptosis to the 

neurodegeneration associated with AD, since human neurons in culture induced to 

undergo apoptosis developed fea- similar to those found in the AD brain. Overall, our 

studies substantiate the use of human pnmaiy nemon cultures as an in vitro mode1 of 

human central nervous system (CNS) neuronal ce11 dea& 



Résumé 

Les processus sous-jacents l a  neurodegCn6ration associée à la  maladie 

d'Alzheimer (AD) sont inconnus. L'apoptose a tîé proposée comme mécanisme de mon 

des cellules neuronales, tandis qu'on croit que des niveaux anormaux des précurseurs des 

protéines amyloïdes (PPA) et des peptides Barnyloïdes, qui sont des produits du clivage 

protéolytique des PPA contribuent h l a  neurod6gen6ration associ& à l'AD. Ainsi. il est 

intéressant de  d é f ~  les mécanismes moléculaires contrôlants ces évknements. 11 a et6 

démontré que l'expression des genes précoces immediats (GPI), en  particulier c-jun. sont 

nécessaire pour l'apoptose neuronale. En raison de  la présence de  la séquence consensus 

de la protéine d'activation-1 (AP-1) dans le promoteur du &ne PPA, qui est connu pour 

répondre 2 la régulation par les gènes pr6coces immediats, nous voulions deteminer si 

l'expression des gènes précoces immédiats entraînait une augmentation correspondan te de 

l'expression de PPA durant l'apoptose neuronale. L'apoptose a été induite sur des 

cultures de neurones humaines primairies hautement purifiées par privation e n  sérum et 

caracdnsation par iodure de propidium et coloration TUNEL (terminal transferase 

mediated dUTP nick end labeling) pour detecter la chromatine condensée et les noyaux 

fragmentés, qui sont des caractéristiques morphologiques prdcises des  cellules en 

apoptose. L'expression des genes précoces immédiats c-fos et c-jun a été déterminée au 

niveau transcriptionnel par RT-PCR et au niveau des prot&ines par immuno-hybridation. 

Nous avons observé une induction transitoire de  1'ARNm de c-jun et c-fos et de  la 

protéine c-Jun dans les neurones mourant par apoptose- il y avait une legère augmentation 

des niveaux de PPA, cependant, aucun changement statistiquement significatif n'a éte 

détecte. Nos résultats suggérent que les gènes précoces immediats sont possiblement 

impliqués dans les mécanismes moléculaires sous-jacents dans l'apoptose des neurones 

humaines in vitro e t  in vivo. De plus. nous pensons que l'augmentation d e  la production 

de peptides &am y loïdes précédemment observée dans les cultures de neurones humaines 

primaires privées de &mm ne soit pas entièrement reliée à la surexpression d e  PPA. mais 



il un métabolisme anormal de PPA dans les cultures de neurones humaines primaires 

mourant d'apoptose. 

Il y a des modifications et protéolyse de la protéine cytosquelettique tau durant la 

pathogénèse de l'AD ce qui entraîne la  formation d'enchevêtrements neurofibriilaires 

retrouvés dans les cemeaux de l'AD. En outre, les niveaux d'expression des protéines 

spécifiques aux neurones GAP-43 et synaptophysine augmentent e t  diminuent 

respectivement, e t  sont associés à des modifications neuronales e t  il des pertes de synapses 

dans SAD. Comme l'apoptose peut provoquer des modifications du cytosquelette et la 

protéolyse des protéines. nous avons analysé par immuno-hybridation la dégradation 

protéolytique et  les niveaux d'expression de tau, GAP43 e t  synaptophysine. Nous avons 

décele l'apparition de produits de degradation e t  une augmentation de l'expression de la 

prodine tau durant l'apoptose induite par une privation en sérum. De plus, nous avons 

observé une augmentation de l'expression de  GAP-43 et une diminution d e  l'expression 

de synaptophysine. Comme les neurones humaines en culture qui ont été entraîndes vers 

l'apoptose ont développé des caractéristiques similaires à celles retrouvées dans les 

cerveaux d'AD, nos résultats, considérés conjointement. appuient donc l a  contribution de 

l'apo p tose à la neurodégénération associée à l'AD. Finalement. nos études justifient 

l'usage de cultures de neurones humaines primaires en tant que modèle in vitro de la mort 

de cellules neuronales du système nerveux centrd (SNC), 
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1 Introduction 

Ln receat years apoptosis bas received much attention in the areas of cellular and 

molecular biology because of its growiag relevance in human disease. Definhg the 

genes and the molecular events wntrolling the death of neurom, post-mitotic and long 

lived cells, has becorne of particular importance in the area of aeurodegenerative 

diseases. The etiology of Alzheimer's cüsease (AD) is unclear, however, apoptosis is 

suspected to be the mode of neuronal ce11 death and degeneration in the developrnent of 

AD. Studies have characterized some of the molecdar events of neuronal apoptosis 

through the use of neuronal ce11 lines and primary rodent neuron cultures, however, they 

may not be entirely reflective of processes occurring in human cells. Sne present study 

utilizes a unique in vino system of human primary neuton cultures to investigate the 

underlying molecular events of apoptosis in human neurons and to evaluate the effect of 

apoptosis on proteins known to be altered in the pathogenesis of AD. 

1. ApoptosU 

Apoptosis was first proposed by Kerr, Wyllie and Currie in 1972 to describe the 

phenornenon of naturally occurring ce11 death within a multicellular organism and is the 

normal physiologie process of ce11 deletion during the development and maintenance of 

an organism. In contrast, necrosis, another fom of ce11 death, is caused by an acute 

metabolic or mechanical insult to the ce11 that is typica1ly characterized by ceil swelling, 

the loss of mitochondnal and plasma membrane integnty, and the release of cellular and 

lysosornai content that results in pathophysiological infiammatory responses (reviewed 

by Tomei and Cope, 1991). Apoptosis, on the other han4 is a regulated fom of ce11 

death in which the ce11 activates an intrinsic ce11 suicide program (reviewed by Tomei 

and Cope, 199 1, 1994; reviewed by Bredesen, 1995) and is characterized by distinct 

changes in cellular morphology - the cells shrink, the plasma membrane blebs, the 

chromatin condenses, the nucleus collapses, and fragments of the ce11 break away to fomi 



apoptotic bodies, whiie the htegrity of the piasma and organelle membranes is presewed 

(reviewed by Tomei and Cope, 199 1, 1994; reviewed by Bredesen, 1995). Neighbouriug 

cells remove the apoptotic cells by phagocytosis in the absence of an inflanmatory 

response (reviewed Bredesen, 1995). Biochemidy, apoptosis is cbaracterued by the 

internucleosomal cleavage of DNA by nucleases into large (100 to 300 kilobases) and 

subsequentiy into smaller DNA fragments that are visualized as a DNA ladder following 

gel electrophoresis (reviewed by Tomei and Cope, 199 1, 1994; reviewed by Bredesen, 

2995; reviewed by Stelier, 1995). However, apoptosis bas been found to occur in the 

absence of DNA hgmentation in some cells (reviewed by Bredesen, 1995). Numerous 

models have demonstrated that macromolecule synthesis is a requirement for apoptosis to 

occur (reviewed by Tomei and Cope, 1994), however, other models have illustrated that 

apoptosis can occur in the absence of a nucleus and macromolecule synthesis (reviewed 

by Bredesen, 1995). The consensus is that al1 cells contain the basic ce11 death 

machinery necessary to carry out apoptosis, which is constituitively repressed for ce11 

survival (reviewed by Raff, 1992; revïewed by Steller, 1995). This implies that in certain 

ce11 types the synthesis of macromolecules represents a need for certain components to 

activate or derepress the existing ce11 death machinery. Thus, the meam by which the 

apoptotic process is regulated varies fiom ce11 type to ce11 type and tissue to tissue. 

1.1 Phases of Apoptosis 

Essentially al1 mammalian cells proceed through a senes of regulated and 

temporaily conserved phases during apoptosis. These phases are: 1) Receipt of the 

apoptotic signal and initiation the apoptotic cascade; 2) Cornmitment to cell death; 3) 

Execution of the ce11 death program, and 4) Elimination (reviewed by LeBlanc, 1997). 

Diverse signals originating from the extracellular and iatracellular milieu have 

been shown to induce apoptosis in cells. inducers of apoptosis include growth factor 

depnvation, glucocorticoids, loss of extracellular matrix and ce11 to ce11 interaction, virai 



infection, ionizing radiation, frae radicals, neurotransmitters, hormones and 

chemotherapeutic dmgs (reviewed by Thompn,  1995; reviewed by Stcllar, 1995; 

reviewed by LeBlanc, 1996). The effect of the apoptotic signai is ceil-type depmdent and 

a h  detemined by the hctiomd state of the cell- Mitochondnal fiaidon is also 

believed to regulate apoptosis. The integrity of the mitochondrion detemines whether a 

specific signal wiil trigger a ceIl to undergo apoptosis or necrosis (Ankarcrona et al., 

1995). Additionaüy, the magnitude of the apoptotic signal plays role in determining 

whether a ce11 undergoes apoptosis or necrosis (Bonfoco et al., 1995; reviewed by 

Dragunow and Preston, 1995). 

The initiation phase transducw the death signal and sets into motion the events 

leading to ce11 death, In certain ce11 types, RNA and protei syathesis may be required to 

synthesize molecules that derepress or activate the existing ce11 death machinery, while in 

other types, macrornolmile synthesis is not requireû (Jacobsen et al., 1994). A number 

of signal transduction molecules are activated during apoptosis, most notably are the 

proto-oncogenes c-myc, egos and c m .  The FodJun family of proteins are inducible 

transcription factors that fùnction cooperatively during signal transduction processes. 

Induction and sustained expression of fos and jm (reviewed by Dragunow and Preston, 

1995) during the initiation phase may activate the expression of specific target genes 

whose products play a primary role in the apoptotic process (reviewed by Soares et al., 

1994; reviewed by LeBlanc, 1997). 

The cornmitment phase represents the time in which a ce11 has become 

irrevenibly commitîed to ce11 death, even afier removal of the death signal or the 

introduction of rescuing agents such protein and RNA synthesis inhibitors. The time of 

cornmitment is ce11 type specific, varies with ce11 age and with the apoptotic stimulus 

within the same ceil type (Deckworth and Johnson, 1993; Edwards and TolkovsCry, 1994; 

reviewed by White, 1996; reviewed by LeBlanc, 1997). Execution is accomplished by 



the effecton of the ce11 death machiwry, af'ter which the dead ceiis are eliminated by 

phagocytosis. 

Each of these phases is tightly regulated and an understanding of the regdatory 

processes is evolving. Several of the vital regdatory and effector components of the 

apoptotic cascade have been identified anà appear to have been conserved among species 

and ce11 types. 

1.2 Regulators of ApoptosY 

Numerous proteins modulate the process of apoptosis, such as c-rnyc, 

transcription factors and ce11 cycle control proteins, and p53 (reviewed by White, 1996). 

but none play a more centrai role than the Bcl-2 famïly of ceIl death regdators. The Bcl- 

2 family consists of death-suppressing homologues, Bcl-2 and B ~ 1 - x ~  (Boise et al., 1993), 

and death-accelerating homologues, Bax (Oltvai et al., 1993), Bcl-x, (Boise et al., 1993), 

Bad (Yang et al., 1995), and Bak (Farrow et al., 1995; Chittenden et al., 1995a; Kiefer, 

1995). Bcl-2 represses apoptosis through its ability to heterodimerize Bax, thereby 

preventing the formation of Bax homodimers and ce11 death (Oltvai et al., 1993). This 

dimerization is mediated by single amîno acids within the Bcl-2 homology 1 (BHI) and 

BcI-2 homology 2 (BH2) domains (Yin et ai., 1994). Bcl-xL , presumably iike Bcl-2, 

represses apoptosis through its ability to heterodimerize with Bax via the BHI and BH2 

domains (Sedlak et al.. 1995; Yaag et al., 1995). The activity of Bcl-xL to repress 

apoptosis is antagonized by Bcl-xs (Boise et al., 1993). Bad interacts with BcI-2 and 

more strongly with Bcl-xL, and promotes apoptosis by dispiacing Bax fiom Bcl-2 and 

Bcl-xL in vivo (Yang et al., 1995). Bak is also capable of inhibiting the ability of Bcl-2 

and Bcl-xL to block apoptosis (Farrow et al., 1995; Chittenden et al., 1995a; Kiefer et al., 

1995). Recently, Han et al. (1996) have shown that a 28 mino acid region of Bax 

encompassing BH3 is sufficient to interact with Bcl-2 proteins in yeast Additionally, 

BH3 of Bak is required for interaction with Bcl-xL in yeast and in vitro, and is sufficient 



to induce apoptosis in mamrnalian cells (Chinenden et al., 1995b). These results suggest 

that Bak and Bax may encode a death effmor domain in the BH3 region, or the BH3 

domain may serve as a buiding site to intenict Bcl-2 and B ~ 1 - x ~  and neutraîize k i r  

anti-apoptotic activity (reviewed by White, 19%). Although the specific biochemical 

bctions of the Bcl-2 family of proteins have not been determined, it is apparent that the 

complexity of the ce11 death pathway will increase as new homologues are identified. 

The set point of surceptibility to apoptosis is detemineci by the relative ratios and a 

complex set of protein-protein interactions among the Bcl-2 family of apoptosis 

regulators. 

13 Effeeton of Apoptaris 

Regardiess of the activation signal, the various apoptotic pathways converge to 

common executioners of the ce11 deatb cascade, which act to kill the ce11 by dismantling 

the cytoskeletal and nuclear structures. Presently, the interleukin-1 p-converting enzyme 

(ICE) family of proteases and nucleases, acting in concert, are believed to be the 

effectors of apoptosis (reviewed by Takahashi and Eamshaw, 1996). 

1.3.1 tCE Family of Proteases 

The execution of apoptosis involves numerous enzymatic pathways, d l  of which 

appear to be triggered by the activation of one or more KE-related proteases (RPs). The 

evidence that proteases may be centrally involved in the ce11 death process came initially 

€rom the studies by Yuan et al. (1993) in which the Caenorhnbditis elegum cell death 

gene, ced-3, was cloned and found. to exhibit 29% homology with ICE. Subsequently, 

apoptosis was induced in fibroblasts ectopically expressing ICE, suggesting that ICE is 

structurally and hctionally homologous to ced-3 (Miura et al., 1993). Resently, nine 

W s  have been identified and overexpression of each of these proteases in various ce11 

types results in apoptosis. These are: CE, Ced-3, Nedd-2Ach-1 (Kumar et al., 1994; 



Wang et al., 1994), TX/ICEd IyIch-2 (Kurnar et al., 1994; Munday a al., 1995; Kamens 

et al., 1999, ICEmiIII (Munday et ai., 1995)- CPP32/YAMA (Fernandes-Alnemri et ai-, 

1994; Tewari et al., 1995), Mch 2 (Fernandes-Alnemri et al., 1995a), Mch 3ACE-LAP 3 

(Fernandes-Alnemri et al., 1995b; Duan et al., 1996), Mch 4 (Fernandes-Ainemri et al., 

1996), and FLIC€ (Muzio et al., 1996). Collectively, iRPs are now classified as the 

caspases (Alnemri et al., 1996). 

The caspases play a central role in the apoptotic d e ,  however, the identities 

of the critical substrates, whose cleavage mult in the dramatic morphological chmgos 

during apoptosis, remain to be elucidated Several substrates, whose proteolytic cleavage 

is suspecteci to contribute towards the apoptohc cascade, have k e n  identified 

Poly(ADP-ribose) polymerase (PARP) was the fim substrate identifleci (Lazebnik et al., 

1994) and its cleavage inhi'bits most of its DNA repair activity (Kaufinann et al., 1993), 

which may contribute to the chromosoma1 degradation during apoptosis. 

Some of the most characteristic changes during apoptosis affect the nucleus. 

Cleavage of the nuclear lamins A, B152, and C; intermediate filament proteins which 

fom the meshwork that provide the structural support of the imer nuclear membrane, by 

a caspase results in the âisassembly of the nuclear lamina and the coliapse of the 

chromatin into discrete blobs (Lazebnik et aI., 1995). 

The morphological changes in the plasma membrane during apoptosis are due to 

cytoskeletal rearrangements in the cell. Actin, a ubiquitous cytoskeletal protein of 

eukaryotic cells, is believed to be a substrate of caspases (reviewed by Bredesen, 1995). 

Actin is also indirectly modified by the cleavage of Gas2; a regulator of actin structure in 

the ce11 (Brancolini et ai., 1995). The cleavage of Gas2 by a caspase has provided the 

first link to the mechanism of cytoskeletal alterations in the celi during the activation of 

the apoptotic cascade. 



Apoptosis is recognizcd as a mode of ceIl death in nurnerous diseases (reviewed 

by Thornpsoq 1995). Recently, Goldberg et al. (1996) have identified the product of the 

Huntington's disease gene, huntingtin, as a substrate of apopein, a caspase. This finding 

provides insight into the mechanism of apoptosis associated with Huntingon's disease. 

Identification of other key caspase substrates associated with a disease, in which 

apoptosis is suspected to be the mode of ce11 death, wouid provide a better understanding 

into the pathogenesis of the disease and indicate potential thetapeutic targets. Presentiy, 

other constituents of the cytoskefeton or other disease-specific proteins have not been 

identified as substrates of caspases in apoptosis associated disorders. 

1.3.2 Nucieases 

It is postdated that the activity of caspases may also contribute to the demise of 

the cell by activating other death effectors, processing these proteins Born the inactive to 

active state by proteolytic cleavage (reviewed by Martin and Green, 1995). Caspases 

may also activate the nucleases that cause the DNA hgmentotion during apoptosis. 

Mannhea et al. (1995) propose that the cleavage of actin during the apoptotic cascade 

releases DNase 1 fiom its inhibition by actin, allowing DNase I to cleave the chromatin 

into oligosomal fragments. This mechanism, in conjunction with the observation that the 

activities of caspases and nucleases are both required to breakdown the chromatin and 

nuclear structure during apoptosis (Lazebnik et al., 1995). supports the notion that 

caspases and nucleases act in concert to execute the demise of the cell. 

The apoptotic cascade is a complex pathway that involves many different and 

diverse cellular factors. Presentiy, the lin of participating and regdatory factors of the 

apoptotic cascade is growing as the identity and hinctions of new and known proteins are 

discovered Figure 1 summarizes the apoptotic cascade and the known regdatory 

proteins involved to date. 
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2. Ce11 Death in the Nervous System 

Ce11 death is a prominent f a t u e  in the nomai development of the nenrous 

systern. During this period there is an overabtmdaace of neurons in comprison to the 

number of targets that require innexvatiou. Neuronal ce11 death is a nonnal process 

which prunes the initial neuronal population to match the sise of the target tissues by 

rernoving supemumerary and incorrectly C O M ~ C ~ ~  celis (Oppenheim, 199 1). 

Approximately half of the initiai population of neurons remah once the organism 

reaches maturïty. The death of the newons during development results fiom the limited 

availability of neurotrophic factors (Purves, 1986; Barde, 1989). Numerous s u e s  

involving nerve growth factor (Edwaràs et al., 1994; Deckworth et al., 1993; Silos- 

Santiago et al., 1999, btaùi-denved neurotrophic factor (Silos-Santiago et al., 199 5). 

ciliary neurotrophic factor (Silos-Santiago et aL, 1995; Johnson, 1 994; Lindsay, 1 995) 

and glial cellderived neumtrophic factor (Hendenon et al., 1994; Beck et al., 1995; 

Oppenheim et al., 1995; Yan et ai., 1995) confinn that newonai survival is dependent on 

an adequate supply of neuioaophic factors and a lack of these essential factors resdts in 

apoptotic ce11 death. Thus, apoptosis is the physiologica1 mechanisrn of ce11 death in the 

developing nervous system. 

in the mature organism programmed ce11 de& occurs naturally to maintain the 

balance between ce11 production and loss in the proliferating tissues (Wyllie, 1980; 

reviewed by Thompson, 1995). The death of long-lived, tenninally differentiated, pst- 

mitotic cells, such as neurons, may result nom the dysregulation of apoptosis as a 

homeostatic process and is believed to be associated with the pathological conditions in 

neurodegenerative disorciers like amyotrophie laterai scierosis (ALS), cerebral ischemia, 

spinal muscular atrophy, prion diseases, Huntington's disease (HD), Parkinson's disease 

and Alzheimer's disease (reviewed by Bredaen, 1995). Recent studies provide evidence 

of apoptotic ce11 death in models of ischemia (MacManus et al., 1993, 1994; Linnik et ai., 

1993), in vitro models of ALS (Rabizadeh et al., 1995; Greenlund et al., 1995), 



Parkinson's disease (Har<ley et al., 1994) and HD (PorteraCailliau et al., 1995), and 

pst-mortem analyses of prion (FaiMm, a al., 1994)- HD (Portera-CaiIliau et al., 1995) 

and AD (Su et al., 1994; Smale et al., 1995; Lassman et al., 1995; Anderson et ai., 1996) 

afEected brains. The aberrant neuroaal ce11 death seen in these diseases may be amibutcd 

to: 1) the loss of neurotrophic support that activates an imate death program in the 

neurons (reviewed by Re, 1992; reviewed by FtaE et al., 1993; reviewed by Barr and 

Tornei, 1994); 2) a signal that trïggen the neurons to undergo "abortive mitosis"; the 

avoidance of reentry into the ce11 cycle (Heintz, 1993; Rubin et al., 1993; reviewed by 

Tomei and Barr, 1994) or 3) excitatory toxicity (Choi and Rothrnan, 1990; reviewed by 

Lipton, 1994) and oxidative stress (reviewed by Bredesen, 1995). Delineating the 

mechanisrn(s) by which apoptosis occurs in the mature nexvous system would provide a 

clearer understanding &O the pathogenesis of neurodegenerative diseasa. 

3. Alzheimer's D h s e  

Alzheimer's disease (AD) is a common and devastating neurodegenerative disease 

that primarily affects the aging and elderly population. Ciinically, AD is characterized by 

the progressive loss of memory and cognitive fiuicbons resulting in dementia, and 

presently accounts for about 70% of the observed dementias in the aged AD is only 

confirmed by the pst-mortem, histological identification of: 1) a profound loss of 

neurons, especially the cholinergie neurons in the nucleus basalis of Meynert, 

hippocarnpus and neocortex (Davies and Maloney, 1976; Whitehouse et al., 1982; 

reviewed by Kandel and Schwartz, 199 1) 2) extracellular senile plaques (SPs), composed 

of a water insoluble core of amyloid P protein (AP) smunded by a diffuse ring of 

dystrophie neurites, activated astrocytes and microglia (Glenner and Wong, 2984)- whicb 

are found in the amygdala, hippocampus, cerebral cortex and other areas imporiant for 

cognitive fhctions (Katzman, L 986); 3) neurofibrillary tangles (NFTs) composed of 

paired helical filaments (PHFs) (Katman, 1986) dong the perforant pathway and the 



CA1 region of the ~ ~ P ~ O C Z ~ ~ Q U S ;  4) synpase los  and synaptic pathology (reviewed by 

Teny, 1994) and 5) amyloid deposits in the cerebral vasculature (Glenner, 1988). in the 

AD brain. 

Alzheimer's disease is typically classified by two criteria: 1) the age of onset, with 

eady omet cases occuming before the age of 65 and late omet occurrïng afkr the age of 

65 and 2) the genetic inheritance of disease tertned familial AD (FAD) and sporadic 

cases of the disease. M y  about 10% of al1 AD cases are classified as early or late onset 

FAD, while 90% of AD cases are sporadic. AD is a genecically heterogeneous disease. 

At present four genes have been linked to early and Iate onset FAD, chromosomes 1, 14, 

19 and 2 1. Linkage of eariy onset FAD to chromosome 21 was established in FAD 

pedigrees (a%) that possessed mutations in the amyloid precursor protein (APP) gene 

(St. George-Hyslop et al., 1990), which had been previously been localireci to 

chromosome 21 (Kang et al., 1987). The €4 allele of the apopliprotein E (ApoE) gene on 

chromosome 19 was linked to late omet FAD and bas been deemed as a risk factor in 

developing AD (Corder et al., 1993; Strittrnatter et al., 1993). 

Recently two new genes linked with an aggressive fonn of early omet FAD were 

identified, SI82 or presenzlin-l (PS-I) mapped on chromosome 14 (Sherrington et al., 

1995) and STM2 or presenih-1. (PS-II) located on chromosome 1 (Levy-Lehad et al., 

1995; Rogaev et al., 1995). PS-I and PS-II encode homologous integral membrane 

proteins with seven transmembrane domains and a large exposed loop between the sixth 

and seventh transmembrane domains. To date thirty different missense mutations in PS-I 

cosegregate with early onset FAD (Cruts et al., 1996). These mutations result in arnino 

acid substitutions that are hypothesized to dismpt the insertion of the protein into the 

membrane and i ts  tùnction. Oniy two missense mutations in PS-II have ken identified in 

affected Volga German AD kindreds. These mutations result in amino acid substitutions 

Asnl41Ile and Met239Val (Levy-Lehad et al., 1995b; Rogaev et al., 1995). The mutation 

at codon 14 1 occurs in an amino acid that is conserved in the human and mouse S 182 



homolog. Since these missense mutations occur in two highly sunilar genes in AD 

subjects, it has been proposeci that mutations in both gews may be pathogenic. 

3.1 The Amyloid Precunor Protcin 

The AP deposited in the senile plaques and in the cerebral vasculanire ranges in 

length from 39-43 amino acids and is a proteolytic cleavage product o f  the arnyloid 

precursor protein (APP) that is encoded on chromosome 21 (Kang et ai., 1987). 

Alternative splicing produces five APP tfan~cripts and resdts in three major isuforms of 

APP (reviewed by LeBlanc, 1994). The most abundant isofonn of 695 amino acids 

(APP695) is expressed highly in neurons (Koo et al., 1990) and lacks a Kunitz-protease 

inhibitor (KPI) domain present in the 751 and 770 amino acid isoforms (Kitaguchi et al., 

1988; Ponte et al., 1988; Tanzi et al., 1988). There are three pathways in the proteolytic 

processing of APP: 1) the non-amyfoidogenic or secretory pthway produces a soluble 

form of APP (sAPP) and a IOkDa C-terminal peptide that can be m e r  processeci to 

yield a 3 kDa non-amyloidogenic Af3 W e n t  (Haas et al., 1993); 2) the endommai- 

lysosomal pathway generates a series of C-terminal fragments of various sues, the 

larges containing the entire AP domain which fkther processing may yield the 4kDa 

form of AP (Golde et ai. 1992; Estus et al., 1992) and 3) the amyloidogenic pathway 

produces the 4kDa AP (Haas et al., 1992; Shoji et al., 1992; Seubert et al., 1992). The 

metabolism of APP is outlined in Figure 2. 

Normally the secreted 4 D a  Af3 is composed primarily (-90%) of AP14 and a 

small proportion of (Cai et al., 1993b). The predominant fonn of AD found in 

senile plaques is ABL4UJ3 (Roher et al., 1993). Biochemicd and immunocytochemical 

studies show that AP I4a43 is deposited early and selectively in the AD brain (Iwatsubo et 

al., 1 994; Gravina et al., 1995). Studies indicating that AB 14Y43 nucleates more rapidly 

and is more fibrillogenic (Burdick et al., 1992; Janett et al., 1993; Iamtt and Landsbury, 

1993), and neurotoxic (Lorenzo and Yankner, 1994; Busciglio et al., 1995; Howlett et al., 





1995) in cornparison to ADIU, has lead to tbe view that may play a signïficant 

role in the pathogenesis of AD. 

3.2 The Rok of A$ ia A D  PatbogenesU 

The invariant formation of the senile plaques and deposition of AB in the cerebral 

blood vesseis in the pathology of AD suggests tbat AP plays a central role in the 

development of AD (reviewed by Haas and Selkoe, 1993). According to the "amyloid 

theory" (Hardy and Hi-gpinsf 1992), the production of AP that results h m  an 

overexpression a d o r  altered processing of APP (reviewed by LeBlanc, 1994), may be 

the seminal event in the disease process of AD. EMdence to support this hypothesis 

stems from the following observations: 1) patients with Trisomy 2 1 (Down's syndrome), 

who cany three copies of chromosome 21, overexpress APP mRNA (Patterson et al., 

1988) and invariably develop characteristic AD pathology (Wisniewski et al., 1985) with 

an early and seiective deposition of A@ 1 JU43 (Iwatsub et al., 1995; Lernere et al., 19%); 

2) mutations of the APP gene are genetically Wed to FAD and include: i) the 'W 

mutation (Mullan et al., 1992) that mults in the overpcoduction of the 4 kDa AB; ii) the 

APPT 7 mutation (Goate et al., 199 1 ) which alters the metabolism of APP and increases 

the production of the amyloidogenic AP14u3 (Cai et ai-, 1993a; Citron et al., 1992; 

S u i  et al., 1994)- and two additional mutations at codon 717 (Murrell et ai., 199L; 

Chartier-Harlin, 1991) and iii) the APP69Y69f mutation of Hereditary Cerebral 

Hemorrhage with Amyloidosis of the Dutch Type (HCHWAD) (Levy et al. 1990) which 

generates abundant AP deposits in the cerebrovascular tissues; 3) transgenic mice 

overexpressing the APP717 mutations (Gantes et ai., 1995). APP67Ws71 mutations (Hsiao et 

al., 1996) and the mouse AP 4 (LaFerla et al., 1996) progressively develop many of the 

pathogenic hallmarks and neurodegeneration characteristic of AD, and is accompanïed 

with a significant increase in A& Jz43 (Hsiao et al., 1996); 4) mutations in PS-I and PS- 

II alter the intracellular traficking and processing of APP in fibroblasts of FAD patients, 



resulthg in an increase of APP mRNA (Quemirth et ai., 1995) and the ratio of ADI- 

lU4g+API-U) relative to fibroblasts nom d e c t e d  family members (Scheuwr et al., 

1996); 5) stable, double-transfecteà mouse and human cells expressing wiid-type #P69z 

and mutant PS-I or PS-II genes show a signifiant increase in the production of AP14Y43 

versus PS-1 and PS-T[ wild-type double-transfected cells (Borchelt et al., 1996; Citron et 

al., 1997) and 6) mutant PS-I transgenic mice (Duff et al., 1996) and double-tramgenic 

mice expressing wild-type @P695 and mutant PS-I or PS-II genes (Borchelt et al., 1996; 

Citron et al., 1997) show a significant increase in the production of Af314a43 versus PS-I 

and PS-II wild-type mice. Together these studies illustrate that mutations in APP and PS- 

I/PS-II affect the metaboikm of APP and provide mong suppon that the abnomai 

production of AP 14W5 may be a critical step in the pathogenesis of AD. 

4. AB in Neuronal Apoptoais 

There is a growing body of in vitro and in vivo evidence that suggests AP directly 

contributes to the neurodegeneration in AD through apoptosis. Yankner et al. (1990) fim 

demonmated that the Af3 peptide, through a region between arnino acids 25-35, is 

neurotoxic to neurons in culture. The neurotoxicity of AP is dependent on its aggregation 

state (Pike et al., 1991, 1993). htracerebral injections of  synthetic AP plaque cores and 

Af3 aggregates into the brain of adult rats and aged primates results in neurodegeneration 

(Kowall et ai., 1991,1992; Frautschy et al., 1991), Congo-red positive deposits of 

aggregated material and a loss of cholinergic neurons in the nucleus basalis (Giovannelli 

et al., 1995). Chronic treatment with synthetic AP~s-3 J peptide and synthetic AP142 

peptide induces cell death in rat and mouse, pnmary cortical and hippocarnpal neuron 

cultures characteristic of apoptosis (Forloni et al., 1993; Loo et al., 1993; Watt et al. 

1994). Recent in vivo studies show that the overexpression of AP induces 

neurodegeneration characterized by apoptosis in the hippocampai, arnygdala, and 

neocortical regions of the brain in AB transgenic mice (LaFerla et al., 1995; LaFerla et 



al., 1996). indirect evidence that Aj3 may effect apoptotic ce11 death in AD is derived 

from transient tninsfection experimcnts of tbree mutant FAD-APPs; dominantly inherited 

point mutations V642YFlG in APP69S that increase the secretion of (SU& et 

al., 1994). into COS aad neuronal cells which resdt in apoptosis (Yamatsuji et al., 1996a; 

Yamatsuji et al., 1996b). These studies suggest that the induction of apoptosis is a 

phenotypic trait of FAD associateci with the mutant APPs. 

In addition to increasing the ievels of AP14z43, the presenilins have been linked to 

apoptosis as a mechanisrn ofneuronal ceil death in AD. A cDNA clone ofALG-3, 

a murine homolog of PS-II (STlW), was found to rescue a T ce11 hybfidoma fiom T ce11 

receptor and Fas induced apoptosis (Vito et ai.. 1996). Additionally, overexpression of a 

FAD PS-II mutant in PC-12 ce11 increased apoptosis induced by trophic factor withdrawai 

and AP (Wolozin et al., 19%). The ability of antisense PS-II to d u c e  the level of 

apoptosis induced by the FAD-APPpHml7 suggests that PS-II and APP share the same 

pathway of apoptosis (Wolozin et al., 1996). These studies indicate that PS-II may no? 

only modulate the levels, but al- mediate the apoptotic potential of AB, and d e r  

susceptibiltiy of neurons to apoptosis. 

4.1 Mechanisms of A$ Toxicity 

Several mechanisms have been proposed for AD toxicity including the production 

of reactive peptide fiee-radicals (Buttefield et al., 1994), the potentiation of excitatory 

amino acid neurotoxicity (Koh et al., 1990) and oxiâative stress (Lockhart et al., 1994; 

Behi et al., 1994; reviewed by LeBlanc, 1997). the activation of the low-affinity NGF 

receptor (Rabizadeh et al., 1994) and the loss of ~ a 2 '  homeostasis that rendea neurons 

more susceptible to excitotoxicity (Mattson et al., 1992). Recent studies have shown that 

AP rnay affect ~ a 2 +  homeostasis by: 1) enhancing the binding of ~ a * +  mobilizing 

second messengers inositol (1,4,5) triphosphate and iwsitol (1,3.4,5) tetraphosphate to 

their receptor sites in rat cerebral cortical membranes (Cowbum et al., 1995) and 2) 



impairing the actiity of the NaC/~+ ATPase h v i t y  that results in the elevation of the 

inuacellular concentration of CaZ* and subsequent neuronai degeneration characteristic 

of apoptosis (Mark et al., 1995)- 

The most intriguing link of Akrnediated apoptosis in relation to 

neurodegeneration associated with AD cornes from the following obseivations: 1) Bcl-2 

is decreased in the AD brain; specifidly in newons bearing tangles and overall lower 

levels in neurons in cornparion to astrocytes (Satou et al., 1995; O'Barr et al., 1996), 

which suggests certain population of murons are more vulnerable to apoptotic 

mechanisms whereas astrocytes are resistant to degeneration in AD, and 2 )  AB treatment 

of primary human neuron cultures has k e n  show to modulate the levels of Bax and Bcl- 

2; key regulaton of the apoptotic pathway, and render neurons more vuinerable to 

oxidahve stress (lcBlanc, 1996). These neuron cultures treated with aggregated AP 14U43 

show a 50% reduction in the levels of Bcl-2 and a 34fold increase in the levels of Bax, 

and an increase in apoptotic cells foliowîng a secondary oxidative insult (LeBlanc, 1996). 

The study by LeBlanc (1996) illustrates that AP duectly affects the apoptotic pathway of 

neuronal cell death. Taken together, the midies outlined above provide strong evidence 

that AP may mediate neurodegeneration and neuronal ceIl death by rendering certain 

populations of neurons in the brain more susceptible to apoptotsis during the 

development of AD. 

5. The Immediate Early Genes - Fos and Jun 

The protwncogenes c-fo, fos-6. fia-1. fia-2. jun-b. jund  and c-jun are part of 

the immediate early gene (EG) farnily that play an important role in the regdation of 

growth and differentiation (reviewed by Morgan and Curran, 1991; reviewed by Angel 

and Kan% 1991). These proto-oncogenes encode gewral transcription factors that are 

induced and regulated by environmental signals (reviewed by Morgan and Curran, 199 1; 

reviewed by Angel and b r i n ,  1991). They hinction as transducers by coupling short 



term extracellular signals at the ce11 surface, whaher they be positive growth signals or 

negative stimuli, to long term changes in cellular phenotype by reguia~g the expression 

of selected target genes (reviewed by Soares et al., 1994). Stnicturaiiy the Fos and Jun 

proteins wntain a leucine zipper domsin and a DNA binding domain which bind as 

Fos/Jun or Jun/Jun dimers to the AP-1 binding site or the TPA response element 

(reviewed by Angel and Karin, 1991). Together the Fos and Jun dimers form what is 

known as the AP-1 cornplex, and serve to regdate the transcription of target genes 

containing the AP-1 consensus seqwnce (reviewed by Morgan and C m  1991). C- 

Fos and c-Jun work in concert to activate transcription efficiently and can transform cells 

in culture (reviewed by Angel and Karin, 1991). while Jun-B inhibits the trans-activahg 

and transfonning activity of c-Jun (Schutte a ai., 1989). Fra4 and Fra-2 are suggested to 

be negative regdators of transcription (Wisdom and Verma, 1993). 

5.1 Fos and Jun in the Nemous System 

The IEGs have k e n  proposed to couple transient, extracellular signals to long 

term changes in structure and fiinction in the nervous system (reviewed by Morgan and 

Cumin, 199 1; Shen and Greenberg, 1990). The expression of /os and jun correlates 

closely with neuronal activity. IEG expression has k e n  observed in the developing 

nervous system (Muller et al., 1990; Mellstrom et al., 1991) and in the hippocampus and 

cerebral cortex of the adult brain (Morgan et al., 1987; Sagar et al., 1988). The induction 

o f  fos and jun expression can be stirnulated by growth factors and membrane 

depolarization (Bartel et al., 1989). Sheng et al. (1995) demonstrate that individual 

dorsal root ganglion neurons express several EGs following KCl depolarization. The 

expression of egos is generally linked to neuronal excitation and activity (Zhang et al., 

1992). Typically c-fos expression is relatively low at basal cellular levels in neurons, but 

the level of expression can be rapidly and transiently induced by numerous stixdi such 

as pharmacological agents (Miller, 1990) and noxious stimulation (Hunt et al., 1987). In 



models of brain tissue injury (Ruppert et al., 1987; Dragunow et al., 1988), chemically 

and electrically induced seizure activity (reviewed by Morgan and Cunan, 199 lb), and 

excitatory arnino acid induceà cytotoxicity (Gorman et al., 1995) there is an induction of 

c-fos expression. Other studies show that axonai darnage is associated with the 

expression of the IEGs (Jenkins and Hunt, 1991; Jenkins et al., 1993; Dragunow et al., 

1993; reviewed by hagunow and Preston, 1995). Thus, IEG expression is respoasive to 

neuronal stimuli (positive or negative) and reflective of neuronal activity. 

5.2 Fos and Jun - Inducible Mediators of Neuronal Cell Death 

In recent yean neurobiologists have exploited the inducible and transient 

expression pattern of the immediate early genes as markers for the induction of 

apoptosis. Smeyne et al. (1993) have shown that c-Fos is continuously expressed in cells 

preceding apoptosis. Additionally, c-Jun has been co-localized with apoptotic neurons in 

the developing rat brain (Messina et al., 1996). These -dies implicate the IEGs in the 

apoptotic mechanisms of cellular deletion during newous system development. in 

mature cells, there is a temporal induction in the expression of c-fos and c-jun preceding 

neuronal apoptosis in sympathetic neurons deprived of NGF (Estus et al., 1994). 

Specifically, c-jun mut  be expressed in order for apoptosis to occur (Estus et al., 1994). 

The level of the czlun protein significantly increases and expression of c-Jun itself is 

suficient to induce apoptosis in NGF deprived sympathetic neurons (Ham et al., 1995). 

Expression of a c-Jun dominant negative mutant protects these neurons fkom NGF 

induced apoptosis, which illustrates that AP-1 activity is required for neuronal apoptosis 

in this mode! (Ham et al., 1995). 

As previously discussed, AP induces neuronal ce11 death characteristic of 

apoptosis in vitro. Gillardon et al. (1996) have recently shown that Af3z-35 treatment of 

hippocampal neuron cultures results in an increase in c-Fos imrnunoreactivity, and that 

anti-sense c-fos cm protect against AB toxicity. Additionally, Anderson et al. (1995) 



have shown that there is a selective induction of c-Jun in hippocampal neuron cultures 

treated with AP, and a CO-localization of c-Jun immunoreactivity with apoptotic cells. 

Collectively, these studies strongly suggest that the immediate early genes, c$x and c- 

jm, rnay act as mediators in a pathway for activahg ceil death cornmitment genes or 

they may traascriptionally control the expression of target genes tbat act directly to elicit 

apoptosis in neurons (reviewed by Soares et al-, 1994). 

5.3 The Immediate Early Gena and Apoptosb in AD 

It has previously k e n  suggested in this discussion that the neurodegeneration and 

neuronal ce11 loss associated with AD may be the result of apoptosis, and the expression 

of c-fos and c-jm may be indicative of neurons activateci to undergo apoptosis. Recent 

imrnunohistochernical analysis in the hippocampal and entorhinal cortices of the! AD 

brain has revealed- 1) DNA hgmentation by the in situ labeling technique TUNEL 

(terminai tramferase-mediated dm-biotin nick end labeling) in apoptotic neuronal 

nuclei associated and unassociated with neurofibrillary tangles in the absence of 

apoptotic morphology in aged matched control brain sarnples (Su et al., 1994; Smale et 

al., 1995; Lassman et al., 1995); 2) C-Fos immunoreactivity and overexpression versus 

aged matched control brain samples (Zhang et al., 1991), and 3) a CO-localkation of c- 

Jun with apoptotic cells in the AD brain (Anderson et al., 1995) Since the observation in 

1) supports the hypothesis that neuronal ce11 death may occur via apoptotic mechanisms 

in AD, and the expression of c-Fos and c-jun localized in the same regions of the AD 

brain that have undergone apoptosis as described in 2) and 3), then it is reasonable to 

infer that the immediate early genes may be actively expressed in newons undergoing 

apoptosis during the pathogenesis of AD. 



6. Lductioa of the hmediate Eirly Geia and APP Overerprcsrion 

The precediag discussion has established that the o v e r p r o d ~ ~ o n  of AP Born the 

aberrant metabolimi a d o r  overexpression of APP may k relevant to the pathogenesis 

of AD. Previous studia by LeBlanc (1995) have shown prirnary human neuron cultures 

induced to undergo apoptosis by serum witWlawal increase production of the 4 kDa AB 

by 3- to Cfold The central aim of this study is to elucidate the underlying molecuiar 

mechanisms of neuronal apoptosis and to determine the cause of the increased 

production of AB in dying primary human neuron cultures. Specificaily, we set out to 

determine if there is a temporal induction in the expression of the Unmediate early genes 

during apoptosis in human neurons, and whether this induction is conelated with a 

subsequent increase the expression of APP. The basis of this midy stems fkom the fact 

that the APP prornoter contains three AP consensus sequences (Yoshikai et ai., 1990). 

which regdate the transcription of APP through the AP-1 complex (Trejo et al., 1994). 

Furthemore, activation of a glial ce11 iine with PMA induces the synthesis of the AP-1, 

increases the protein-DNA binding activity to the AP-1 sequences in the APP promoter 

and increaks APP mRNA levels (Trejo et al., 1994). We bypothesize that serurn 

depnvation induced apoptosis in prirnary human neuron cultures causes an induction in 

the expression of the immediate early genes, potentially resulting in the formation of AP- 

1 complexes that may bind to the AP-L consensus sequences in the APP promoter, and 

subsequently, activate and increase the expression of APP. The increase in APP 

expression may lead to the increased formation of AB. Our hypothetical mode1 is 

presented in Figure 3. Monnation garnished from these in virro studies will provide 

insight into apoptosis as the mechanisrn of neuronal ce11 death and its relevance to the 

disease process of AD in vivo. 





7. The Neuroaal Cytoskeletoa 

Neurons possess extraordinari1y cornplex and diverse shapes that detemine their 

signaling properties, pattern of synaptic comections and their b c t i o n  The dimensions 

of neurons are unparalleleâ, with sorne extending for meten and others with extensive 

axonal and clendritic branching patterns. The cytoskeleton is responsible for deveioping 

and maintainhg the specializeâ cellular structure of neurons, and modiQing the shape of 

neurons in response to age, experience, electrical activity, denervation and injury. The 

dynamics of stabilization and destabilization of various cytoskeleton polymers within 

neurons governs the ability the cytoskeleton to adapt and change according the functional 

requirements of the newons (reviewed by Kandel and Schwartz, 199 1). 

The components of the neuronal cytoskeleton uiclude the: 1) microfilaments 

(8nm in diameter) foxmed nom actin, a self-assembling 43 kDa globular protein; 2) 

neurofilaments ( I O m  in diameter), composed three polypeptide subunits: NF-H @gh, 

112 Da) ,  M-M (middle, 102 kDa) and NF-L (low, 68 kDa), which are only foimd in 

neurons and belong to a family of related intemediate filament proteins that includes the 

keratins, desmin, glial fibrillary acidic protein (GFAP), nuclear larnins and vimentin, and 

3) microtubules (25nm in diameter) formed from tubulin monomers, which are 

heterodimers of a and P tubulin (50 kDa each). The actin microfilaments form a cortical 

meshwork just under the membrane of axons and are found primarily at the periphery of 

axons, especially in the growth cones where they undergo rapid turnover to promote 

neurite extension and movement The newofilaments and microtubules are cross-linked 

to each other and other filaments of the same type, and are found throughout the 

cytoptasm. The neurofilaments give bulk and strength to the neuronal processes, and 

undergo little turnover. The microtubules are responsible for neurite extension and like 

the actin microfiiaments, undergo rapid cycles of polymerization and depolyrnerization in 

the growth cones. Furthemore, the microtubules serve as tracks for anterograde and 

retrograde transport *th the neuroas. There are proteins known as microtubule- 



associated proteins (MAPs) that play important roles in the assembly of microtubules, in 

transport hctioas and cross-linking. They irïclude the hi& molecular weight MAPs 

(200-300 kDa) and the low molecular weight proteins that include MAP2 and tau (-60 

kDa). MAPs are klieved to control microtubule growth by maïntaining a balance 

between the dynamic and stabfe forms of tubuih 

7.1 The Tau Protein 

Tau is a MAP that is abundandy expressed in the PNS and CNS. It is primarily 

localized to the axons in healthy neurons. In the adult human brain, multiple isofoms of 

tau are produced fiom a single gene through alternative mRNA splicing (Goeden et al., 

1989; reviewed by Goedert, 1993; reviewed by Goedert et al., 1995). Six isoforms of tau 

exist, which range tiom 352 to 441 amino acids and differ fiom each other by the 

presence or absence of three inserts. in the carboxy teminus haIf of tau there are three or 

four tandem repeats of 31 or 32 amino acids that wnstitute the microtubule-binding 

domains (Butner et al., 1991; Goode et al., 1994), A i l e  in the arnino terminus some tau 

isoforms contain 29 or 58 arnino acid inseris and is regarded as the projection domain 

(Refer to Figure 3) (reviewed by Goedert, 1993; reviewed by Goedert, 1995). 

The expression of tau is developmentally regulated in that only the smallest 

isoform of the protein with three repeats, known as fetal tau, is present in the immature 

brain, while al1 six isoforms are found in the adult brain (Goedert et al., 1989). AI1 six 

normal isofoms of tau are phosphoproteins (Butler et al., 1986) and the phosphorylation 

of tau is regulated by the balance between protein kinase and protein phosphatase activity 

(reviewed by Trojanowski et al., 1995). The phosphorylation of tau is developmentaily 

regulated such that tau becomes phosphorylated at fewer sites during brain maturation, 

thus, tau is less phosphorylated in the adult brain in cornparison to the fetal bmiu 

(reviewed by Goedert, f 993; Goedert et al., 1995). The ability of tau to bind and stabilize 

the microtubules is negatively regulated by phosphorylation. 





7.1.1 The Neurofibrillary Tangks 

NFTs are another prominent, pathological f*uure of AD. The number of NFTs 

and their regional distriiution cornlates with the degree of dementia in AD (reviewed by 

Goedert, 1993). These neurofibrillary lesions are fowid in neurons of the cerebrai cortex 

and hippocampal formations that degenerate in AD. MTs are locaiized in the newe ce11 

bodies and apicai dendrites, in distal dendrites as wuropil threads and in the dystrophie 

neurites associated with the senile plaques (reviewed by Goedert, 1993). M e r  the death 

of the neuron, NFTs appear as extracellular tangies, dso known as ghost mgles, because 

of their insolubility. The major component of NFTs are the abnormal paired helical 

filaments (PHFs), while the stratight filaments (SFs) constitute a minor component (Kidd 

1963). 

7.1.2 The Paired Helicril Filaments 

The major protein subunit of the PHFs is tau in an abnomally 

hyperphosphorylated form known as PHF-r or A68 (Lee et al., 1991; reviewed by 

Goedert et al., 1995; reviewed by Trojanowski et al., 1995). Al1 six isofonns of tau are 

components of the PHFs. The PHFs isolated fiom tangle fragments show cleavage of the 

amino and carboxy terminal of PHF-t (Bondareff et al., 1990) and ubiquitination (Mori et 

al., 1987; Morishima-Kawashima et al., 1993), leaving a pronase-resistant core 

comprised of the three or four tandem repeats that constitute the microtubule-binding 

regions of tau. On the other hand, PHF-5 isolated nom dispened filaments is intact. 

The ability of PW-t to bind microtubules is signifcantly reduced and is the 

direct result of hyperphosporylation, since dephosphoylated PKF-r bind microhibules as 

well as normal tau does (Bramblett et al., 1993). It has recently been shown that 

hyperphosphorylated tau from the AD brain can disassemble microtubules and act as a 

nucleation center to assemble normal tau into filaments (Alonso et al., 1996). Since the 

ability of tau to bind and stabilize the microtubules is dependent on the degree of 



phosphorylation, then the compromised binding of PHEk to the microtubules likely 

destabilizes the microtubule structures of aeurons and leads to the degeneratïon of 

affected nerve cells in AD. 

7.1.3 Formation of the Paired Helicrrl Füaments 

For years it has been hypothesized that excessive or abnormal phosphorylation of 

tau owing to the hyperactivation of protein kinase(s) or the hypoactivation of protein 

phosphatases was the pivotai event in the transformation of tau to PHF-z and the 

formation of NFTs in AD (reviewed by Trojanowski a al., 1995). However, Wang et al. 

(1996) show that the fomation of NFTs not only involves the hyperphosphorylation of 

tau, but aiso the glycosylation of PHF-5. The authors report that a b n o d l y  

phosphorylated tau fiom the AD brain is glycosylated and that this pst-translational 

modification maintains the helicity of PWs. Glycosylation of tau appamitly does not 

have an effect on the ability of tau to promote the assembly of microtubules, thus, it is 

proposed that the abnormal phosphoryiation of tau initially causes the polyrneritation of 

tau into straight filaments which are then crosslinked by a glycan "pin" into PHFs 

(Alonso et al., 1996). These findings suggest that the hyperphosphorylation and 

glycosylation of tau may act in tandem during the formation of NFTs. 

Recently, Goedert et al. (1996) have shown that sulphated glycosarninoglycans 

(GAGs) may be a key factor in the development of m s  in AD. They have shown that 

recombinant tau isoforms with three and four microtubule binding repeats can fom PHF- 

like filaments and SFs , respectively, similar to those found in the AD, when incubated 

with GAGs such as heparin and heparin sulphate under physiological conditions in vitro. 

Heparin was shown to inhibit tau fiom binding microtubules and promote microtubule 

disassembly independent of the phosphorylation state of tau Furthemore, heparin 

sulphate and tau immunoreactivities were found to CO-localize in nerve cells of the AD 

brain More the formation of NFTs. The authors propose that the accumulation of 



GAGS within newons may induce the hyperphospborylation of tau, destabilization of the 

microtubules and the formation of NFTs during the pathogenesis of AD (Goedert et al., 

1996). 

As previowly d e s c r i i  in this discussion, apoptosis results in distinct 

morphological changes in the cytoskeleton and the development of AD alten the 

neuronal cytoskeleton such that NFTs fom in the degenerating regiom of the brain. 

Since the literature presented strongly suggests that apoptosis is the mode of ce11 death 

and degeneration in AD, we set out to investîgaîe the expression levels and intactness of 

tau, tubulin and vimentin in human neuron cultures during apoptosis. 

8. Synaptic Pathology in AD 

In addition to the hallmark neuropathological lesions, SPs and NFTs, there is also 

extensive synaptic loss associated with AD. It has been hypothesized that the loss of 

synapses is a relatively early event in the development of AD, occur~ag in the neocortex 

and hippocampal regions of the brain (Masliah et al., 1994a; Heinonen et al., 1995). The 

major components of small synaptic vesicles and peptides stored in large dense cored 

vesicles are lost in the synaptic pathology (reviewed by Lassmann et al., 1993). 

Synaptophysin is a 38 kDa calcium binding glycoprotein located in the membrane of 

presynaptic vesicles of al1 neocortical axonal endings that is responsible for synaptic 

transmission. Quantification of synaptophysin immunoreactivity by rnicrodensitometry, 

confocal and electron microscopy are the current rnethods employed to investigate 

synaptic loss (reviewed by Terry, 1994; Heinonen et al., 1995). Masliah et al. (199 la) 

reported a 45% loss in synaptophysin irnrnunoreactivity in the frontal and parietal cortex, 

and to a lesser extent in the hippocampus and entorhinal cortex in the AD brain. Another 

study reported a 77% reduction in synaptophysin-like irnmunoreactivîty in the 

hippocampus and a 54% reduction in the temporal cortex in AD patients (Honer et al., 



1992). Heinonen et ai. (1995) report up to a 53% loss of synaptophysin irnmmoreactivity 

prirnarily in the region of the entorhinal cortex. 

The classic lesions of AD, the SPS and NFTs, do not satisfactorily account for the 

clinical symptoms of AD. NFTs are a better correlate of cognitive deficiency than SPs in 

AD. A problem arises in the fact that 20030% of the cases of AD above the age of 70 

have very rare or no tangla in the neocortex associated with dementia (Teny et al., 

1987). By far the strongest correlation exists with the severity of dementia in AD is the 

loss of synapses (Terry et al., 1991). Taken togethet, the results of quantitative studies of 

synapse density and the conelation of dementia to the degree of synaptic loss strongiy 

suggest that the loss of synapses is centraily involved in the pathogenesis of AD. 

8.1 Aberrant Neuritic Sprouting in AD 

In addition to the extensive loss of synapses in the neocortex of the AD brain, 

there is also the presence of abundant dystrophie neurites scatkred in the neuropil and 

others associated with the SPs (reviewed by Madiah and Teny, 1993). Sorne believe 

they represent degenerating processes, while others suggea that at least a subpopulation 

of them may be aberrant sprouting neurites arising fiom neurons attempting a 

regenerative response (Geddes, et al., 1986; Masliah et al., 1991b; reviewed by Masliah 

et al., 1993). The latter proposai stems fiom the fact that GAP43, a phosphoprotein 

ranging between 43-57 kDa that is highly localized in the axonal growth cones during 

awonogenesis and regeneration (Meiri et al., 1986; Mein et al., l988), has been detected 

in the abnormal neuritic elements in the SPs of the AD cortex (Masliah et al., 1991b; 

Masliah et al., 1992a; Zhan et al., 1995)) and the aged monkey (Cork et al., 1990). 

Additionally, other synaptic and axon specific proteins, such as synaptophysin, 

synapsin, chromogranin, phosphorylated aeurofilaments, tau and ARP (Shoji et al., 1990; 

Masliah et al., 1 992a; reviewed by Masliah et al., 1993; Madiah et al., 1994; Zhan et al., 

1995), have been detected in abnormal neuntes of SPs. Studies have revealed that APP is 



transported to the presyoaptk site (Km et ai., 1990), localized in the presynaptic terminal 

(Schubert et al., 1991; Masliah et al., 1992a; reviewed by Masliah and Terry, 1993) and 

found to CO-localue with GAP43 in 57% of the sprouting wurites (Masliah et al., 

1992a). APP is present in the growth cane during development (Masliah et al., 1992c; 

Hung et al., 1992) and may k involved with synaptic plastïcity (Loffler et al., 1992; 

Masliah et al., 1992a). In vitro studies suggest that APP and its hgments, depending on 

the concentration, couid be neurotoxic or neurotrophic (Yankner et al., 1990). Thus, 

these s u e s  suggest that aitered APP processing couid cause abnomal neuritic 

outgrowth and synaptic degeneration, and supports the hypothesis that plaque formation 

results from synaptic and axonai injury followed by amyloid deposition (Cork et al., 

1990; Masliah et al., 1992b; Masliah et ai., 1994). Cycles of aberrant sprouting and 

degeneration of the neurites localized in the presynaptic regions could alter the 

microcircuitry and cause the cognitive impairments observed in AD. Therefore, we set 

out to assess the protein levels of synaptophysin, GAP43 and APP in human neurons in 

an in vitro paradigm of neurodegeneration to determine whether these proteins undergo 

similar changes in expression levels to those observed in the AD brain. 



Aims of the Present Thesis 

The aims of the present thesis are: 

1) To induce apoptosis in primary human C N S  neurons and quanti@ the level of 

ce11 death following different periods of  senmi withdrawal. 

2) To define the time fnune in which pnmary human neurons become comrnitted 

to apoptosis following serum deprivation. 

3) To detemine the temporal expression of c-fos and c-jun, and to correlate the 

effect on APP expression during apoptosis. 

4) To analyze the effect ofapoptosis on the cytoskeletal proteins tau, tubulin and 

vimentin. 

5) To evaiuate the effect of apoptosis on GAP-43 and synaptophysin 

The experimental outline of  the present thesis is shown in Figure 5. 
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Figure 5. - Expcrinentrl Outline 



II Materiais and Methods 

1. Primary Human Fetd Neuron Cultures 

Primary human fetal neurm cuitures were prepared from cerebral cortical tissue 

obtained fiom elective abortions (10-18 weeks of gestation) in accordance with 

guidelines established by the Medical Research Comcil of Canada and the National 

Institutes of Health, and approved by the Jewish General Hospital and McGill University 

Institutional Review Board ethical committezs. Brah tissue was separated fiom the 

rneninges and blood vessels, and minced in stenle PBS. The tissue was treated with 

0.25% aypsin (Life Technologies, ON, Canada) and 1 mglmi DNase for 15 minutes at 

3PC. The action of the enymes was neutraiized with 5% decomplemented bovine caif 

senim (dBCS; BCS treated at 56°C for 30 minutes) (Hyclone, UT, USA). The tissue was 

then filtered through 132 jun and 70 pm sterile nylon mesh to separate the cells. The 

cells were centrifùged, whed,  and resuspended in MEM media containing Earle's salts, 

5% &CS, 0.225% sodium bicarbonate, 1mM sodium pyruvate, 2mM L-glutamine, LX 

penicillin/streptomycin, 0.1 % glucose (al1 nom Life Technologies, ON, Canada). Cells 

were plated at a density of 3 x 106 cells/ml in flasks, multiwell plates, and on ACLAR 

covenlips coated with 10 pg/rni of poly-L-lysine (Sigma, MO, USA). Mer 3 days, 

cultures were treated with MEM media containing 1rnM fluorodeoxyuridine (FdU) for I 

week to inhibit the proliferation of contarninating astrocytes and other dividing cells. 

The cells were fed every tiiird day and I I  d a y s  afler initial plating the cells were ready 

for experimental manipulations. 

1.1 Characterization of the Cultures 

After I 1 days, covenlips with neurons (1.5 x IO' cells) were immunostained with 

antibodies for tau, which nomally stains the axons of neurons, and glial fibrillary acid 

(GFAP), which is specific for astrocytes to determine the purity of the cultures. Cells 

were fixed with 4% paraformaldehyde (Sigma, M0,USA) and pemieablized with 0.1% 

Triton X-100. M e r  washing with PBS, coverslips were incubated with 10% goat serum 

(Life Technologies, ON, Canada) for 1 hour at room temperature. Covenlips were 

incubated with polyclonal ami-bovine tau (1:200 in 1% goat serurn; a kind gift fiom Dr. 



Hemant Paudel, Lady Davis Institute, McGill University) and monoclonal anti-GFAP 

(1:200 in 1% goat se-; Sigma, MO, USA) anti'bodies overnight at 4°C. M e r  washing 

with PBS, the coverslips were hcubated with goat anti-rabbit IgG (H+L) linked with 

FïTC (fluorescein isothiocynate) and goat anti-rabbit IgG Linked with rhodamine 

secondary antibodies (1:200 in 1% goat senun; Jackson Labs, PA, USA) for 1 hour at 

room temperature. Following three washes with PBS, the covenlips were mounted onto 

glass slides with glycero1:PBS (1:1), and the cells were analyzed by phase contrast and 

fluorescence microscopy at low magnification (2OX). 

2. Apoptosis of Neuroo Cultures 

Apoptosis was induced in the cultures by complete serum withdrawal, removal of 

al1 essential growth factors, for various periods of time. 

2.1 Analysis of  Apoptosis 

2.1.1 Propidium Iodide Stainiog and Tau Imiunostaining 

Neurons plated on covenlips were treated in the presence and absence of serum 

containing media for 0, 6, 12, 18, 24 and 48 hours. Cells were fixed with 4% 

parafonnaldehyde, washed with PBS and pemeablized with 0.1% Triton X-100. Cells 

were incubated with the polyclonal anti-bovine tau antibody as descnbed above. M e r  

washing with PBS, coverslips were incubated with goat anti-rabbit-FITC in propidiurn 

iodide solution (0.1 pgml in PBS; Sigma, MO, USA) for 30 minutes at rwm 

temperature. The coverslips were washed 6 times with PBS and mounted on glas slides 

wit h g1ycerol:PBS ( 1 : 1 ). Cells were analyzed by phase contrast and fluorescence 

microscopy at low and high magnification (20X and 40X), and stained nuclei were 

analyzed by fluorescence mîcroscopy at high magnification (40X and 1OOX). 

2.1.2 DNA Ladder 

Cultures were treateà in the presence and absence of serum containing media for 

0 , 6 ,  12, 18,24,36,48 and 72 houn. The cells (3 x 106 cells) were harvested in PBS and 

briefly centrifuged. The pellet was resuspended in 50 pl of proteinase K (200 pg/ml)/ 



0.5% sarkosyl solution (both h m  Sigma, MO, USA) and incubated at 50°C for 2 hom. 

Subsequently, 2.5 pi of RNase A (10 pg/pl) was added and the mixture was incubated for 

2 hours at 50°C. Tea pi of 6X DNA loadùig buffer (0.25% bromophenol blue, 0.25% 

xylene cyanol, 30% glycerol) was added to the samples after which the samples were 

separated in parailel with a LOO bp ladder (Pharmacia, QC, Canada) on a 1.8% agarose 

gel at 15 volts ovemight The gels were stained with ethidium bromide (EtBr) to 

visuaiize the DNA. 

2.13 TUNEL (terminal trrinsferasemcdiatd d U R  uick end Iabeling) Stiiniag 

Neurons plated on covenlips were treated in the presence and absence of senim 

containing media for 0, 12, 24 and 48 hours. Cells were fixed with 4% 

paraformaldehyde, pemeablized with O. 1% Triton X-100 and washed with PBS. DNA 

fragmentation was detected with the la Situ Ce11 Death Detection Kit (Bwhringer- 

Mannheim, QC, Canada) according to the manufacturer7 s standard protocols. Covenli ps 

were washed 6 times with PBS and mounted with glycero1:PBS ( 1 : 1 ) on glass slides. The 

presence of DNA fragmentation was analyzed at low magnification (20X) fluorescence 

microscopy. 

2.1.4 Quantitating Levels of Apoptosis 

After celIs were stained with lZTNEL as described in the previous section, 

approximately 500 neurons per coverslip for each t h e  point were analyzed for positive 

TUNEL staining by high magnification (40X) fluorescence microscopy. The Oh time 

point was used as an indication of the basal level of apoptosis each culture. The ratio of 

apoptotic cells to the total number of cells analyzed for each time point was standardized 

to the ratio of apoptotic cells to the total nurnber of cells determined at the Oh time point, 

and expressed as a fold increase in the number of apoptotic cells relative to the Oh time 

point. The data presented represents the mean and standard enor of three independent 

cultures. A two-tailed, unpaired Student's t-test with a confidence level of 90% was used 

to determine the sîatistical significance of the changes in the levels of apoptosis between 

the serum deprived and untreated cultures at the corresponding time points. 



2.1.5 Cell Death Cornmitment Experiments 

Neurons cultured on coven lips were deprived of serum for 0-6, 12, 18,24 and 48 

hours, after which s e m  was reintroduced in the media for another 12 hours to rescue to 

the cells. Subsequently, the cells were fixed with 4% paraformaldehyde, pemeablized 

with O. 1 % Triton X-100 and washed with PBS. The cells were stained with propidium 

iodide (0.1 pdml) at room temperature for 20 minutes. The covealips were washed 6 

times with PBS and mounted on g las  slides with g1ycerol:PBS (1: 1). Control cultures, 

neurons treated in the presence of s e m  for 0, 6, 12, 18, 24 and 48 hours and neurons 

treated in the presençe of senun for 0,6,12,18,24 and 48 hours, after which fiesh semm 

containing media was fed to the cells for another 12 hours, were also treated with the 

sarne procedures. Approximately 500 neurons per covenlip were analyzed for apoptotic 

morphology by high magnification (40X) fluorescence microscopy. The ratio of 

apoptotic cells to the total nurnber of cells analyzed for each time point was standardized 

to the 1eveI of apoptosis at the Oh time point, and expressed as a fold increase in the 

nurnber of apoptotic cells relative to the Oh time point. The data presented represents the 

mean and standard error of at least three independent cultures. A two-tailed, unpaireci 

Student's t-test with a confidence level of 90% was used to detennine the statistical 

significance of the changes in the levels of apoptosis between the semm deprived 

cultures and the control cultures at the corresponding time points. 

3. Assessing c-fos and c-jun Expression 

3.1 RT-PCR 

3.1.1 RNA Extraction 

Total RNA was extracted from cultures (-4.5 x 10' cells) treated in the presence 

and absence of senun containing media for 0, 6, 12, 18 and 24 houn by standard 

phenoVc hloro form methods (Chomczynski et al.. 1 987). RNA smples were treated with 

1 U of RQ1 RNase-free DNase (Promega, WI, USA) in DNase buffer (40 mM Tris-HCI 

pH 7.9, 6 rnM MgCl> 10 m M  NaCl and 10 mM CaC12) for 30 minutes at 37C to 

eliminate genomic DNA contamination in the samples. The sarnples were extracted with 

phenoVchlorofom and precipiîated with 10 pg of tRNA to increase the eficiency of RNA 



recovery. RNA concentration and pur@-was determined by spectrophotometry at 2 6 h  

and 280 m. 

3.1.2 cDNA Synthais by Revene Trioscription 

The RNA samples ( 1  pg) were reverse transcribed h o  cDNA with the 

Superscript Iï Reverse Tls~llscriptase Sy-m (Life Technologies, ON, Canada) according 

to the manufacturer's standard protocols. One pg of RNA from the 12h serum deprived 

sarnple was subjected to the cDNA synthesis reaction in the absence of reverse 

transcriptase and xwed as negative control for genomic DNA contamination in the PCR 

reactions. 

3.1.3 PCR Analysis 

3.13.1 Primer h i g a  and Specificity 

Prirnen were designed to ampli@ regions of c-fos (2088-2721; 633 bp region), 

c+n (2036-2445; 409 bp region) and G3PDH (28-598; 570 bp region) with the aid of the 

PCGene software (Intelligenetics, CA, USA). The primer sequences were: c-fo-fonuard 

5 ' -GAGACAGACCAACTAG-3 ' , reverse 5 '4XAGCAGCGTG-3'; c-jtm-forward 

5 ' -GC ATGAGGAACCGC-3 ' , reverse 5 ' -GCGACCAAGTCCTTC-3 ' and 

G3PDH-forward 5'-CGGATTTGGTCGTATTGGGC-3 ' , reverse 

5 '-CCATCACGCCACAGTTCC-3 ' . We used G3PDN as an intemal standard because of 

its constitutive expression as a housekeeping gene. 

Each primer pair was tested for its ability to ampli@ the target sequence fiom 

plasmid containing the gene of interest, human c-fos plasmid, m o w  c-jzm plasmid (both 

kind gifts from Dr. Lorraine Chalifour, Lady Davis [nstitute, McGill University), and rat 

G3PDH plasmid (a kind gift from Dr. Hyman Schipper, Lady Davis Institute, McGill 

University). Restriction digests (5 pl of the PCR reaction digested with 1U of Xcm 1 

(New England Biolabs, MA, USA) in 1 X NEB Buffer 2 for 1 hour et 37"C, separated on a 

1% agaorse gel by electrophoresis and DNA fragments visualized by EtBr staining) and 

direct PCR sequencing of the PCR fragments with the CircumVent Thermal Cycle 

Sequencing Kit according to the manufacturer's standard protocols (New England 



Biolabs, MA, USA) were perfonned to confim the primers correctly amplined the target 

sequences. 

3.1.3.2 Reaction Conditions 

One pl of the cDNA reaction was amplified in a 25 pl volume containhg LX PCR 

reaction buffer with 1 mM MgClz(Promega, WI, USA), 200 ph4 dNTP, 0.6 pmol of the 

fonvard and reverse primen and 0.625 U of Taq polymerase (Promega, WI, USA) in a 

Perkin-Elmer Thermal Cycler at 94OC for 1 minute, 50°C for 1 minuut and 72°C for 2 

minutes for 20 and 30 cycles. Each cDNA sample was amplified in niplkate, and 

simuItaneously with a positive control (human c-fos plasmid, mouse c+ plasmid and 

rat G3PDH plasmid) and three negative controls (1 pI of cDNA mixture f'iom the 12h 

serum deprived sarnple treated without reverse transcriptase, 1 pg of tRNA, and 1 pl of 

water). mer ampliiication, the cDNAs were separated by electrophoresis on 1% agarose 

gels, visualized by EtBr staining and photographed 

3.2 Southern AnaIysis 

Subsequently, the PCR products were transferred onto Nytnui membrane 

(Schleicher and Schuell, NH, USA) and detected by hybndization with 32~dATP labeled 

DNA probes specific for c-fos, c-jzm and G3PDH according to the manufacturer's 

standard protocols. DNA probes were obtained fiom PCR amplification of human c-fus 

plasmid, mouse c-jun plasmid and rat G3PDH plasmid, and labeled with "P-~ATP 

according to the manufacnier's standard protocols supplied with the Oligolabeling Kit 

(Pharmacia, QC, Canada). 

3.3 Quantitation of mRNA Expression 

The membranes were exposed on phosphorimaging screens and the PCR products 

were quantitated by phosphorimaging software (Molecular Dynamics, CA, USA). The 

c-fos and c-jun expression levels were coneced to G3PDH levels at each of the 

corresponding time points and subsequently standardized to the expression level at the Oh 

time point to control for the arnount of cDNA in each reaction and to establish the 



baseline level of expression in each experiment ïhe level ofc-/s and c* expression 

was expressed as a fold increase in the level of expression relative to the Oh tirne point, 

and was detennined fiom two trials with a given expriment Expression of c-fos and c- 

jun was anal@ in four independent cultures. 

4. Assessing c-Fos and eJun Expression 

4.1 mole CeU Extract Prepantion 

Mer treatment in the absence of senmi containing media for 0-6, 12, 18,24, 36 

and 48 hours, 3 x lob cells were washed in PBS (phosphate-bufféred saline; 100 mM 

sodium phosphate, 100 mM NaCl, pH 7.5) and harvested in 100 pl of cold NP-40 lysis 

buffer ((50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 5 mM EDTq pH 8.0) 

containing 0.05% phenylmethylsulfonyl fluoride, O. 1 pgml pepstatin A, I pgh l  N a - p  

tosylz-lysine chloromethyl ketone, and 0.5 M m 1  leupptin (al1 protease inhibiton fiom 

ICN, QC, Canada). The lysate was centrifigeci at 14 000 rpm for 10 minutes at 4°C and 

. the supernatant was used for analysis. Whole ce11 extracts were prepared from L x 1 o6 
Jurkat cells, treated with 32 nM PMA (phorbol 22-myristate 13-acetate) for 2 hours, 

according to the methods by Sarnbrook et al. (1989) and were used as a positive control. 

4.2 NucIear Extract Preparrition 

Nuclear extracts were prepared as descrïbed by Pinol-Roma et al. (1988). m e r  

treatment in the presence and absence of s e m  containing media for 0.6, 12, 18 and 24 

hours, 4.5 x 106 cells were washed in PBS and haxvested in 5 ml of cold lysis buffer 

( IOmM Tris-HCl, pH 7.4, 100 rnM NaCI, 2.5 mM MgC12) containing 0.5% aprotinin, 2 

pg/ml pepstatin A, 2pg/ml leupeptin (al1 protease inhibitors fiom ICN, QC, Canada) and 

0.5% Triton X-100. The lysate was passed through a 25-gauge needle four times and 

centrifbged briefly at 3000g. The nuclei were resuspended in 100 pl of lysis b a e r  

without Triton X-100 and sonicated briefly. Protein concentration was determined with 

BCA Protein Assay Reagents (Pierce, IL, USA). 



4 3  Western Blot Anrlysis 

Samples, containing 17 pl of whole ce11 exuact (representative of 5.1 x 10' celis) 

and 3 pi of 6X SDS/Sample loading b&er (300mM Tris-HCl, pH 6.8, 600 mM Dm, 

12% SDS, 0.6% bromophenol blue, 60% giycerol), were xparated in parauel with Jurkat 

ce11 extracts and prestained low molecuiar weight markers (BioRad, ON, Canada) on 

10% SDS-polyacrylamide gels by electiophoresis. Separateci proteins were auisferred 

onto Immobilon-P membranes (MiIlipore, MA, USA) by electroblotting Membranes 

were blocked in Blotto A (5% (w/v) low fat milk in TBS-T (Tris-bufEered saline; 10 mM 

Tris-HC1, pH 8.0, 150 mM NaCl, 0.05% Tween-20)) for 1 hour and 30 minutes and 

incubated at 4OC ovemight with primary antibodies-polyclond anti-c-lun (1 250 in Blotto 

A; SC-45, Santa Cruz Biotech, CA, USA), monoclonal anti-c-Fos (1:250 in Blotto A; SC- 

1 13, Santa Cruz Biotech, CA., USA) or polyclonal anti-c-Fos ( 1 :200 in Blotto A; a kind 

gift fiom Dr. Eugenia Wang, Lady Davis Institute, McGill Univentiy). Blots were then 

washed 3 times for 10 minutes with TBS-T and incubated with the appropriate secondary 

antibody conjugated to alkaiiw phosphatase (AI?)-goat anti-rabbit-AP (15000 in TBS-T; 

Jackson Labs, PA, USA) or goat anti-mouse-AP (1:Lûûû in TBS-T; Jackson Labs, PA, 

USA), for 1 hour at room temperature. Following 3 washes for 10 minutes with TBS-T 

and a 10 minute wash with alkaline phosphatase b a e r  (100 rnM Tris-KI, pH 9.5, 100 

mM NaCl, 5 rnM MgC12), the blots were developed with 10 ml of alkaline phosphatase 

buffer containing 64 pl of NBT (nitro blue tetrazolium chloride; Fisher Biotech, QC, 

Canada; 50 &ml dissolved in 70% diethylformamide) and 32 pl of BCIP (5-bromo-4- 

chloro-3-indoyl phosphate; Fisher Biotech, QC, Canada; 50 &ml dissolved in LOO% 

diethylformamide) to detect the immunoreactive proteins. 

Nuclear extracts (50 pg) were separated in paralle1 with 10 pg of PMA-induced 

HeLa nuclear extract (Santa Cruz, CA, USA), transferred to membranes and the 

membranes treated with the methods described above. Following incubation with the 

primary antibodies, the blots were washed three times with TBS-T and incubated with the 

appropriate secondary antibody conjugated to horseradish peroxidase (HRP}-goat anti- 

rabbit-HRP (1 5000 in Blotto A) or goat anti-rnouse-HRP (1: 10000 in Blotto A) (bot. a 

kind gift from Dr. Eugenia Wang, Lady Davis Institute, McGill University), for 1 hour at 



room temperature- Immunoreactive proteins were detected with ECL Western Blot 

Detection Reagents (Arnersham, ON, C d )  according to the manufàcturer's standard 

protocols. 

4.4 Quantitation of Protein Expression 

Following detection of the proteins, the films were scanned and the protein levels 

quantitated by densitometric software (Molecular Dynamics, CA, USA). The Oh time 

point was used as the control for the basai level of expression in the culture. The 

expression leveI at each time point was standavdized to the Oh time point and expresseci 

as a fold increase relative to the Oh time point 

4.5 Colocalization Studies 

immunocyotchemistry was performed sirnultamously with PI or TüNEL staining. 

Neurons on coverslips, deprived of senun for 0, 6, 12, 18, 24 and 48 hours, were 

permeablized with 0.1 % Triton-X 100, blocked with 10% goat serurn and incubated with 

primary antibodies-polyclonai antic-Jun (1:100 in 1% goat senim; sc-45, Santa Cruz 

Biotech, CA, USA), monoclonal anti-c-Fos (1 : 100 in 1% goat serum; SC-4 13 fiom two 

difTerent lots, Santa Cruz Biotech, CA, USA) or polyclonal anti-c-Fos (1: 10000 in 1% 

goat S e m ;  a kind gifi from Dr. Heather Durham, Montreal Neurological Institute, 

McGill University) overnight at 4OC. The coverslips were washed 5 time with PBS and 

incubated with the appropnate secondary antibody conjugated with FITC when 

propidium iodide staining was performed-goat anti-rabbit-FITC (1200 in O. 1 @ml of PI 

solution) or goat anti-mouse-FITC (1:100 in 0.1 pg/ml of PI solution). When TUNEL 

staining was performed, secondary antibodies conjugated to rhodamine (Rho)-goat anti- 

rabbit-Rho (1 200 in Converter-AP; Boerhinger-Mannheim, QC, Canada) or goat anti- 

mouse-Mo (1:200 in Converter-AP), were used in conjuction with the Santa Cruz 

antibodies. Neurons were incubated with biotinylated anti-sheep ( 1 : 100 in PBS; a kind 

gift from Dr. Durham) for 1 hour at room temperature when the c-Fos antibody fkom Dr. 

Durham was used This was followed by an incubation with Texas Red-streptavidin 



conjugate (1:LOûû in Converter-AP). Neurons were analyzed with a fluorescence 

microscope at high magnification (40X). 

5. Assessiag APP Expression 

Whole ce11 extracts were piepared from cultues depnved of serurn for 0, 6, 12, 

18, 24, 36 and 48 hours according to the mahod described above. Extracts were not 

prepared from cultures treated in the presence of sem contain@ media because serum 

did not affect c-fos and c e ,  and c-Jun expmsioa Twelve pl (representative of 3.6 x 

10' cells) of each sample with 2 pl of 6X SDSiSample ioading buffer were separated by 

SDS-PAGE according to the methods described above. Separated proteins were 

transferred to immobilon-P membrane, and the membrane treated according to the 

methods previously described Separate blots were incubated with polyclonai anti-APP 

(anti-A I ,  4) (1 : 100 in 1% goat s e m )  and monoclonal anti-AB*-16 (6E 10) (1: 1000 in 1% 

goat senim) ovemight at 4OC. Membranes were washed and incubated with the 

appropriate secondary antibody conjugated to alkaiim phosphatase- The membranes 

were washed and developed according to the alkaline phosphatase method d e s c n i  

above. The membranes were scanned and the protein levels quantitated with 

densitometric software (Molecular Dynamics, CA, USA). The Oh tirne point was used as 

the conuol for the basal level of expression in each culture. The ievel of APP expression 

at each time point was standardized and expressed relative to the level of expression at 

the Oh time point. The daîa shown represents the mean and standard error from three 

independent cultures. A two-tailed, unpaired Student's t-test with a confidence level of 

90% was used to determine the statistical significance of changes in APP expression at 

each time point relative to the Oh time point. 

6. Assessiog Tau, Tubulin, Vimentin, GAP43 and Synaptophysin Expression 

Six pl (representative of 1.8 x 10' cells) samples; whole ce11 extracts that were 

prepared from the same cultures described in section 5, and 1 pl of 6X SDS/Sample 

loading bufTer were separated by SDS-PAGE and stained with Coomassie Blue solution 

(1 g/L Coomassie Brilliant Blue R2%, 50% methanol, 10% glacial acetic acid) to show 



equal loadhg and consistent protein levels over the time course of serum deprivation. 

Samples of whole ceIl extracts (6 pi) with 1 )II of 6X SDS/Sarnple l d n g  b a e r  were 

separated by SDS-PAGE, transferred to Immobilon-P membrane and the membrane 

treated according to the maho& described above. Sepuate blots were incubated with 

polyclonal anti-bovine tau (1: 1000 in TBS-T; a Lind gift h m  Dr. Hemant Paudel, ïady 

Davis institute, McGill University), polyclonaî anti-tubulin (1: 100 in TBS-T; a kïnd gift 

from Dr. Eugenia Wang, Lady Davis Institule, McGill University), monoclonal anti- 

virnentin ( 1 : 1000 in TBS-T; Sigma, MO, USA), monoclonal anti-GAP43 (1 : 1000 in 

TBS-T; Sigma, MO, USA) and monoclonal d-synaptophysin (Mû0 in TBS-T; Sigma, 

MO, USA) ovemight at 4OC. The membranes were washed and incubated with the 

appropriate secondary antibody conjugated to aikaline phosphatase. The membranes 

were washed and developed accordhg to the alkaline phosphatase method previously 

describeci. The blots were then scanneci by a phosphoimaging/deasitometric system 

(Molecular Dynarnics, CA, USA) and the level of protein expression at each time point 

was quantitated. The Oh time point was used as an indication of the basal level of protein 

expression in each culture. The expression levels at each time point were standardized 

and expressed as a fold increase relative to the Oh time point The data presented 

represents the mean and standard error of three independent cultures. A two-tailed, 

unpaired Student's t-test with a 90% confiidence level was used to determine the 

statistical significance of changes in protein expression at each time point relative to the 

Oh time point. 



III Results 

1. Primary Human Neuron Cultures 

To investigate the molecular mechinisms of apoptosis and its eflect on amyloid 

precunot protein expression in human neurons, highiy purifieci primary newon cultures 

were established fiom fetal brain tissue- Cells isolateci fiom the fetal brain tissue were 

cultured for 11 days before any experimental procedures were undertaken. Duting this 

p e n d  the mixed cdtures were treated with ImM FdU to inhibit the proliferation of 

contaminating, mitotic cells- astrocytes, microglia, and oligodendrocytes. By the end of 

this p e n a  cultures consisting primarily of newons were established The cultures 

consisted of a uniform layer of well differentiated neurons that established dense and 

intricate networks of nemites. This is clearly evident by phase contrast and 

imrnunofluorescence microscopy of cultures stained with anti-tau antibody (Figure 6. - a, 

c). As previously shown (LeBlanc, 1995), the composition of these cultures was 

approximately 90% neurons and 10% astrocytes. The low percentage of microglia, 

oligodendrocytes and fibroblasts was previously connmied by the lack of positive LDL- 

Di1 incorporation and imrnunostaining by anti-galactocerebroside and anti-fibronectin 

antibodies, respectively (LeBlanc, 1995). in the human brain there are approximately ten 

to fi% times more glial cells than neurons, of which the astrocytes are a significant 

proportion of the glial celis (reviewed by Kandel et al., 1991). Thus, a small population 

of astrocytes was beneficial to the maintenance of the cultures because neurons naîurally 

use astrocyte factors to survive. The nominal presence of astrocytes and their close 

association with neurons in the cultures is shown by phase contrast and 

immunofluorescence microscopy of cultures stained with anti-GFAP antibody (Figure 6. - 
b, 4. 



Figure 6. - Chancterizrtion of Human Neuma Cultures 

Phase conaast micrographs (a, b) and immunofluorescent pictures at low mapification 

(20X) of human neurons cultured for 11 days on coveniips , fixe4 ptnneablized and 

stained with polyclonal anti-human tau antibody (a, c) and monoclonal anti-human GFAP 

antibody (b, d). 
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2. Morphological Anilysis of Apoptosis in Human Neurons 

S e m  depnvation was used to induce apoptotic ceil death in the prixnary human 

neuron cultures. In the nomial human brain there are nurnerous neurotrophic factors, for 

example, NGF, BDNF, CNTF and GDJW , thpt support the sumival of the braïn cells 

(reviewed by Lindsay, 1995; reviewed by Sildantiago, 1995). The withdrawal of a 

specific neurotrophic factor may not have been enough to induce apoptosis in these 

cultures because various neuron types could have utilized other neurotrophic facton as a 

compensatory response for survival. Thus, completely removing the serum from the 

cultures eosured that the newons were depnved of dl neurotrophic factors. To confinu 

that serum deprivation hduced apoptosis in these cultures, neurons culnired on covenlips 

for 11 days in the presence of semm were deprived of semm contaking media for 48 

hours, fixed and stained with propidium iodide. Typically, apoptotic cells possess 

fragmented nuclei with condensed chromatin (reviewed by Bredesen, 1995). The celis 

highlighted by arrowheads in Figure 7A. clearly show the morphological characteristics 

of apoptotic cells. These cells have obvious pyknotic and hgmented nuclei with 

condensed chromatin that nain inteasely. In contrast, the normal cells (Figure 7A-, 

arrows) have intact and diffusely stained nuclei that appear larger than the apoptotic cells. 

Changes in ce11 morphology were analyzed in neuron cultures depnved of serum 

for different periods of time. By propidium iodide staining it is evident that nemns 

deprived of senim for 48h underwent apoptotic ce11 death (Figure 78. - c), whereas 

untreated (cells immediately fixed after I I  days of culture, shown as Oh in Figure 7B. - a) 

and neurons treated in the presence of serum for 48h (Figure 7B. - e) do not exhibit 

apoptotic morphology. This was confinned by the in situ labeling technique TUNEL 

(terminal îransferase-mediated dUTP-biotin nick end labeling) (Gavrïeli et al., 1992). 

TUNEL specifically detects apoptotic cells by utilizing terminal tramferase to 

incorporate biotinylated nucleotides on the 3'-OH groups of ftagmented DNA, which can 

then be visualîzed by a reaction with alkaline phosphatase and a suitable substrate. 

Nurnerous apoptotic cells were detected in cultures depnved of senun containing media 

for 48h (Figure 7B. - d), whereas untreated (Figure 7B. - b) and cultures treated with 

serwn containing media for 48h (Figure 7B. - f) did not exhibit positive TUNEL staining. 



Typically, changes in the cellular organization accompany the characte"stic 

changes associated with apoptosis. Apoptotic cells un&rgo membrane blebbiag and in 

addition, apoptotic neurons undergo degeneration of the neurites and retract (LeBlanc, 

1995). Nemm deprived of serum for 48b following 1 1 days of culture in the presence of 

senun show marked changes in their cellular organization By phase contnist and 

immunofluorescence microscopy of tau immunostaining, it is evidmt the neurons 

retracted, which decreased the density of the newite networks. Furthennom, these 

dystrophie neurites show beading and degeneration (Figure 7C. - c, arrows), and the ceil 

bodies and neurites have dBÙse, non-uniforni staining of tau (Figure 7C. - 4 arrows). In 

contrast, untreated and neurons treated in the presence of senim for 48h maintained a 

consistent density and an inaicate network of healthy wurites as shown by phase contrast 

microscopy (Figure 7C. - a, e). Additionally, immunofluorescence analysis of tau 

immunostaining shows ceii bodies and neurites have a d o m ,  polar staining pattern 

characteristic of healthy cells (Figure 7C. - b, f ,  arrows). in addition, propidium iodide 

and tau double staining showed that only neurons and not astrocytes undergo apoptosis 

following s e m  withdrawaL Previous studies have show that serum deprivation does 

not induce human neurons to die by necrosis (LeBlanc, 1995). Clearly, senun deprivation 

induced morphological changes in primary human neuron cultures characteristic of 

apoptosis. 

To quanti@ the level of apoptosis associated with the time of serum deprivation, 

neurons on coverslips were treated in the absence of serum containing media for various 

periods of time (Oh, 12h, 24h and 48h) following 11 days of culture in the presence of 

serum and subsequently the nurnber of apoptotic cells was scored by positive TUNEL 

staining. To demonstrate that the length of time in culture did not induce apoptosis, 

neurons on coverslips were treated in the presence of serum for Oh, 12h, 24h, and 48h, 

and aiso scored for positive TUNEL staining. The number of apoptotic cells was 

expressed as a percent of apoptotic cells to the total number of cells scorecl, and then 

expressed as a fold increase relative to the percent of apoptotic cells at Oh 

Standardization to the control (Oh) was used to establish a baseline level of apoptosis in 

each independent culture.. The results fiom three independent cultures show that there 



was a statistically significant increase in the nurnber of apoptotic cells by 12 hours of 

serum deprivation, a 5-fold increase in the number of apoptotic cells by 24 hours and a 

15-fold increase in the number of apoptotic cells by 48 hours of serum deprivation 

(Figure 7D.; p < 0.1). Few cells were found floating in the media Neurons treated in the 

presence of serum did not show an increase in the number of apoptotic cells, thus the 

length of time in culture did not have an effect on the level of apoptosis. 

3. Cell Death Cornmitment h y s  

In order to undentand the temporal events associateci with apoptosis in serum 

deprived hurnan neuron cultures, the time in which these cultures became irreversibly 

committed to ce11 death was determineci. Neurons cultured on coverslips for 11 days in 

the presence of serum were treated in the absence of serum containing media for Oh, 6h, 

12h, 18h, 24h and 48h, after which serum containing meâia was reintroduced into the 

cultures for another 12 hom. Thc cells were stained by propidium iodide and the 

covenlips were scored for apoptotic cells following the cnteria established prevïously. 

To show that the length of time in culture did not affect the level of ce11 death, coverslips 

treated in the presence of serurn containing media for Oh, 6h, 12h, 184 24h, and 48h were 

also stained and scored in this manner- To control for the effect of the addition of fiesh 

s e m  and the disturbance of feeding the cultures, neurons cultured on covenlips for 11 

days in the presence of senun were treated in the presence of serum containing media for 

Oh, 6h, 12h, 18h, 24h and 48h, after which s e m  was reintroduced to the cultures for 

another 12 hours. These coverslips were stained and scored in the same manner as 

described. Based on data fiom at l e s t  three independent cultures (Figure 8.), it is evident 

that the length of time in culture and the process of reintroducing serum back to the 

neurons had no effect on the level of apoptosis, while neurons deprived of senim for 

greater than 6 hours could not be rescued from undergoing apoptotic cell death with the 

return of serum to the media. Statistically, the difference between the serurn deprived 

culture and the control cultures became significant after 18 hours of serum depnvation. 

Thus, the time in which human neurons in culture become irreversibly comrnitted to 

apoptosis following senun withdrawal is 18 hom. 



Figure 7. - Cbaricterintion of Human Nerrons in Serra Deprived Crltrra 

A) Morphological characterïzation of apoptotic cells in human neuron cultures by 

propidium iodide sîaining after 48 hours of serum deprivation Shown at high 

magnification (IOOX, of a small field in 2B.. - c), normal cells have d i fbe ly  stained, 

intact nuclei illustrated by the anows, hi le  apoptotic cells possess brightiy stained, 

pyknotic and fhgmented nuclei with condensed chromatin highiighted by the 

anowheads. 

B) Immunofluorescence analysis showing apoptosis in serum deprived human neuron 

cultures by propidium iodide and TUNU staining Culbired newons on coverslips at 

O hour (Oh) (a, b), deprived of semm containhg media for 48 hours (48h) (c, d) and 

not deprived of serum containing media for 48h (e, f) were fuced and stained by 

propidium iodide (a, c7 e - high magnification, 40X) or TUNEL @, d, f - low 

magnification, 20X). Apoptotic cells with fhgmented nuclei and condensed 

chromatin are highlighted by the arrowheads. Notice that there is oniy positive 

TUNEL staining present in (d). Coverslips in a, c, e are not the same as those shown 

in b, d, f. 

C) Morphological characterization of serum deprived human neuron cultures by phase 

contrast and immunofluorescence analysis of tau staining. Cuitured neurons on 

coverslips at Oh (a, b), deprived of serum containing media for 48h (c, d) and treated 

with serum containing media for 48h (e, f) were fixeci, stained with rabbit polyclonal 

anti-tau antibody and analyzed by phase contrast (a, c, e) and irnmunofluorescence (b, 

ci, e) microscopy. Contrast the uniform. polarized staining of  the ce11 body and 

neurites in the neurons shown in (b, f - anows) to the non-uniform, diffuse staining of 

the ce11 body and beading of the dystrophic neurïtes in the neurons s h o w  in (d - 
arrows). The fields outIined by the dashed boxes in (a, c, e) correspond to (b, d, f) at 

high magnification (40X), respectively. 

D) Quantitative analysis of apoptosis in serurn deprived human neuron cultures by 

TUNEL. Neurons cultured on coverslips were deprived and not deprived of serurn 

containing media for 0, 12, 24 and 48h, fixed, labeled by TUNEL and scored for 

apoptotic cells by high magnification (40X) fluorescence microscopy. The data 



represents the fold increase in the number of apoptotic cells at 124 24h and 48h 

relative to the control (Oh). Time points in which the fold iacrease in apoptotic celis in 

the serum deprived cultures (closed diamonds, - &mm) is s î a t i s t i c d L y n t  . . . . 

from the corresponding cultures treated in the presence of serum (open cucles, + 

Serum) are marked by asterisks (p c 0.10)- The data show is the rnean and standard 

error of three independent cultures. 
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Figure 8. - Quantitative Analyrb of the T i c  of Coimitment to Apoptosb Ui Semm 

Deprived Human Neuron Cultures 

Neurons cultured on coverslips were deprived of senmi containing media for Oh, 6 4  124 

IBh, 24h and 48, afler which senim containhg media was reintrodud for an additionai 

L2h (represented as c l d  triangles, - Serum; Seruni reintroduced for 12h). Sister 

cultures were treated in the presence of serum containhg media for Oh, 6h, 12h, 18h, 24h 

and 48h, after which serum containing media was reintroduced for an additional 12h 

(represented as open triangles, + Serum; Sema reintroduced for 12h). The cells were 

fixed after this 12h period (the total tuoe of treatment is show in brackets on the bottom 

of the graph), stained with propidium iodide and scored for the number of apoptotic cells 

by high magnification (40X) fluorescence microscopy. Additionally, neurons on 

coverslips were treated with senun containing media at Oh, 6h, 12h, 18h. 24h and 48h 

fixeci, stained and scored in the same marner as describeci ( show as open cirdes, + 

Serum). The data shown represents the fold increase in the number of apoptotic cells at 

each time point relative to Ob The cornmitment time point represents the time of serum 

deprivation afier which the replacement of serum carmot prevent the cells from 

undergoing apoptosis. The cornmitment t h e  point is show to be 6h in human neuron 

cultures deprived of senun containing media, after which there is an increase in the 

number of apoptotic cells in cornparison to the cultures treated with s e m  containing 

media. Each point represents the mean and standard error of at least three independent 

cultures. Astensks mark the time points in which the fold increase in apoptotic cells in 

the s e m  deprived covenlip is statistically significant in cornparison to the coverslips 

cul tured in s e m  containing media (p < 0.1 ). 
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4. Immediate Early Gene Expression h r i n g  Neumnd Cell Derth 

The expression of the immediate early genes, fos and  un, has been reported as a 

necessary event for apoptosis to occur in rodent neuron cultures (Estus et al., 1994; Ham 

et al., 1995)- To determine immediate early gene expression in human neumn cultures, 

immediate early gene expression was d y z e d  in serum deprived neuron cultures by RT- 

PCR Total RNA was extracted from cultures treated in the absence of senmi containing 

media for Oh, 6h, 12h, ISh and 24b. One pg of total RNA from each sample was reverse 

txanscribed into cDNA and 1p1 of the resultant cDNA mixture was amplified by PCR 

with primers specific for c-fos, c-jun and G3PDH for 20 and 30 cycles in parallel with a 

positive control (human c-fos plasmid, mouse c-jun plasmid and rat G3PDH plasmid) and 

three negative controls (1 pl of cDNA mixture fiom the 12h serurn deprived sample 

treated in the absence of reverse transcriptase, 1pg of tEWA, and I pl of water). To 

demonstrate that the effect of the addition of k s h  serum and the disturbance associated 

with feeding did not induce the expression of c-fos, c-jun and G3PDH, total RNA was 

also extracted from sister neuron cultures whose serum contaïning media was changed at 

the same time as the semm depived culhim. Following separation by electrophoresis on 

1% agarose gels, the PCR products indicating the levels of expression of cqos, c-jzm and 

G3PDH were visualized by EtBr staining (Figure 9A.t PCR products were only detected 

by ethidium bromide staining after 30 cycles of amplification and verification these PCR 

products were amplified from the genes of interest was obtained by restriction enzyme 

mapping (Figure 9B.) and sequence analysis (data not shown). 

The identity of the c-fo, c-jun and G3PDH products was confirmed by Souihem 

blotting. Mer  transfer to nylon membranes, c-fo, c-jw and G3PDH specific products 

were detected by hybridization with "P-~ATP labeled DNA probes specific for eacb PCR 

product, while non-specific amplification products were not. Thus, the use of nested 

pnmers was not required to enhance the sensitivity or specificity of the PCR reaction. 

Blots were exposed on phosporimaging screens and the PCR products were quantitated 

by phosphorirnaging software. The level of expression of c-fos and c-jun in the absence 

and presence of serum was expressed as a ratio relative to G3PDH because the 

expression level of this gene is constant, typical of a 'housekeeping' gene and serves as a 



control for the arnount of cDNA obtained fiom each sample. The expression levels of c- 

fus and c-jun for the various times of treatment was a l s ~  standardized to the expression 

levels at Oh to establish a baseline level of expression for each culture. ï h e  level of c-fs 

and c-jun expression nom four independent experiments are presented as individual 

graphs in Figure 9C and Figure 9D because the time of induction and maximal level of 

expression varied in each expriment, which did not permit an overall average of the of 

the data and a generalization for the time of induction of c-fos and CM in human neuron 

cultures following s e m  deprivation. The data presented in the graphs represents the 

mean of two tnals withi-n a given experiment 

In each of the four experiments there was an induction of c-fos expression 

following serurn deprivation (Figure 9C.). The maximal increase of c-fos expression 

occurred after 6 hours of semm deprivation in experiments 1 and 3. Despite the 

coincident time of induction of c-fos expression in experiments 1 and 3, there was a 10- 

fold increase of c-fos in experiment 1 and a 2.5-fold increase in experiment 3. in 

experiment 2, the peak level of c-fos expression, a 4.5-fold increase, occuned after 12 

houn of serum deprivation, while in experiment 4 a IO-fold increase occurred after 18 

hours of serum deprivation. 

In each of the four experiments there was also an induction of c-jun expression 

(Figure 9D.). In experiment 1 the level of c-jUn expression appeared cyclic. The peak 

level of cjun expression occurred aAer 6 hours of s e m  deprivation- which was 

followed by a decline at the 12h time point and a subsequent increase in expression at 

the 24h time point. The maximal level of c-jun expression was an 8-fold increase in 

experiment 1. Experiment 3 showed a 5-fold maximal increase in c-jun after 6 houn of 

serum deprivation, while experiment 2 showed a 12-fold increase afier 12 hours of semm 

deprivation. in experiment 4 there was a steady increase in the level of c- jm expression 

following 6 hours of s e m  deprivation that peaked to a 5-fold increase by 24 hours of 

serurn deprivation. 

Within each experiment there was a coincident peak in the level of expression of 

c-fos and c-jun, but the maximal level of expression differed in experiment 1 the peak 

level of c-fos and c- jm expression occurred afier 6 hours of serurn deprivation with a 10- 



fold increase for c-fos and a 8-fold increase for c*. Additionaily, the expression 

pattern for c-fos was not cyclic. Mer 12 houn of serum depnvation, the levels of c-fos 

and c;iun peaked in expriment 2, with a 4.5-fold increase in c-fos and al2-fold increase 

in c-jm. In experiment 3 the level of expression for cgos and c j m  peaked after 6 hours 

of s e m  deprivation, with a 2.55-old increase in c-fos and a 5-fold increase in c-jm. The 

expression c-fos and c-jm in experiment 4 did not peak at the same time following senun 

withdrawal, however, the expression patterns showed a similar trend, with c- /s reaching 

a maximum level (104old increase) by 18 houn and c-jun reaching a 5-fold increase by 

24 hours fier s e m  deprivation. 

Based on the data, there appears to be no trend as to whether neurons in culture 

are induced to express higher amounts of c-jios or c m  transcripts following serum 

deprivation, given that in two of four experiments (Experiments 1 and 4) the maximum 

level of csos expression is greater than the maximum level of c- jm expression, while in 

the other two experiments (Experiments 2 and 3) the level of cjun expression is greater 

than the level of c-fox Furthemore, there is no consistent t h e  of induction of the 

immediate early genes in neuron cultures, given that in two of four experiments the peak 

levels of expression occurred after 6 hours, while the other experiments the peak levels 

occurred at 12 and 18 hours after serurn deprivation. The differences in the time and the 

level of expression of c--os and cjun can be attnbuted to the genetic differences between 

the cultures for each experiment, possibly the age of the fetal brain when it was cultured 

or differences in the cellular components of the neuronal subtypes in the cultures. 

However, it is clear that the expression of c-fos and cjun was induced in neuron cultures 

deprived of serum, and it is important to note that neither the time in culture, the addition 

of fiesh senim or the disturbance of feeding induced the expression of c-fos or c- in 

each of the four experiments (Figure 9C and 9D). 



Figure 9. - RT-PCR Anilyris of homediate Early Genc Expression in Serum 

Deprived Human Neuron Cultures 

A) Expression of c-fs, c+n and G3PDH in human nemn cultures. Total RNA was 

extracted nom neuron cultures deprived of senmi wntaining media (- Sema) and 

cultures treated with senun containhg media (+ Seriin) for Oh, 6b, 12h, 18h and 24h. 

Following reverse transcription into cDNA, 1pï of cDNA fkom each sample was 

amplified by c-fos, c+uz and G3PDH specific ptunm by PCR for 20 and 30 cycles. 

The PCR products were separated by electrophoresis on a 1% agarose gel and 

visualized by ethidium bromide staining. The pattern of expression after 30 cycles of 

amplification is shown.. The arrowhead highlights the c- jw PCR product, while the 

astensk marks a non-specific amplification product No amplification was detectable 

aftet 20 cycles with EtBr. 

B) Restriction enzyme mapping to verie the identity of the PCR products. Laie 1- 633 

bp PCR prociuct of c-/s; Lane 2- 382 bp and 251 bp Xcm 1 restriction digest products 

of the 633 bp c-fos PCR prduct shown in lane 1; Lane 3- 409 bp PCR product of c- 

jun; Lane 4- 236 bp and 173 bp Xcm 1 restriction digest products of the 409 bp c-j-un 

PCR product shown in lane 3; Lane 5 570 bp PCR product of G3PDH; Laie d 366 

bp, 106 bp and 98 bp Hind DI restriction digest products of the G3PDH PCR product 

show in lane 5. The arrowheads highlight the restriction digest products and the 

asterisk marks a non-specific PCR product. 

C) Quantitative anaiysis of c-fos expression in serum depnved human neuron cultures 

from four independent expenments. PCR products were transferred to nylon 

membrane and probed with c-€os and G3PDH specific 3'~-labeled DNA probes. Blots 

were exposed on phosphorimaging screens and the PCR products quantitated. A ratio 

of the level of c-fos expressed to the level of G3PDH expressed was calculated for 

each sample (- Serum and + Serum) at the corresponding time points to determine the 

level of c-fos expression relative to the level of G3PDH expression. The graphs show 

the ratio of the level of c-fos expression to the level of G3PDH expression normaiized 

to the ratio of c-fosG3PDH level of expression at the Oh time point and is expressed as 

a foid increase, and represents the mean of two trials in a aven experiment. 



D) Quantitative analysis of c-jun expression in senun deprïved human neuron cultures 

from four independent experiments. PCR products were treated as descnbed above. 

The graphs show the ratio of the level of  c-jun expression to the level of G3PDH 

expression normplized to the ratio of c-judG3PDH level o f  expression et the Oh time 

point and is expressed as a fold increase, and represents the mean of nvo trials in a 

given experiment. 
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5. Induction of cJun Protein During Neuronal CeIl Deatb 

To investigate the expression pattern of c-Fos and c-Jun during apoptosis in 

human neurons. nuclear extracts were prepared h m  cultures treated in the absence of 

senim containhg media for various periods of tirne (Oh, 6h, 12h, 18h, 24h) following 11 

days of culture in the presence of senim. Nuciear extracts were also prepared fiom 

neurons cultureci for 1 1 days and aeated in the presence of serum for Oh, 6h, 12h, 18h, 

and 24h. The concentration of protein in each of the sarnples was quantitated by a BCA 

colourmetric w a y  and spectrophotometry. Fifty pg of protein extract fiom each sample 

was separatecl in parailei with 10 pg of nuclear extract prepared fiom phorbol ester 

induced HeLa cells by SDS-PAGE. Foilowing transfer, blots were probed with 

poI yclonal antic-Jun antibodies and monoclonal anti-c -Fos antibodies. 

C-Jun was clearly detected as a 39 kDa protein in the phorbol ester induced HeLa 

nuc1ear extract, but not in nomal neuron cultures (Figure 10A.). The level of c-Jun 

increased significantly in neuron cultures deprived of senun (Figure 10A, - SERUM) 
compared to those treated in the presence of serum (Figure lOA., + SERUM) to a 

maximum 3.5-fold after 18 hours of senun deprivation, and decreasing to normal levels 

by 24 hom. The increase in c-Jun began 6h following senun withdrawal and peaked at 

18h, decreasing thereafter to initial levels by 24h (Figure 10C.). This increase was 

accompanied with an apparent change in the mobility of c-Jun (Figure IOA., - SERUM, 
arrow) as previously observed for activated and phosphoryiated c-Jun (Ham et al., 1995). 

There was another strong lower molecuiar weight cross-reacting species detected by the 

cJun antibody in each of the neuronal sarnpies, but not in the HeLa nuclear extracts. The 

identity of this band is not clear at this time (Figure lOA., - SERUM, asterisk). Induction 

of c-Sun and a change in its mobility did not occur in neurons treated in the presence of 

senun (Figure WB., + SERUM). 

The expected 62 kDa protein for c-Fos was not detected in any of the samples 

treated in the absence or presence of senun, while ody a weak signal was detected in the 

phorbol ester induced HeLa nuclear extract (Figure 10B.). Two additionai aatibodies 

specific for c-Fos, a monoclonal and a polyclod, were utilized and failed to show c-Fos 

induction foIlowing serurn deprivation. 



Figure 10. - Western Bkt Anilysis Showing the Indaetioa ofcJua Protein in Semm 

Deprived Human Neumn Cultures 

Nuclear extracts were prepared fiom aeuron cultures deprived of serum and conml 

(serum fed) cultures for Oh, 6h, 12h, 18h and 24h Fifty pg of nuclear extnict was 

separated by SDS-PAGE in parailel with 10 pg of nuclear extract preped fiom phorbol 

ester induced HeLa cells. After tramfer, the biots were probed with a polyclonal anti-c- 

lm antibody and a monoclonal anti-c-Fos antibody. 

A) A 39 kDa band corresponding to c-lun was detected in the phorbol ester induced 

HeLa nuclear extract lane. Notice the appearmce of a band correspondhg to c-Jun by 6h 

of semm deprivation, followed by an increase in intensity and shift in mobility of the 

band by 18h of s e m  deprivation. No appearance of cJun is apparent in the controi 

(serurn fed) cultures. The astensk marks a nonspecific band detected by the anti-c-Jun 

antibody. 

B) A 62 kDa band conespondhg to c-Fos was faintiy detected in the phorbol ester 

induced HeLa nuclear extract lane. The presence ofc-Fos protein was not detected in the 

senun deprived and senun fed cultures. 

C) Quantitative analysis of c-Jun expression in s e m  deprived neuron cultures. The 

bands corresponding to c4un and phospho-c-Jun (arrow) were quantitateci as a whole by 

densitometer. The data shows the fold increase in the Ievel of c-lun expression at the 

respective times of s e m  deprivation relative to Oh in a single experiment. 
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6. Expression of Amyloid Precursor Protein During Neuroaal Ce11 Derth 

The APP promoter contains AP-1 binding sites which are under the control of c- 

Fos and c-Jun (Trejo et al., 1994). To determine if the induction of the c-fos and c-i>m 

influenced the expression of APP, whole ce11 extracts were prepared h m  neurons 

cultured for 1 1 days in the presence of semm and treated in the absence of senun for Oh, 

6h, 12h, 18h, 244 36h and 48h. Extracts were not prepared from cultures treated in the 

presence of serum because the addition of fiesh serum and the disturbance of changing 

the media did not have an effect on the expression of c-fos and c-jun as previously shown. 

Equal amounts of protein were not separated because sample sizes were srnail and the 

extract was harvested in a small volume such that conventional protein assays could not 

accurately detemine the protein content in the sarnples. lnstead, equal volumes of each 

extract was separated by SDS-PAGE since cells are prevented from lifting and floating 

away by the network of netuites and neuronal Ioss in cultures is not signifiuuit until 72 

hours of s e m  deprivation (LeBlanc, 1995). Mer the proteins were transferred to nylon 

membranes, separate blots were probed with polyclonal anti-APP @ti-A1,4) and 

monoclonal anti-API.16 (6ElO) antibody for APP. APP appean as a condensed group of 

bands at 97 kDa representing the APPm isofom (Figure 11AJ. The level of APP 

expression at each tirne point for al1 the APP isoforms was quantitated by densitometer 

and expressed as a fold increase relative to the level of expression at Oh (Figure IlB.). 

Based on three independent cultures tested with the 6E 10 and anti-A1,4 antibodies, there 

was a slight 1.5-fold increase in APP levels afier 18 hours of semm deprivation that 

decreased slightly by 48 hours. However, no statistically significant changes in the level 

of APP expression were deterrnined. 



Figure 11. - Western Blot Anilysis of APP Expression in Semm Deprivd Huama 

Neuron Cultures 

A) Whole ce11 extracts were prepared fiom neuron cultures deprived of senmi for Oh, 6h, 

12h, 18h, 24h, 36h and 48h and equai volumes (12 pi, representative of 3.6 x 105 cells) of 

the extracts were separated by SDS-PAGE. After trader, blots corn three independent 

cultures were separately probed for APP with polyclonal anti-APP (ad-A1,4) antibody 

and monoclonal anti-AP1,16 (6E10) antibody. APP appears as dense group of bands, 

representing the Merent isofomis of APP, at 97 kDa (arrowhead)- 

B) Quantitative anaiysis of APP expression in senun deprived neuron cultures. The 

entire group of bands at 97 LDa on the blots were quaiititated by densitometer. The data 

shows the fold increase in the level of APP expression at the respective times of serum 

deprivation relative to Oh. The data represeuts the mean and standard error of three 

independent cultures. No statistically signïficant changes in the level of APP expression 

were detected 
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7. Cytoakeletal Proteia Degradation Durimg Neoronal Cell Dath  

S e m  deprivation induces apoptosis in human neurons and resuits in the 

formation of dystrophic neurites and alterations in the neuronal ceIl body, which is 

evident fiom tau immunostaining shown in Figure 7C. 7'0 detennine if neuronal 

cytoskeletal proteins undergo changes in expression levels andior proteolytic degradation 

during apoptosis, the level of expression and the presence of degradation products of tau, 

tubulin and vimentin was assessed by Western blots. Whoie ce11 extracts were prepared 

fkom neurons cultured for 11 days in the presence of serum and subsequentiy deprived of 

senim containing media for Oh, 6h, 12h, 18h, 24h, 36h and 48b Extracts were not 

prepared fiorn cultures treated in the presence of serum because as previously shown, 

cultures treated in the presence of serum for 48h do not undergo apoptosis. Equal 

volumes of protein extracts were separated by SDS-PAGE and tramferred to nylon 

membranes. Blots were probed with polyclonal anti-tau antibody, polyclonal anti-tubulin 

antibody and monoclonal anti-vimentin antibody. The level of expression of each protein 

at each tirne point was quantitated by densitometer and expressed as a fold increase 

relative to the level of expression at O b  As expected, fetal tau is detected as one band at 

54 kDa (Figure 12A., arrowhead). The additional band at approximately 80 kDa may 

represent the known cross-reactivity of this polyclonal anti-tau antibody to MAP2 (Dr. H. 

Paudel, personal communication). We observed additional bands of 48-50 kDa at 36 and 

48 hours of senim depnvation, possibly the result of proteolytic degradation of tau 

(Figure 12A., arrow). In three of four independent cultures, degradation products of tau 

were detected, however, the time following serum withdrawal in which these degradation 

products appeared varied, some appearing as early as 12h in two expenments. In 

contrast, no degradation products of tubulin (56 kDa) and vimentin (58 kDa) were 

detected (Figure 7B. and 7C.). 

In addition, the expression level of tau increased following senun depnvation. By 

18h of serum deprivation there was a statistically signifiant increase in the level of tau. 

which continued to a maximal two-fold incrrase by 48h (Figure 7A.; p c O. 1). There was 

a slight 1.5-fold, but not a statistically significant increase in the levels of tubulin and 

vimentin expression (Figure 1 2B. and 12C.). 



Figure 12. - Western Biot Analysis of Cytoskelecil Proteins in Sema Deprived 

Human Neuron Cultures 

Whole ce11 extracts were prepared fkom necnon culhins deprived of senun for Oh, 6h, 

12h, 184 24h, 36h and 48h and equal volumes (6 pi, representative of 1.8 x 10' cells) of 

the extracts were separated by SDS-PAGE. After transfer, blots were probed with 

polyclonal anti-tau antibody, polyclod anti-Tubulin antibody and monoclonal anti- 

vimentin antibody. A) Fetal tau is detected as a 54 kDa band (arrowhead). The mow 

marks the appearance of degradation products B) Tubului is detected as a 53 kDa band, 

while vimentin (C) is deteeted as s 55- M. The graphs represent the level of protein 

expression at the respective times of serum deprivation relative to the protein lwel at Oh 

in (A, B, C) as determined by densitometer. The data represents the mean and standard 

error of four independent cultures. Statistically signifiant changes in the level of protein 

expression are marked by asterisks (p < 0.1). 
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8. Expression of Neuron-Specifk Prote* During Neuronal Ce11 Derth 

The neuron-specific proteins ûap43 and synaptophysin undergo changes in 

expression during the phogenesis of AD (Masliah and Terry, 1993). in which apoptosis 

is suspected to be the mode ce11 death (reviewed by Cobnan, 1994; nviewed by Johnson, 

1994). The expression levels of Gap43 and synapophysîn neuron cultures during 

apoptosis were anaiyzed by Western blots. Whole ce11 extracts were prepared as 

described in the section assessing cytoskeletai proteins. Equal volumes of the extracts 

were separated by SDS-PAGE and gels were staïned by Coomassie blue to show equal 

Ioading and consistency in the protein content in the cultures over the time course of 

treatment. Following transfer, blots were probed with monocloaal anti-Gap43 antibody 

and monoclonal ami-synaptophysin protein As show in Figure 13k, there was equal 

loading of the amount of protein for each time point and the total protein content 

remained consistent throughout the time course of s e m  deprivation. There was a 

significant decrease in the expression level of Gap43 by 6h of senun deprivation which 

was followed by a continuous and statistically significant increase in the expression level 

that reached a maximal 3-fold incrcasc by 36h (Figure 13B., p c O. 1). The expression of 

synaptophysin showed a statistically significant decrease by 12h of semm deprivation, 

and continued to decline to 90% of starting levels by 48h of senun deprivation (Figure 

13C., p < O. 1). 



Figure 13. - Western Blot Andyst of NeuronSpeciTii Proteins in Serum Deprived 

Human Neuron Culture 

Whole cell extracts were prepared fiom neuron cdtures depnved of serum for Oh, 6 4  

12h, 18h, 24h, 36h and 48h and equal volumes (6~1, representative of 1.8 x 10' cells) of 

the extracts were separateci by SDS-PAGE. Total protein content is shown by Coomassie 

blue staining (A). Mer tramfer, blots were probed with monoclonal anti-Gap43 

antibody to detect a 53kDa protein (B) and monoclonal anti-synaptophysin antibody to 

detect a 38kDa protein (C, arrowhead). Graphs represent the protein levels at each time 

of s e m  deprivation as quantitated by densitometer, and is expressed relative to the 

protein level at Oh. Statistically significant changes in protein levels are marked by 

asterisks. The data represents the mean and standard enor of four independent cultures. 
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IV Discussion 

1. Primary Human Neurons as a Modet of Neuronal Apoptosb 

Presently, the majority of systems used to define the rnoIecular mechanisrns of 

neuronal apoptosis utilize neuronal ce11 iines or primary rodent newon cultures. While 

these systems offer the advantages of unlimited ce11 numbers, synchronicity and a 

unifonn genetic background, the information gained fkom these rnodels may not be 

entirely relevant to the pathogenesis of human neurodegenerative diseases. However, it 

appean that key players of the apoptotic pathway have k e n  conserved, thus, these 

models serve as a basis of cornparison and provide a good srarting point to identify the 

proteins involved in human models of apoptosis. The following study, based on a unique 

systern of primary human neuron cultures, provides novel infornation regarding the 

molecular processes of apoptotic ce11 death in human neurons. 

1.1 Apoptosis in Primary Human CNS Neurons 

For the purposes of the present study it was necessary for us to establish primary 

human neuron cultures and successfiiliy induce apoptosis by senim withdrawal. Phase 

contrast and irnmunofluorescence analysis show we successfully established heaithy and 

viable primary human neuron cultures h m  fetal brain tissue, consisting primarily of 

neurons (-90%) and a small population of astrocytes (- 10%). Propidiurn iodide staining 

of nuclei and fluorescence microscopy allowed us to clearly identify and differentiate 

between apoptotic and normal neurons following serum deprivation based on 

morphological changes, such as c hromatin condensation and nuclear fragmentation, that 

are typical of apoptotic cells (reviewed by Bredesen, 1995). Furthemore, we identified, 

by phase contrast analysis of the neurons and immunofluorescence of tau 

immunostaining, that changes in the neurites and the cytoskeleton occuned in the dying 

neurons. Clearly, the neurites became dystrophic, showed beading and degeneration, and 

the distribution of tau became irregular and non-unifonn in the ce11 bodies and neurites of 

the neurons. Although the gross identification of DNA hgmentation, determined by the 

visualization of a DNA ladder, was negative in the present study (deta not shown), a 

previous study by LeBlanc (1995) has shown that primary human neuron cultures exhibit 



DNA laddering following 12 houn of smmi withdrawai. The difference in the 

observations between the two studies may have been due to the techniques used 

Followhg DNA extraction, the DNA was separated by agarose gel electrophoresis and 

stained with ethidium bromide in the present study, whereas the study by LeBlanc (1995) 

employed a more sensitive method of end-labeling the fragmented DNA with 3 2 ~ d ~ ~ ~  

to visualize the DNA ladder by autoradiography. However, TUNEL staining revealed 

DNA fragmentation at the singie ce11 level in the present study. Therefore, the two 

methods employed in the present study, PI and TUNU. staining, coafimed that neurons 

underwent apoptotic cell death foiiowing semm deprivation 

We quantitated the level of apoptojis in our cultures following various periods of 

s e m  withdrawal. In conjunction with TüNEL staining, we observed a stetistically 

significant increase in the number of apoptotic cells by 12 houn of senun deprivation, a 

5-fold increase by 24 houn and a 15-fold Uicrease in the number of apoptotic cells by 48 

hours of serum deprivation, whereas serum-fed, sister neuron cultures did not exhibit an 

increase in the nwnber of apoptotic cells. These resuits are in agreement with other 

studies in which increasing periods of NGF deprivation muib in an increase in the level 

of apoptosis in rodent sympathetic cervical ganglion (SCG) neuron culhues (Decherth 

and Johnson, 1993; Edwards and Tolkovsky, 1994; LeBlanc, 1995). 

Mer determinhg that increasing periods of serurn withdrawal induced 

quantifiable levels of apoptosis in our cultures, we proceeded to detennine the time 

frame in which our neurons lost the ability to respond to the readdition of semm with 

long terni survival and became cornmitted to die by apoptosis. Completing this aspect of 

our study allowed us to correlate gene and protein expression associated with the time 

course of apoptosis in our system, and will be discussed in the following sections. We 

observed that, beyond 6 hours of semm deprivation., neurons could not be rescued fiom 

undergoing apoptosis by the reintroduction of xrum, since the quantitative levels of 

apoptotic cells in the serurn starved cultures began to diverge from the sister, senun fed 

contro i cultures. However, the difference was not statisticall y signi ficant. The ciifference 

was appreciable by 12 hours, but did not reach statistically significant levels until 18 



houn of serum deprivation (Figure 3.). Based on these results, we believe that primary 

human neuron cultures become committed to apoptosis by 18 houn of senun deprivation 

The commitment time point to apoposis in pnmary human neuron cultures is 

similar to the commitment t h e  point determined in other neuronal systems. Studies of 

SCG neurons has revealed that thes  newons become cornmitteci to apoptotic ce11 death 

by 17-18 hours of NGF withdrawal (Decherth and Johnson, 1993; Edwarâs and 

Tolkovsky, 1994). Neuron-iike PC12 cells commit to apoptotic cell death following 14 

houn of NGF withdrawal. Newons in these systems display the classic morphological 

feahires of apoptotic neurons condensed chromatin, Eragmented nuclei and degenerating 

neuritic processes, obtained with continued NGF deprivation beyond the commitment 

time point (Deckwerth and Johnson, 1993; Edwards and Tolkovsky, 1994; Pittman et al., 

1993). The similarities in the commitment time points among the diflerent studies 

suggests that human neurons and other mammalian neurons may &are a common 

pathway of apoptosis activation, and that the underlying molecular mechanisms acting in 

the apoptotic pathway rnay bave k e n  conserved among different species. 

in the cornmitment experiment, we observeci an average decline in the number of 

apoptotic cells at the 24h (36h total time of treatment) in cornparison to the 18h (30h 

total tirne of treatrnent) time point of senun withdrawal. On average, we expected the 

level of apoptosis to increase with longer periods of serum withdrawal once the neurons 

had become committed to die, such that the cuve (- S e m ;  Serum reintroduced for 1%) 

shown in Figure 3 would be linear. It is unlikely the lower average level of apoptosis at 

the 24h (36h total time of treatment) was due to an under estimation of the nurnber of 

apoptotic cells; a result of an absolute decrease in the nurnber of cells on the covenlips in 

different experiments, since dying cells are prevented h m  lifting and floating away by 

the network of netnites and neuronal loss does not become significant until 72 houn of 

senini deprivation (LeBlanc, 1995). Aiso, the quantitative analysis of apoptosis by 

TUNEL (Figure 2D) showed that the level of apoptosis did linearly increase with longer 

periods of serum deprivation. Most importantly, the ciifference in the levels of apoptosis 

between the 24h (36h total time of treatment) and the 1 8h (30h total time of treatment) 

was not statistically significant. Therefore, our results are still vaiid- 



1.2 Immediate Earty Gent Expression Durhg Apoptosh 

We have used RT-PCR to study the pattern of transcriptional expression of c-jm 

and c-fos in hurnan neurons undergoing apoptosis. in four independent experiments, we 

have clearly shown there was an induction in the expression of c-fis and cykn during 

apoptosis. Although there was largely a coincident time for the peak level of induction of 

c-fos and c j m  within a given experiment following senun withdrawal, the tirne of 

induction between different experiments varied The peak tevels of c-fos and CM 
induction occuned af?er 6h in experiments 1 and 3, 12h in experiment 2, and 18h for c- 

fos and 12h for c-jun in experiment 4. Also, the pattern of c+ expression in 

experiment L appeared cyclic. Additionally, the magnitude (fold-increase in rnRNA 

levels) of c-fos and cyun induction vaned witM and between different experiments. 

These variations did not allow us to average the data and provide an overall summation 

for the time of c--os and c-jm induction in primary human neurons undergoing apoptosis. 

Variations were unlikely to have arisen fiom differences in ce11 numbers in each culture, 

the RT-PCR reaction or the quantitative analysis since the number of ceils harvested, the 

amount of input RNA into the cDNA synthesis reaction, the amount of input cDNA into 

the PCR reaction were carefully controlled and fixed for each experiment, while the 

quantitation of c-fos and c-jun expression was corrected to an internai control (G3PDH). 

However, a major limitation in the use of primary human neurons is the lack of 

experimental control over the genetic differences between each culture. Control of the 

genetic differences cannot be achieved because every individual fetai brain, from which 

the cells were cultured, had a different genetic background nius, the variability in our 

data has to be considered as a reflection of the inherent genetic heterogeneity between 

cultures. Nonetheless, ou. findings are significant and we may compare them to those of 

Estus et al. (1994), who exarnined IEG expression in SCG neurons undergoing NGF 

deprivation-induced apoptosis. 

Similar to our study, Estus et ai. (1994) reported an induction of c-fos and c-jm in 

SCG neurons undergoing apoptosis. However, with the exception of experiment 4, c-=os 

expression was induced and reached peak levels earlier (by as much as 9h in 



experiments 1 and 3) in our primary human wuron cuitures in comparison to SCG 

neurons undergoing apoptosis. Estus et al. (1994) observed an induction of c-fos 

beginning after lOh, reaching a maximai level of expression by 154 and subsequently 

retuming to normal levels by 25h of NGF withdrawai. la cornparison to the pattern of c- 

fos expression in SCG neurons, the induction and peak level of c-fos expression o c c d  

later and did not decline in experiment 4 of oui shidies. The pattern of CM expression 

in each of the four experiments of our s ~ d y  was distinctly different to the pattern of 

expression for c-jm in SCG wurom. Estus et al. (1994) observed c-jm induction 

beginning &et Sh, reaching the same maximal level as c-/os by 154 and decreasing to 

above normal levels by 25h of NGF deprivation In experiments 1 and 3 of our studies, c- 

jun induction and the maximal level of expression occurred much earlier in cornpaison 

to c-jun expression in SCG neurons. in experiment 2, c-jun expression was induced later, 

but reached a peak level of expression earlier, while the pattern of c e  expression in 

experiment 4 was entirely different in comparison to SCG neurons. It is dificult to 

ascertain whether the differeaces in the patterns of egos and c-jm expression in primary 

human neurons in cornparison to SCG neurons undergoing apoptosis are truiy different 

when one considers that the data presented by Estus et al. (1994) is based only on a single 

preparation of neuronal cultures. Even though the researchers state each gene induction 

was confirmed in a least two experiments, this does not exclude the possibility that these 

researchers observed the same variations in c-fos and c j m  expression as we did in Our 

studies, since their graphical representation of c-fos and c-jun expression is not based on 

the mean fiom several independent experiments (Estus et al., 1994). Even so, Estus et al. 

(1994) have shown that the induction of c-fos and cybz preceded the cornmitment time 

point, and through the injection of cJun neutralizing antibodies, demonstrated that the 

expression of c-jun was required for apoptosis to occur in SCG neuron cultures deprived 

of NGF. Since c-fos and c-jun expression was activated and preceded the commitment 

time point in our primary human neuron cultures similar to SCG neurons, then it is 

reasonable to infer that the expression of c-fos and c+ may play a role in the apoptotic 

pathway of human neurons. 



We proceeded to detennuie if the increase in transcription of c-fos and c-jw 

resulted in an increase in c-Fos and c-Jun protein levels. Through immunoblotting we 

were anticipatïng to find a comlated increasc in the protein levels of c-Fos and c-Jun 

following the transcription of the mRNA- Using an immunocytochemical approach we 

hoped to identi@ a colocalization of c-Fos and c-Jun with apoptotic cells. Positive results 

f?om these experiments wouid support the involvement of the IEG in apoptosis in human 

neurons. 

We did not detect an induction of c-Fos protein levels or a colocalization of c-Fos 

immunoreactivity with apoptotic cells. Numemus Unmunoblotting experiments Camed 

out with whole ce11 extracts fiom four neuron cultures and nuclear extracts fiom three 

neuron cultures, utilizing two dinerent lots of the same monoclonal anti'body and one 

polyclonal antibody specific for c-Fos, failed to yield a c-Fos specific signal. and oniy 

weak signals in two different positive controls (phoibol ester induceci Iurkat ce11 extracts 

and HeLa nuclear extracts). There was also an absence of c-Fos immmoreactivity fiom 

immunocytochemistry experiments. Aithough an increase in c-fos -A was detected 

in SCG neurons undergoing apoptosis (Estus et al., 1994). it was not translateci into 

protein, since Ham et al. (1995) did not detect c-Fos by immunoblotting in dying SCG 

neurons. Furthemore, Ham et al. (1995) observed c-Fos immunoreactivity only in a 

subpopulation (4%) of dying cells. Similarly, Messina et al. (1996) reported only a 

minor proportion of sympathetic neurons undergoing developmental apoptosis were 

positive for c-Fos immunoreactivity. Based on these studies and our findings, we believe 

that poor antitdy quality contnbuted to the complete lack of c-Fos detection and the 

increase in c-fos rnRNA may not have been translated into c-Fos protein in dying human 

neurons. 

We were unable to detect a colocalization of c-Jun immunoreactivity with 

apoptotic cells in several attempts with samples nom three neuron cultures. However, 

were able to detect a c-Jun specific signal in nuclear extract preparations fiom one 

neuron culture. Protein levels of c-lun began to increase by 6h and reached maximal 

levels by 18h of semm deprivation, coincident with the cornmitment time point. Also, an 

apparent change in the mobility of c-lun occurred, beginning at about 6h of semm 



deprivation This change in mobility b previously been conelated with 

phosphory lation of the c-Jun traasactivation domain by lm kinases (Puiverer et al., 199 1 ; 

Kyriaicis et al., 1994) that are activated by various stimuli including cellular stress (Davis, 

1994). Since phosphorylated c-Jun autoregdates its own expression by activating 

transcription of the c-jun gene itseif (Angel et al., 1988;Pulverer et al., 1991; S m 4  et al., 

199 1 ; Karh et al., 1994), it is plausible that rrum deprivation, a form of cellular stress, 

activated Jun kinases that phosphorylated c-lm, which increased the transcription of c- 

jun and cJun protein levels in our human neuron cultures during apoptosis. Our fmdings 

are consistent with those of Ham et af, (1995), who confirmeci and extended the results of 

Estus et al. (1994) in SCG neurons. Ham et al. (1995) observeci changes in the protein 

level and phosphorylation state of c-Jun that preceded the cornmitment time point, and 

showed that changes in the mRNA level of c-jwr observed by Estus et al. (1994) actually 

resuited in changes in c-Jun protein levels in SCG neurons undergoing apoptosis. 

Furthemore, Ham et al. (1995) demonstrated by the overexpression of c-Jun and through 

a transactivation-defective cJun dominant negative mutant that c-Jun was essentid for 

apoptosis to occur in SCG neurons. Due to the similarities between our studies and to 

those of Ham et al. (1995), and the possibility that mechanisms of neuronal apoptosis 

may have been conserved among mammais, we suggest that c-Jun likely plays a role in 

the activation of apoptosis in human neurons. 

The findings of our study oniy correlate the involvement of cJun in the apoptotic 

process of human neurons. Severai studies are required to confirm a direct relationship 

between cJun and apoptosis in human newns, but were unfortunately beyond the scope 

of the present study: 1) perfonning peptide cornpetition assays to confim the specificity 

of the cJun antibody and continue studies to identiQ a colocalization of c-Jun and 

apoptotic cells; 2) metabolically labeling neurons with "s-methionine and 

immunoprecipitating with c-lun antibodies to show that c-Jun is phosphorylated during 

apoptosis induction; 3) injecting neutralizing antibodies specific for c-Jun or transfecting 

anti-sense oligonucleotides to cgun mRNA or injecting a dominant negative c-Jun 

mutant and detemining whether these methods prevents senun deprivation-induced 

apoptosis in primary human neuron cultures. 



ï h e  formation and activity of the AP-1 complex is oot inhibited by the absence of 

c-Fos expression sùice the AP-1 complex c m  mnsist of FodJun heterdmers or Jun/Jm 

homodimers (reviewed by Angel and Karïn, 1991). Thus, there severai possible 

functions of ctlun in dying human neurons. For example, we postdate the expression of 

c-Jun could possibly: 1) activate the transcription of target genes whose protein producs 

are triggen or effectors of the ceil death program, such as the Bcl-2 or ICE farnily of 

proteins; 2) activate genes involved with ce11 proliferation, like cyclin Dl, and cause 

pst-mitotic neurons to undergo 'abortive mitosis' (Freeman et al., 1994); 3) activate a 

regenerative mechanism or 4) activate the transcription of a target gene whose protein 

product could potentiate neuronal ce11 death and degeneration. 

1.3 The Effect of A B 1  on APP Expression During Apoptosis 

PreMous stuâies by LeBlanc (1995) showed that senun depnved primary human 

neuron cultures increased production of AB. W e  set out to detemine whether APP 

would be a target gene for AP-1 during apoptosis. We observed an uicrease in the level 

of APP beginning after 12h and reaching a maximum 1 -5-fold increase by 1 8h of senim 

deprivation. The increase in APP occwred shortly &er the increase in cJun and 

expression of both proteins reached maximal levels by 18h of serum deprivation Thus, it 

appears that the expression of APP was regulated by the expression of c-Jun. However, 

the increase in APP was not statistically significant due to variations between different 

cultures, and therefore, we cannot conclusively state that the increase in cJun resuited in 

a correlated increase in APP. Several studies couid determine if c-Jun has a causal effect 

on the expression of APP. For example, gel-shift assays, utilizing a nucleotide constnict 

that contains the APP promoter region and nuciear extracts of apoptotic neurons from 

various times of senun deprivation, would verify if AP-1 from human neurons binds to 

the AP- 1 consensus sequences in the APP prornoter. Secondly, functioaal assays, such as 

chloramphenicol acetyl transferase (CAT) or luciferase assays, wouId detennine if the 

nuclear extracts from apoptotic neurons could activate the transcription of a reporter gene 

under the conuol of the AFP promoter. 



The hdings from the pcsent sndy extend those of LeBlanc (1995), who 

observed a two-fold decrease in the metabolism of APP through the noaamyloidogenic 

pathway. The study by LeBiam: (1995) was only conducted after 12 houn of senun 

deprivation and did not assess the possibility of AP-1 action on the expression of APP 

and consequent effect on the increase in AB production The pnseat study bas shown 

over a time course ofserum depnvation-induced apoptosis that the level of APP does not 

decrease below initial levels or significantly increases in dying neurons. Thus, we 

speculate that an increase in AB production would not result fiom the nonnal metabotism 

of a larger pool of APP, but nom a decrease in the metabolism of consistent levels of 

APP through the non-amyloidogenic pathway in neurons during apoptosis. Future snidies 

analyzing the metabolism of APP througb the different pathways over time course of 

serurn deprivation will m e r  define the mechanism(s) responsible for increased AP 

production during apoptosis in human neurons. 

in summaq, we have been able to induce and characterize apoptosis in primary 

human neuron cultures. Contrary to our hypothesis, it does not appear that the expression 

of cJun induces the expression of APP in dying neuons, but funher studies are required 

to confirm this finding. Nonetheless, we have determined that the expression of c-fos 

and c-jun, and c-Jun occun in prirnary human neurons preceding the cornmitment to 

apoptosis. Because of the similarities in the rnolecular events during the induction of 

apoptosis benveen rodent neuron cultures, in which the expression c-lun has been s h o w  

to be essential apoptosis to occur, and ouf human neuron cultures, we believe the 

expression of c-Jun is likely involved in the activation of apoptosis in human neurons. 

Based on the present study we have established that pnmary human neurons cultures are 

a good mode1 of neuronal apoptosis. Moreover, because they involve human cells, 

primary hurnan neurons are more relevant to address the role of apoptosis in AD than 

other mammalian neuron culture models. 



2. Primary Human Neuroas u an In W .  Mode1 of AD 

2.1 Expression of c-Fos and c4un In W w  

The expression of c-Fos and c-Jun has been observeci to be associateci with 

apoptotic ce11 death in vivo (Smeyne a al., 1993; reviewed by Dragunow and Preston, 

1995; Messina et al,, 1996). The localkation of c-Fos and cJun immunoreactivity 

(Zhang et al., 1991; Andenon et al., 1994) to the same regions of the AD brain where 

DNA hgmentation has been detected (Su et al., 1994; Smale et al., 1995; Lassman et al., 

1995) has led to specuiation of a relationship between IEG expression and neuronal cell 

de& in AD. However, in v z m  (Estus et al., 1994; Ham et al., 1995) and in vivo 

evidence; c-Jun is colocalized with apoptotic cells in the AD brain (Anderson et al., 

1996), suggest it is c-Jun that mediates neuronal ce11 death during the pathogenesis of 

AD. Therefore, it is poshilated that the expression of c-Fos in vivo may have no causal 

relationship to neurod apoptosis, but merely a reflection of altered signai transduction 

mechanisms or a coincidental response to cellular stress (Smeyne et al., 1993). The lack 

of c-Fos expression and the induction of c-lun in our neuron cultures dying by apoptosis 

is consistent with this hypothesis. Aitered signal transduction mechanisms during the 

induction of apoptosis and the possible hyperactivation of signal transduction systems in 

AD relating to protein kinase C (EKC) (Masliah et al,, 1991c), known to regdate the 

activity of c4un (reviewed by Angel and M n ,  1991). are important points of 

consideration in the following sections. 

2.2 The Effect of Apoptosis on Tau 

Since apoptosis causes alterations in the cytoskeleton and alterations in the 

neuronal cytoskeleton result in the neurofibrillary lesions in AD, we proceeded to assess 

the expression Ievels and intactness of tau, tubulin and vimentin in our neuron cultures 

undergoing apoptosis. By phase contrast and immunofluorescence microscopy of tau 

immunostaining we found that untreated neurons maintained their neurite integrity and a 

saong localization of tau in the axons, similar to the localization of tau in the normal 

brain. In contrast, the neurites of the senun depnved neurons became dystrophic, 

displayed beading, and tau becarne diffusely localized in the cell bodies of the 



degenerating neurons. Similarly, mu is found in the cell bodies and the dendrites of 

afZected neurons in the AD brain (Kosik et al., 1989). Thus, it appears that primary 

human neurons dying by apoptosis undergo changes in the localization of tau Wre the 

neurons in AD. 

During the t h e  course of serurn deprivation-induced apoptosis the expression 

levels of tau increased almost two-fold by 48h A recent muiy by Sadot et al. (1996) has 

isolated tau promoter sequences and characterized the regdation of tau expression in 

NGF stirnulated PC12 cells. NGF stimulation has been shown to activate the IEGs in 

PC12 cells (Bartel et al., 1989). Sadot et al. (1996) propose the E G s  may have an e f k t  

on the tau promoter activity. With thk in minci, we propose that the increase in tau 

protein levels was the result of transcriptional activation of the tau gene by ctlun in our 

cultures. A hypothesized consequence of the elevated expression of tau is the 

accumulation of tau inside the axons, possibly resulting in the abnomal pbosphorylation 

of tau and PHF formation (Gotz et al., 1995) that wouid destabilize the microtubule 

structures and cause the degeneration of the nerve cell. Similar to overexpression of tau 

in our cuitures is the observation that the level of a b n o d l y  phosphoryiated tau is 

elevated by eight-fold in the AD brain (Khatwn et al., 1992). Thus, the overexpression 

of tau in our degenerating neurons parallel the changes in the neurons of the AD brain. 

IdentiQing an increase in the phosghorylation state of the overexpressed tau in serum 

deprived neuron cultures would lend M e r  support to the notion that tau undergoes 

changes during apoptosis which are similar to those during AD pathogenesis. 

In addition, we observed the appearance of degradation products of tau over the 

time course of apoptosis. Although the time of appearance varied, degradation products 

were detected in three of four independent cultures undergoing apoptosis. Recently, 

Bossy-Weael et al. (1997) have show that the expression and activation of c-Jun 

induces apoptosis and activates a caspase that cleaves of a-fodrïn, a substrate of the 

caspase family. Additionally, Goldberg et al. (1996) identified the protein huntingtin as a 

substrate of apopain, a caspase, and provided M e r  support to the role apoptosis plays 

in the development of Huntington's disease. Moreover, based on the amino acid 

sequence of hwnan tau (Goedert et al., 1989), we have identified two potential caspase 



cleavage sites in the N-terminai region of tau. A possible CPPJaapopain cleavage site is 

Iocated between amino acids 22-25, AspArg-Lys-Asp; the consensus cleavage site for 

apopain is AspX-X-Asp (Nicholson et al., 1995), and a possible cleavage site for a 

caspase similar to ICE is Located between amino aciàs 146-148, Gly-Ala-Asp-Gly, and is 

very similar to one of the two ICE cleavage sites (Glu-Val-AspGly) in pro-interleukin- 1- 

P (Lazebnik et al., 1994). Cleavage at either or both of these sites would produce a tau 

protein between 45-50 Ba, sirnilar in size to the degradation products we observed in 

our studies. in light of these findings, we specuiate that an unidentified caspase is 

activated through d u n  mediated pathways and cleaves tau during apoptosis in human 

neurons. Because cleavage products have been identified as a component of NFTs 

(Bondareff et al., 1990), we propose that a similar mechanism occurs during the 

development of neurofibdlary lesions in AD. It is known some ceil death processes are 

ce11 type specific, thus, activation of the proposed mechanism of h m  development could 

occur in the hippocampd ueurons of the CA1 region of the brain, where neurofibrillary 

pathology cornmonly occurs. Based on the similar changes in tau that we observed in 

primary human neurons dying by apoptosis to changes in tau observecl in the AD bmh, 

we ùelieve that apoptosis is likely a mechanism of neurodegeneration, which alters the 

cellular orgimization of tau and causes the development of the neurofibrillary pathology, 

in AD. Our model of neurofibrillary tangie development is summarized in Figure 14. 

Several studies could be pursued to test our model. Immunoblot analysis of 

nuclear extracts for the cleavage of PARP, a death signature molecule which undergoes 

specific cleavage during apoptosis (Nicholson et al., 1995), could confiirm the activation 

of a caspase dun-ng s e m  deprivation induced apoptosis in human neurons and 

determine whether this activation is coincident with the proteolysis of tau. We could also 

evaluate the effect of a ce11 permeable cas- inhibitor, like z-Val-Ala-Asp 

fluoromethylketone for example, on semm deprived neuron cultures by detennining 

whether the morphological changes characteristic of apoptosis, and the proteolysis of tau 

and PARP are inhibitd if activation of s caspax is confirme& then cleavage inhibition 

studies utilizing extracts of chicken hepatoma cells committed to apoptosis (SM 

extracts) (Lazebnik et al., 1994). in vitro translatecl [)'SI labelled human tau and 
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Figure 14. - Proposed Model of Neurofibrilhry Tangk Devebpmeat 



tetrapeptide aldehyde inhibitors, Ac-AspGLu-Val-AspCHO (a potent inhibitor of 

apopain) and Ac-Tyr-Val-Ala-AspCHO or CrmA (both potent inhibitors of ICE), would 

detemine whether tau cleavage during senun deprivation induced apoptosis was due to a 

caspase with apopaïn-Iike or ICE-like activity in human neurons. 

2.3 The Effect of Apoptosir on GAP43 and Synaptophysin 

We anal@ the expression levels of GAP43 and synaptophysin in our dying 

neuron cultures because the expression of these two proteins is dnunatically altered in the 

AD. We found the expression of GAP43 increased thm-foid in out cultures, indicaeiag 

that not only were the neurons dying by apoptosis, but also attempting a regenerative 

response. Although the expression d the IEGs (reviewed by Dragumw and Preston, 

1995) has ken  previously suggested to be associated with nerve regeneration, it does aot 

appear tbat the expression of GAP43 is regulated by this family of transcription factors. 

Numerou studies in the literature have characterized the GAP43 promoter and iis 

regdatory sequences, and at the present time, AP-1 consensus sequences have not been 

reported Thus, it appears that the regenerative response is part of an uacharacterized 

pathway that leads to the expression of GAP43 in apoptotic neurons. 

A possible pathway involves PKC. We speculate that PKC activity is stimulated 

during apoptosis in neurons, which could increase GAP-43 protein levels, since PKC 

activity has been shown to increase GAP43 mRNA levels by increasing the stability of 

the rnRNA (Perrone-Binozero et ai., 1993). Furthemore, PKC activation le& to the 

phosphorylation of GAP43 (Chan et al., 1986), which stimulates GAP-43 activity 

(Strittmatter et al., 1991). Activation of a PKC-related pathway could also account for 

the c-Jun expression that we observed, since PKC activity can mediate cJun 

phosphorylation and is transactivation potential (reviewed by Angel and Karin, 1991); an 

event that we have discussed previously that could stimulate c-jzm expression itself 

Thus, we propose that a PKC-mediated pathway is activated during apoptosis in human 

neurons and via independent pathways, affects the activities of c-Jun and GAP-43. 

Therefore, determining the molecular events affecthg PKC activation during apoptosis in 

human neurons is warranted. 



We observed the expression levels of synaptophysin dweased to 90./. of original 

levels by 48h of senun deprivation, indicatiag that the microcucuitry and m c  

transmission was likely to have been dnimatically altered in neuroas dying by apoptosis. 

The pathways regulating the expression of synaptophysin are unlcnowc~ at the present 

time, but it is clear that the process of apoptosis affects the expression of syaaptophysin, 

and likely7 the fbnction of synapses. Taicen together, our results show that the synaptic 

pathology found in the AD is mimicked in primary human neuron cultures induced to 

undergo apoptosis. 

In summary, given the changes in AP, tau, GAP-43, and synaptophysin that 

occurred in primary human neurons undergoing apoptosis parailel changes for the same 

proteins in the AD brain, we believe, in light of the PS-IIPS--II and FAD-APP mutations 

capable of  inducing apoptosis (Vito et al., 1996; Wolozin et al., 1996; Yamatsuji et al., 

1996a; Yamatsuji et al., 1996b), our study substantiates the contention that apoptosis is 

likely the mechanism of neuronal ce11 death and degeneration in AD. Our findings are 

summarized in Figure 15. 



PS-I'II Mutations 
FA D-A PP Mutations 

Prima y Human Neuron Cultures: 

- increased AB production 

- cytoskeletal alterations: neuritic beading 
and al tered tau local ization 

- cleavage and increased expression of tau 

- increased levels of GAP-43 

- decreased levels of synaptophysin 

AD Brain: 
- increased AP: senile plaques 

- cytoskeletal alterations: NFTs 

- cleavaged tau in NFTs and increased 
brain levels 

- increased GAP-43 immunoreactivity 

- decreased synaptophysin immunoreactivity 

Figure IS. - Similar Pathologb Betwccn Apoptotic Ncurons and the AD Brain 



V Conclusions 
Ln conclusion. we have studied some of the molecular events that occur in 

prirnaiy human fetal n e m n  cultures undergoing apoptosis by senun deprivation. During 

apoptosis, the expression of c-fos and c-jun is induced at the mRNA level, and c-Jun at 

the protein Ievel. Whether the expression of these immediate early genes is a necessaxy 

requirement for apoptosis to occur in human neurons in vitro and in vivo remains to be 

M e r  elucidated The expression of these immediate early genes does not apparently 

increase the level of APP expression. Thus, the increased production of AP previously 

observed in these cdtures may not resuit from an overexpression of APP, but possibly 

from the aberrant metaboiism of APP. Immunohistological analysis of tau clearly 

showed alterations in the neuronal cytoskeleton during apoptosis. Furthemore, 

degradation products and an increase in the expression of tau were observed. These 

results indicate that tau is a target of cytoskeceletal alterations duriag apoptosis in human 

neurons, and suggest that the degeneration of the cytoskeleton during the pathogenesis of 

AD may be caused by apoptosis. The increase in the levels of GAP-43 and the decrease 

in the levels of synaptophysin during apoptosis in primary human neuron cultures 

parallels the synaptic pathology observed in the AD brain. Taken together, the 

observations fiom this study demonstrate that culttired human neurons induced to 

undergo apoptosis can develop features similar to those found in the AD brain, and 

substantiate the validity of human primary neuron cultures as an in vitro rnoâel of human 

CNS neuronal ceII death, 
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