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V. Abstract

We reported recently that levels of ryanodine receptors (RyRs) are increased in

hippocampus of mice expressing mutant presenilin 1 and that increased RyR(s) associate

with neurotoxicity. ln human studies, it was reported that ryanodine binding is elevated

in hippocampal regions of Alzheimer's disease brain (Kelliher et al., 1999). Together,

these observations suggest that elevated RyR(s) in the brain might be involved in the

pathogenesis of familial and sporadic Alzheimer's disease (AD). We report here that

acute treatment with AB (l ¡rM) significantly elevated (5-fold) RyRl gene expression in

PClz cells and RVR(Ð I and 3 (3-fold) in primary cortical neurons from C57 mice, as

determined by RT-PCR. Further, in CRND-8 mice, animals that have a double mutation

in APP (APP-Tg), brain tissue from 3 month old mice showed a Z.Z-fold increase in

RyR3 mRNA, while RyRl and 3 were elevated 2 and 3-fold respectively in CRND-8

embryonic day 16 cortical neuronal culture compared to their littermate controls (APP-

non-Tg), as determined by RT-PCR. In CRND-8 primary cortical tissue, these increases

in RyR(s) also translated into increases in RyR protein levels, as determined by

immunofluorescence. Calcium imaging revealed that increased RyR(s) in CRND-8

neurons enhanced caffeine-induced calcium release from intracellular RyR-regulated

stores, 2-fold, in the presence of extracellular calcium, and 1.5-fold, in the absence of

extracellular calcium compared to their littermate controls. Finally, reduction of

intracellular calcium levels in neurons that expressed high levels of RyR(s) by treatment

with the RyR blocker procain (2 mM), decreased Ap production 3-fold, as determined by

ELISA. Together, this data suggests that AB increases neuronal ryanodine receptor levels

and release of calcium from these ryanodine-regulated stores may augment AB

production.



1. Introduction

1.1. Introduction to Alzheimer's Disease

In 1907 Alois Alzheimer described the case of a middle-aged woman who

developed memory deficits and progressive loss of cognitive abilities, and upon autopsy,

found the presence of numerous neurofibrillary tangles and senile plaques. What he then

described has now come to be known as Alzheimer's disease (AD) and the presence of

neurofibrillary tangles Q.{FTs) and senile plaques (SPs) are now considered pathological

hallmarks of this disease, while memory loss and cognitive def,rcits are clinical hallmarks.

1.1a Classification of AD

AD is a complex and heterogeneous disorder and is the most cornmon cause of

dementia in individuals 60 years of age or older. Two forms of AD are prevalent; early-

onset, or familial AD (FAD), that occurs early in life (average onset around 40 years of

age) and accounts for around 7Yo of AD cases, and late-onset, or sporadic AD, that occurs

later in life and accounts for the vast majority of cases (around 93%) (Nussbaum and

Ellis, 2003).

Diagnosis of probable AD is classified on the basis of three widely used criteria:

1) the National Institute of Neurological and Communicative Disorders and Stroke -
Alzheimer's Disease and Related Disorders Association Work group criteria CNINCDS-
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ADRDA), based on neurological examination and the exclusion of other causes of

dementia (Sisodia, 1999),2) the international classification of diseases (ICD-10) from the

World Health Organization, and 3) the Diagnostic and Statistical Manual of Mental

Disorders 4th edition (DSM IV), from the American Psychiatric Association (Muller-

Spahn and Hock, 1999). However, definitive diagnosis of AD can only be made at

autopsy Q.{ussbaum and Ellis, 2003).

1.1b AD Statistics and Economic Impact

Approximately 240,000 Canadians have AD, and that number is expected to reach

over 750,000 in Canada by 2031 (Canadian Study on Health and Aging (1994)).

According to the Alzheimer's Association (2002), the incidence of AD is around 1 in 10

for people over 65 and roughly I in 3 for people over 85, and a person with AD will live

an average of 8 years post-diagnosis. The economic impact of AD is devastating. An

estimated $5.5 billion is spent on persons with AD and related dementias in Canada and

that number is invariably expected to increase with the increasing incidences of AD

expected in the coming years (Ostbye and Crosse, 1994). Thus, there is an urgent need

for a cure or prevention to be found in the near future.

Classification of AD1.2
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l.2a Clinical Hallmarks and Diagnosis

Clinical hallmarks of AD include progressive impairment in memory, judgment,

decision-making, orientation to physical surroundings and language, as well as cognitive

deficits and dementia (Nussbaum and Ellis, 2003; Price et al., 1998). Affected

individuals may show abnormalities of problem solving, calculation, visuo-spatial

perceptions and behaviour; while some cases show psychotic symptoms, such as

hallucinations and delusions (Sisodia, 1999). V/ith disease progression, activities of daily

living can become increasingly impaired. In late stages of the disease, patients are often

mute, incontinent and bedridden and often die of intercurrent medical illness (Sisodia,

Teee).

Before diagnosing a patient with probable dementia and subsequently looking to

the main courses of dementia, the clinician must first decide whether the patient has a

true dementia or pseudodementia of depression. Once the diagnosis of dementia is

suspected, the etiology of cognitive decline has to be investigated (see Table I). The

major differential diagnoses include cerebral degenerations, acquired cerebral disorders,

systemic disorders, and psychiatric disorders (Muller-Spahn and Hock, 1999). In

addition, the age associated memory impairments (e.g. frontotemporal and vascular

dementia), have to be considered (Crook, 1986).



Table I. Differential diaenosis of cosnitive deterioration
I. Cerebral neuronal degenerations Alzheimer's disease

Spectrum of frontotemporal lobe dementias
Dementia and parkinsonism (dementia with
Lewy Bodies, DLB)
Other system degenerations

II. Acquired cerebral disorders Vascular dementias
Multiple sclerosis
Intracranial neoplasms (meningeoma)
Head trauma (incl. subdural hematoma)
Hydrocephalus
Transmi s sible spon gioform
encephalopathies (e.g., CJD)

III. Other systemic disorders Metabolic disorders malnutrition
Vit. Bl2 deficiency
Infections (HIV)
Neurosyphilis
Viral encephalitis þost infectious encephalitis)

IV. Psychiatric disorders Major depression
Delirium
Abuse of alcohol, drugs

After (Muller-Spahn and Hock, 1999)

l.zb Pathological Hallmarks

Pathologically, AD is defined by the presence of senile plaques (SPs) and

neurofibrillary tangles (NFTs) in the neocortex and hippocampus - as described by Alois

Alzheimer nearly a century ago. These hallmarks still serve as the major criteria for a

definite postmortem diagnosis of the disease today (Sisodia, 1999; Sommet, 2002).

Senile plaques; extracellular insoluble, congophilic protein aggregates composed of

highly fibrillogenic 42 amino acid Amyloid-B peptides (Aßqz) that aggregate into B-

pleated sheets, are abundant in the amygdala, hippocampus, and neocortex in patients

with AD (Sisodia, 1999; Sommer,2002). Surrounding these deposits are dystrophic
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neurites (abnormal nerve extensions), additional proteins (including cv1-antichymotrypsin,

components of the complement cascade, apolipoproteins) as well as astrocytes and

microglia, cells that are often conspicuous around plaques (Sisodia, 1999). The

intraneuronal NFTs, aggregations of poorly soluble filaments found in the same brain

regions as SPs, are composed principally of hyperphosphorylated isoforms of the

microtubule-associated phosphoprotein, tau (Price et à1., 1998; Selkoe, 1998).

Hyperphposphorylation of tau, probably by cyclin-dependent kinase 5 (Cdks), is thought

to weaken its affinify for the microtubules to which it normally binds, causing tau to

detach from the microtubules and self-aggregate to form the so-called paired helical

filaments characteristic of AD (Mandelkow, 1999).

L.2c Causes of AD

The causes of AD are complex. There is no single (or simple) mode of

inheritance that accounts for its heritability. Acquisition of AD is considered to be

heterogeneous because mutations and polymorphisms in the multiple genes involved in

AD act together with non-genetic factors to cause AD (Tanzi and Bertram, 2001).

Genetic inheritance of AD is itself dichotomous because of the two very different forms

of AD. Early-onset FAD is caused by mutations that are rare, highly penetrant, and

transmitted in an autosomal-dominant fashion. Late-onset sporadic AD, however, is

conferred by common polymorphisms with relatively low penetrance but high prevalence

that only cause an increased risk for late-onset AD (Tanzi and Bertram, 2001).
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Over 100 mutations in three different genes, presenilin-l (PSl), presenilin-2

(PS2), and the amyloid B precursor protein (APP), have been shown to cause FAD,

though the majority reside in PSI (Tanzi and Bertram, 2001). All PSl mutations, with

the exception of two, are missense mutations and the majority of these mutations lie

within or near the predicted transmembrane domains of this protein (Tanzi, 1999). All

but one of these mutations are I00o/o penetrant but all are sufficient to cause AD (Tanz|

1999). Six other FAD mutations have been found in presenilin-2 (PS2), a gene that lies

on chromosome 1. The majority of these mutations also reside within the predicted

transmembrane domains of PS2 (Tanzi and Bertram, 2001). Mutations in both PS1 and

PS2 result in an increase of secreted Aþqz, the primary component of p-amyloid plaques

in the brain (Tanziand Bertram,2001). On average, FAD mutations in PS2 exhibit a

later age of onset than PSI (52 years vs. 48 years) (Tanzi, 1999). Finally, 11 different

pathogenic mutations have been identified in the p-amyloid precursor protein (APP), all

of which are missense mutations lying within or close to the domain encoding the AB

peptide (Tanzi and Bertram, 2001). APP mutations are I00% penetrant in the vast

majority of carriers and confer an age of onset for AD from39-67 years of age depending

on the mutation (Tanzi,1999).

In contrast with the relative simplicity of the genetics of early-onset AD, late-

onset AD is considerably more complex. Genes implicated in late-onset AD have only

been found to be associated with AD, as opposed to mutations directly causing AD in the

case of FAD, and these mutations are polymorphisms as opposed to inherited mutations.

The first gene found to be genetically associated with late-onset AD was apolipoprotein E

(APOE), a protein that plays a role in cholesterol transport and lipid metabolism (Tanzi
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and Bertram, 2001). Of the three major APOE gene alleles, the e4 allele has been found

to be associated with and considered to be a risk factor for AD (Saunders et a1.,1993) and

is estimated to contribute to onset of AD in 7-9o/o of patients (Daw et al., 1999).

Additionally, APOE-I  has been found to operate as a genetic risk modifier by

decreasing the age of onset of AD in a dose-dependent manner (Blacker et al., 1997).

The mechanism by which APOE-c4 increases risk of AD has not yet been clearly

defined, however, because APOE plays a role in cholesterol transport, and cholesterol in

turn, has been correlated with increased amyloid-B deposition in the brain (Poirier, 2000).

It may be that APOE confers a risk for AD by increasing a carrier's risk for

hypercholesterolemia, thus elevating the accumulation of Ap (Tanzi and Bertram, 2001).

A second gene that has been found to associate with increased risk of AD is the alpha2-

macroglobulin gene (úm), a gene that encodes a serum pan-protease inhibitor (Tanzi,

1999). This association is controversial, however, as a recent meta-analysis concluded

that the úm gene "is not genetically associated with late-onset AD in white patients or

mixed populations as found in the United States" (Koster et a1.,2000). On the other

hand, at least nine different studies have reported a significant association between úm

and AD, using either case-control or family based studies (Tanzi and Bertram, 2001).

úm has been demonstrated to mediate the clearance and degradation of AÉ either

directly or by means of clearance through LDl-receptor related protein (LPR), and if a

mutation in the úm gene affects this clearance, it may then affect Ap accumulation and

thus AD. In addition to APOE and úm, a host of other genetic polymorphisms have

been found to be associated with AD in other genes, including: the very low-density

lipoprotein receptor, the LDl-receptor related protein, insulin-degrading enzyme, aI-
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antichymotrypsin, bleomycin hydrolase, the estrogen receptor q neurotrophin-3,

myeloperoxidase, the serotonin receptor and the angiotensin converting enzymejust to

name a few (Tanz|1999).

The non-genetic factor most associated with AD, and indeed the most significant

risk factor for AD, is age. Risk of AD increases with increasing age starting around age

60. The prevalence of AD is greater than Io/o in 65 year-olds, is 4-I0% in 75 year-olds

and is 20-50% in people 85 years of age or older (Tanzi and Bertram, 2001). After age,

family history is the second greatest risk factor for AD (Tanzi and Bertram, 2001).

Additionally, a host of other factors increase the risk of AD, these include but are not

limited to: family history of dementia (other than AD), Parkinson's or Down Syndrome

(van Duijn et al., 1991), maternal age at birth >40 years (Rocca et al.,I99I), head trauma

(Mortimer et al., I99L), depression (Jorm et al., l99I),lower educational status (Ott et

al., 1995), vascular risk factors (Hofman et al., 1997), hypothyreosis (Breteler et al.,

l99l), and exposure to certain toxic substances (Kukull et al., 1995).

Amyloid B

1.3a The AB Hypothesis

The finding that amyloid-B peptide, the sticky peptide prominent in the senile

plaques (SPs) characteristic of AD, was the primary component of those plaques, with the

subsequent cloning of the gene encoding the B-amyloid precursor protein (APP) and its

1.3
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localization to chromosome 21, coupled with the earlier recognition that trisomy 2i

(Downs Syndrome) leads invariably to the neuropathology of AD, set the stage for the

proposal that Ap accumulation is the primary event in AD pathogenesis (Hardy and

Selkoe, 2002). This theory, coined "The Amyloid Hypothesis", proposes that the

neurodegeneration in AD is caused by deposition of AÉ in plaques in brain tissue.

Support for the amyloid hypothesis has come from many sources, the first of which was

the f,rnding that genetic mutations causing AB deposition and subsequent AD were

discovered in the APP gene itself (Hardy and Selkoe, 2002). Further evidence was

provided by the finding that most of the mutations in APP cluster at or very near the sites

within APP that are nonnally cleaved by proteases called a, p, and 7-secretases.

Accordingly, these mutations promote the generation of A0 by favouring proteolytic

processing of APP by B ory-secretase (Hardy and Selkoe, 2002). Since the amyloid

hypothesis was first proposed and the f,rrst support for it, in the form of the APP gene,

was put in place, four important observations have provided strong evidence for this

hypothesis. First, mutations in the gene encoding the tau protein cause frontotemporal

dementia with parkinsonism (Hardy and Selkoe, 2002). Thus, alterations in the tau

protein, the protein at the centre of NFTs, the other hallmark of AD, are not sufficient to

induce the amyloid B plaques seen in AD. Therefore, the NFTs seen in AD brains are

likely to have been deposited after changes in AB metabolism and initial plaque

formation, and not before (Hardy et al., 1998). Indeed, AB injected directly into murine

brain results in increased hyperphosphorylation of tau protein and increased

neurofibrillary tangle pathology (Chambers et a1., 2000; Gotz et al., 2001). Second, mice

overexpressing mutant human APP as well as mutant human tau undergo increased
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formation of tau-positive tangles, compared to mice only over-expressing tau, while the

structure and number of their plaques are essentially unaltered (Hardy and Selkoe,2002).

This f,inding suggests that altered APP processing occurs before tau alterations. Third,

the offspring of APP transgenic mice crossed with APOE deficient mice have

significantly less AB deposition than their APP mutant parents (Bales et al., 1,997),

providing evidence that the pathogenic role of genetic variability at the human APOE

locus most likely involves AB metabolism (Hardy and Selkoe, 2002). Finally, there is

growing evidence that indicates that genetic variability in A0 catabolism and clearance

may contribute to the risk of late-onset AD (Hardy and Selkoe, 2002).

The amyloid hypothesis is not without its problems, however, and not everyone

agrees with it. Critics of this hypothesis cite a few major inconsistencies, the most

frequent of which is that the number of amyloid deposits in the brain does not correlate

well with the degree of cognitive impairment that the patient experienced in life. Indeed,

some people live without symptoms of AD and have numerous cortical Ap deposits.

This objection, however, may be answered by the argument that the concentration of

soluble AB species (not visible in immunohistochemistry) appear to correlate well with

cognitive impairment (Hardy and Selkoe,2002). Indeed, inarat model of the disease,

oligomers of AB, without amyloid fibrils, inhibited hippocampal long-term potentiation

(LTP) and disrupted synaptic plasticity (Walsh et al., 2002). Another criticism stems

from the fact that transgenic mice undergoing progressive AB deposition often do not

show definitive neuronal loss. Although the reasons for this are not entirely clear, it may

stem from species differences in neuronal vulnerability, the absence of human tau in

these mice, the lack of a full complement of human-type inflammatory mediators, and the
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relatively short duration of exposure to AB (Hardy and Selkoe,2002). A final criticism

has stemmed from work showing that neurofibrillary degeneration of cell bodies and their

neurites increases gradually with age in humans and these changes predate

morphologically detectable amyloid plaques (Braak and Braak, 1991). However, in this

study the earliest cases examined postmortem were actually non-demented older

individuals and it is impossible to know whether their neurofibrillary changes represented

the prodrome of AD (Hardy and Selkoe, 2002). Moreover, more recent studies have

shown that formation of NFTs during late middle age can often represent a process

separate from AD (Price and Morris, 1999), and that in patients dying with Downs

syndrome, Ap deposition definitely predates NFT formation (Lemere et al., 1996).

In summary, though the amyloid hypothesis may not be without caveats, it

represents the best explanation known on the pathological progression of AD and

highlights the importance of the production and deposition AB in this disease.

1.3b Production of Amyloid B

Much of what we know about cellular AD pathology has come from the analysis

of amyloid B plaques and the subsequent cloning of the APP gene. APP comprises a

group of ubiquitously expressed polypeptides whose heterogeneity arises from both

alternative splicing and posttranslational processing. Three forms of APP are expressed

in neuronal cells, with the 695 amino acid splice variant, a form expressed solely in

neurons, being the most corÌrnon, followed by the 75I and770 amino acid combinations

(Selkoe, 1998). Posttranslational processing includes the addition of N- and O- linked
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sugars, as well as phosphate and sulfate to the protein (Selkoe, 199S). The APP sequence

has been highly conserved throughout evolution in mammals and close homologues are

found in both Drosophila and Caenorhabditis elegans. However, deletion of the gene in

mice is not lethal and in fact results in very little morbidity, excepting cerebral gliosis and

changes in locomotor behaviour later in adult life (Zheng et a1., 1995). This lack of effect

seen in APP knock/outs may be due to the fact that mammals express other genes that

encode proteins with close homology to APP, and are in fact called the amyloid

precursor-like proteins (APLPs) (Selkoe, 1998). In the cell, APP is co-translationally

translocated into the endoplasmic reticulum (ER) by its signal peptide and thus matures

through the central secretory pathway (i.e. ER, Golgi, trans-Golgi network and

endosome), with only a small percentage of holoproteins reaching the cell surface. APP

has one -23 residue hydrophobic stretch near its C-terminal region that anchors it into

internal plasma membranes, and thus APP is considered a type i membrane protein

(Price et al., 1998).

The function of APP is unknown. However, evidence has recently accumulated

for two possible roles. First, it might serve as a receptor for kinesin-l during the fast

axoplasmic transport of vesicles that contain B-secretase, with cleavage of APP by ß-

secretase releasing kinesin from the vesicular membrane, stopping transport (Kamal et

al., 200I). Second, a labile carboxy-terminal stub, generated by proteolytic cleavage,

may be transported to the nucleus where it acts as a signal-transduction molecule (Sastre

et a1.,2001).

Only a small subset of APP sits on the cell surface as a holoprotein; the rest is

cleaved in some way as shown in Figure L
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Figure 1. Processing of APP by a, þ and 1-secretases. See text for details. Based on
information from (LaFerla, 2002).

The principle secretory cleavage of APP is effected by a-secretase, which is

possibly a disintegrin metalloproteinase such as ADAM 10 or ADAM 17 (also known as

tumour necrosis factor converting eîzymq or TACE) (Kojro et al., 2001). c-secretase is

an unusual eîzyme in that it does not have a strict amino-acid sequence requirement for

recognition of the site of cleavage, but instead needs only an cy-helical domain proximal

to the cleavage site. Its specificity however, lies in the fact that it cleaves substrates at a

well-defined distance (-16 residues) from the plasma membrane (Sisodia and St George-

Hyslop, 2002). Cleavage of APP by a-secretase creates a soluble ectodomain fragment
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(APPr-a), which is released into vesicle lumens and from the cell surface, as well as a

membrane-retained C-terminal fragment (CTF) of 83 amino acids (Selkoe, 1998). The

release of APPr-a is important for APP function because this secreted derivative confers

many of the activities of APP observed to date in in vítro studies (e.g. growth-promoting

and cell-adhesive properties) (Selkoe, 1998). Stimulating protein kinase C, as well as

neuronal depolarization, results in a substantial increase in the secretion of APP.-oq

suggesting that the cleavage of APP and release of its soluble ectodomain are

physiologically important and thus regulated by primary and secondary messenger

systems, although the significance of this regulation remains unclear (Selkoe, 1998). The

83-residue C-terminal fragment (C83) retained in the membrane, on the other hand, ffiây

undergo further cleavage by y-secretase to release the p3 peptide (residues I740l42of

AB) plus the APP intracellular domain (AICD).

The p3 peptide, like Ap, is secreted from cells and deposited in brain parenchyma,

accumulating predominantly in fleecy, diffuse amyloid plaques (Motte and Williams,

1989), as well as in some senile plaques (Higgins et al., 1996). Immunohistochemical

studies have shown that p3 is prevalent in selected areas of AD brains and in a subset of

dystrophic neuritis, but it is absent or sparse in age-matched non-AD brains (Higgins et

al., 1996). The potential pathological role of p3 fragments in AD etiology, however,

have not been studied extensively, although recent work suggests treatment of cells with

p3 causes activation of JNK and caspase-8 resulting in an induction of neuronal apoptosis

(Wei et a1.,2002).

The AICD is an interesting molecule in that it bears very close resemblance to a

portion of the protein Notch that is also cleaved: the Notch intracellular domain (NICD).
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Notch, like APP, is a type I integral membrane protein, and is involved in organism

development (Leissring et al., 2002). Signalling through Notch is triggered by ligand

binding (Delta & Jagged), which induces cleavage of Notch by TACE, followed by

cleavage of Notch by 7-secretase, releasing the Notch intracellular domain CNICD).

Upon release, NICD binds to transcription factors and re-translocates to the nucleus,

where it regulates transcription of complex genes. In an analogous manner, cleavage of

APP by y-secretase liberates the APP intracellular domain (AICD), which then interacts

with the nuclear adaptor protein Fe65, which in turn interacts with the transcription factor

CP2ILSF/LBPI and Tip69, a histone acetylerase (Leissring et al., 2002). AICD

complexed with Fe65 and Tip60 potently regulate the expression of artificial expression

constructs in transfected cells (Cao and Sudhof, 2001). Indeed, the AICD seems to play a

role similar to the NICD in that the genes whose expression are regulated by AICD are

also involved in calcium homeostasis (Leissring et al.,2002).

In most cell types only a fraction of all APP molecules undergo a-secretory

cleavage, and most APP polypeptides remain available for alternative cleavages (Selkoe,

1998). These altemative cleavages, made by B and lsecretases respectively, may lead to

AB production. B-secretase (BACE, Asp2, Memapsin) was definitively identified as a

500 amino acid long novel membrane-bound aspartic proteinase with two catalytic

aspartic acid residues late in 1999 (Dingwall, 2001). Like other aspartic proteinases, B-

secretase has three-disulfide bonds and is synthesized as a zymogen with a pro-domain,

which is postulated to lie in the active site of the enzyme (Dingwall, 2001). BACE is

therefore posfulated to remain in an inactive state until cleavage on the carboxy-terminal

side of the pro-domain generates the mature form of the enzyme (Dingwall, 2001).
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However, there is evidence to indicate that even with the pro-domain present, the enzyme

is still able to cleave APP (Benjannet et al., 2001). So, rather than regulating activity, the

predominant role of the pro-domain may be to ensure efficient folding and traff,rcking of

the protein through the endomembrane system (Shi et al., 2001), as a significant

proportion of B-secretase cycles between the plasma membrane and the endosome

(Dingwall, 2001). B-secretase cleaves APP holoproteins 16 residues N-terminal to the a-

secretase site, creating an N-terminal soluble peptide termed sAPP-É as well as a C-

terminal fragment called C99 (B-stub), which is processed similarly to C83 by 1-secretase

to yield Ap and AICD (Selkoe, 2002).

The final, and probably most sfudied as well as controversial secretase of APP, is

7-secretase. Once 7-secretase was described as a di-asparfyl protease that cleaved APP

within its membrane-spanning region, and it was realized that PSI has two highty

conserved aspartate residues within predicted transmembrane domains, it was not long

until PS1 was predicted as being'y-secretase. Although controversial at first, from what

we know today this prediction was fairly accurate. Recent evidence points to PSl as

being necessary, but not sufficient, for y-secretase activity. Indeed, 1-secretase activity

requires the formation of a stable, high-molecular-mass protein complex that, in addition

to PSl, contains the proteins nicastrin, APH-I (a protein that stabilizes the PSI

holoprotein in the complex), and PEN-2 (a protein required for the endoproteolytic

processing of PS 1, conferring 7-secretase activify to the complex) (Takasugi et al., 2003).

The presenilins are integral membrane proteins with eight putative

transmembrane domains, encoded by genes on chromosomes 14 and 1 (Nishimura et al.,

1999) and are expressed in low abundance in most cell types, including neurons (Selkoe,
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1998). Steady-state levels of the PS holoproteins, which reside principally in ER

vesicles, are very low because the precursor quickly undergoes endoproteolysis between

the sixth and seventh transmembrane domains to generate stable N-terminal (-30 kDa)

and C- terminal (-20 kDa) fragments, which are then transported to Golgi vesicles

(Selkoe, 1998; Thinakaran et al., 1996). Once formed, the PSl fragments then form a

heterodimer and are incorporated into a 150-250 kDa high-molecular-weight complex,

characteristic of 7-secretase (Capell et a1.,1998). Deletion of the gene encoding PSl in

mouse produces an embryonic-lethal phenotype charucterized by severely disordered

somitogenesis and axial skeletal development as well as selective neurodevelopmental

changes in the forebrain (Shen et al., 1997). Both wild-type and mutant PSI can rescue

this knockout phenotype in mice (Selkoe, 1998).

Cleavage of the APP C99 fragment by 7-secretase is the final step in the

production of A0 and the exact position of cleavage by 7-secretase is critical for the

development of AD (f{unan and Small, 2000). Production of the more amyloidogenic

long AB species by cleavage by 7-secretase adjacent to residues 42 or 43 is closely

associated with disease pathogenesis. In fact, more than 100 missence mutations in PSI

and PS2 have been found in families with early-onset AD, and cellular and transgenic

modeling of such mutations shows that they selectively increase the production of A0¿,2

about two-fold (Selkoe, 1998).

1.4 Calcium
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l.4a Intracellular Calcium

Calcium is a ubiquitous intracellular signal responsible for controlling numerous

cellular processes (Benidge et a1., 2000). The mechanism of action of calcium at a basic

level is very simple; cells at rest have a calcium concentration of approximately 100 nM

but are activated when this level rises to roughly 1000 nM (Benidge et al., 2000). The

versatility of this process and the ability of the calcium signalling mechanism to regulate

so many different cellular pathways lies in the speed, amplitude and spatio-temporal

patterning of the calcium release (Benidge et a1.,2000). Intracellular calcium signalling

happens in four separate processes: 1) signalling is triggered by a stimulus that generates

various calcium-mobilizing signals, 2) the latter activate mechanisms that move calcium

into the cytoplasm, 3) calcium functions as a messenger to stimulate numerous calcium-

sensitive processes, 4) pumps and exchangers remove calcium from the cytoplasm to turn

off the signalling mechanisms and restore the resting state (Benidge et al., 2000).

1.4a(i) Sources of Calcium

Cells generate their calcium signals by using both internal and external sources of

calcium. External entry of calcium is mediated in part by voltage-operated channels

(VOC) and additionally by receptor-operated channels (ROC), which open on binding to

external stimuli, which can be transmitters such as glutamate, ATP or acetylcholine,

though some channels are sensitive to various signals generated following receptor

activation, such as store emptying, DAG and arachidonic acid (Benidge et a1.,2000).
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Most external calcium signalling attention, however, has focused on capacitative calcium

entry (CCE)- where empty intemal stores activate store-operated calcium release

channels (SOC) in the plasma membrane (Benidge et al., 2000). Presumably, when the

ER becomes unloaded, SOC in the plasmalemma (PL) open; permitting calcium to enter

from the extracellular fluid. This calcium-release-activated calcium current (Iç¡,q6) then

enters the sub-Pl space, and is subsequently pumped into the adjacent, junctional ER by

sarcoplamic/endoplasmic reticulum calcium ATPase (SERCA) pumps, replenishing their

stores (Blaustein and Golovina, 2001). Two classes of mechanisms for opening SOC

have been proposed. According to one proposal, a diffusible calcium influx factor,

presumably released from the ER during calcium store depletion, might open SOC.

Alternatively, physical þrotein-protein) interaction between IP3R and SOC, as a result of

ER store depletion, could trigger SOC opening (Blaustein and Golovina, 2001).

The internal stores are held within the membrane systems of the ER and various

channels that control release from these intemal stores, including inositol-1,4,5-

triposphate receptors (IP3R), ryanodine receptors (RyR), nicotinic acid-adenine

dinucleotide posphate receptors (NAADPR) and polycystin-2 channels, have been

described. Of the ER resident calcium channels, however, the IP¡R and RyR are the best

known, and have been the best described (Verkhratsky, 2002). The principle activator of

these channels is calcium itself and this process of calcium-induced-calcium-release

(CICR) is central to the mechanism of calcium signalling (Berridge et a1.,2000). Indeed,

calcium can regulate its own release by acting from either the lumenal or cytoplasmic

sides of the channels. Increasing the level of calcium within the lumen of the ER seems

to enhance the sensitivity of the RyRs and IP¡Rs. The cytosolic action of calcium,
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however, is more complex, as it can be both stimulatory and inhibitory. Further, calcium

mobilizing second messengers, generated when stimuli bind to cell surface receptors,

may determine whether cytosolic calcium can activate these channels. Inositol

triphosphate (IP3), which diffuses into the cytoplasm from the plamalemma as a product

of hydrolysis of phosphatidylionositol-4,5-bisphosphate (PIP2) by a phospholipase C

enzyme (PLC), activated via GTP-binding protein; can engage IP¡R and allow release of

calcium from the ER (Mattson et al., 2000). Cyclic ADP ribose (cADPR), a molecule

generated from nicotinamide-adeninedinucleotide (NAD) or its phosphorylated derivative

NADP by the enzyme ADP ribosyl cylase, can similarly affect RyR abilify to be

stimulated, and thus release calcium from the ER (Benidge et a1., 2000). When IP3R are

treated with low levels of IP3, low concentrations of calcium (100-300 nM) stimulate

calcium release from the channels, but above 300 nM, calcium inhibits calcium release

and switches the channel off (Benidge et al., 2000). Moreover, in the presence of high

concentrations of IP3, IP3R stay sensitive to the stimulatory but not the inhibitory actions

of calcium (Berridge et a1., 2000). RyR calcium sensitivity, on the other hand, is only

known to increase with the addition of cADPR (Berridge et al., 2000).

l.4a(ii) Calcium Sinks

Calcium is rapidly removed from the cytoplasm by various pumps and

exchangers. The plasma membrane calcium-ATPase pumps and sodium/calcium

exchangers extrude calcium to the outside, while the SERCA pumps return calcium to

internal stores, namely the ER and the mitochondria. The mitochondrion can sequester
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calcium rapidly during the development of the calcium signal and then releases it back

slowly during the recovery phase, making it important in shaping both the amplitude and

the spatio-temporal patterns of calcium signals (Benidge et al., 2000). Indeed, there

seem to be reciprocal interactions between mitochondria and ER in that the ER provides

the calcium that enters the mitochondrion, which in turn modif,res the calcium feedback

mechanisms that regulate calcium release from the ER (Benidge et al., 2000).

Interestingly, mitochondrial calcium uptake is stimulated by ER-mediated calcium

release only when the release is induced in a pulsatile manner, and not when levels of IP¡

are gradually increased (Mattson et al., 2000), suggesting a role for mitochondria in not

only calcium uptake, but in signalling as well. Mitochondria have an enorrnous capacity

to accumulate calcium, and the mitochondrial matrix contains buffers that prevent the

concentration from rising too high. After a calcium signal, once the cytosolic calcium

has returned to its resting level, a mitochondrial Na*/Ca2* exchanger pumps the large load

of calcium back into the cytoplasm, from which it is either returned to the ER or removed

from the cell.

The ability of the ER to act as a calcium sink depends on the ability of the ER

resident SERCA pumps to extrude calcium from the cytosol into the ER. The activify of

SERCA pumps, in turn, is dependent on the ER intraluminal free calcium concentration.

Depletion of the intraluminal store increases the rate of SERCA-mediated calcium uptake

several fold, while increasing the ER content reduces calcium pumping (Verkhratsky,

2002).
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l.4b CalciumSignalling

1.4b(Ð Calcium Signal Generation

Release of calcium from ER stores is not an all-or-none response, but is quantal in

nature (LaFerla, 2002). At low levels of stimulation, the degree of ER excitability is such

that individual RyRs or IP:R open, and these single-channel events are called quarks or

blips, respectively. These single channel events are rarel however, and the more usual

event is larger, resulting from the coordinated opening of clusters of IP¡R or RyR, known

as puffs or sparks, respectively. For calcium waves to occur, most of the IP¡R and the

RyR must be suff,rciently sensitive to calcium to respond to each other through the

process of CICR. One group of channels releases calcium, which then diffuses to

neighbouring receptors to excite further release, setting up the regenerative process

(Benidge et al., 2000). Calcium signals, then, are usually presented as brief spikes. In

some cases, individual spikes are sufficient to trigger a cellular response, such as

neurotransmitter release, but when longer periods of signalling are necessary, spikes are

repeated to give waves with different frequencies, ranging from 1-60 seconds to 24hrs

(Berridge et al., 2000).

Calcium Binding Proteins1.4b(iÐ
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Once mechanisms to release calcium into the cytosol to generate a signal have

done their job various calcium sensitive processes translate this signal into a cellular

response. A variety of calcium binding proteins exist in the cytosol. The classical

calcium sensor proteins are troponin C and calmodulin (CAM), proteins that have four

EF hands that bind calcium and undergo a pronounced conformational change to activate

various downstream effectors (Benidge eta1.,2000). While troponin C is only involved

in the contraction cycle of skeletal and cardiac muscle, CAM is used more generally to

regulate many processes such as cross-talk between signalling pathways, gene

transcription, ion channel modulation and metabolism. Numerous other calcium binding

proteins designed for more specific functions also exist. For example, synaptotagmin, a

protein associated with membrane vesicles, acts as a calcium sensor for exocytosis in

many cells (Benidge et al., 2000). As well, calmodulin kinase II (CAMKII) and protein

kinase C (PKC), two calcium sensitive proteins that seem to decode wave frequency are

also present in the cytosol of many cells. CREB, a nuclear calcium responsive

transcription factor, can be phosphorylated by CAMKII, after which it translocates to the

nucleus to regulate transcription of certain genes. Another protein responsive to calcium

stimulation is calcineurin, a protein phosphatase responsible for dephosphoylation of NF-

AT (nuclear factor of activated T cells) and other transciption factors and signalling

proteins. Upon dephosphorylation, NF-AT enters the nucleus and activates transcription

of NF-AT responsive genes. However, as soon as calcium signalling stops, kinases in the

nucleus rapidly re-phosphorylate NF-AT, which then leaves the nucleus, causing the

transcription of NF-AT responsive genes to cease. Alternatively, an increase in calcium
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can trigger the proteolysis of the inhibitory IrB subunit, allowing the active NF-rB

subunit, a protein important in the regulation of apoptosis, to enter the nucleus.

Many proteins able to modulate calcium release from the ER, apparently by direct

interaction with either IP3R or RyR, have also been discovered (Benidge et a1.,2000).

Included in this list are: the FK506 binding protein (FKBP) a protein associated with

RyR, the protein phosphatase calcineurin, an IP3R modifier, the calcium binding protein,

calmodulin, another IP3R modifier, ankyrin, a cytoskeleton-associated protein that might

link actin f,rlaments with ER, sorcin, a22kDA RyR-associated calcium binding protein

found in neurons throughout the brain, and PSl, a49Y,Ða integral membrane protein in

the ER that interacts with the RyR and has a role in the pathogenesis of AD (Mattson et

a1., 2000). Alternatively, calreticulin, an ER-resident calcium-binding protein, can

modulate calcium oscillations by regulating the activity of SERCA proteins (Mattson et

al., 2000).

l. c The Endoplamic Reticulum

Direct visualization of neuronal ER suggests that the ER is a continuous, inter-

connecting network of tubules and cisterns (Blaustein and Golovina, 2001). The ER is

classically divided into two subtypes: rough ER, which contains ribosomes and is

responsible for protein synthesis, and smooth ER, which can serve a particularly

important role in calcium signalling (Mattson et a1., 2000). As well, the ER is continuous

with the outer nuclear membrane and is often associated intimately with PL and

mitochondria, which suggest functional coupling between these structures (Mattson et al.,
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2000). Under resting conditions, the concentration of calcium in the ER lumen is

considerably higher (10-100 ¡rM) than the calcium concentration in the cytoplasm (100-

300 nM) (Mattson et a1.,2000). The net involvement of ER calcium stores in modulating

cytoplasmic calcium concentration dynamics, however, is determined by the balance

between two opposing calcium fluxes - an internal flux generated by ER calcium pumps

and an external calcium flux generated by calcium release channels (Verkhratsky,2002).

Calcium uptake into the ER lumen reduces cytosolic calcium concentrations, whereas

calcium efÍlux through RyR and IP3R, increases calcium elevations, endowing the ER

calcium store with the dual role of a calcium sink and a calcium source (Verkhratsky,

2002). The final effect of the ER calcium store on calcium dynamics is determined by

the actual free calcium concentration within the ER lumen, and the kinetics and

magnitude of c¡osolic calcium elevations, which trigger CICR (Verkhratsky,2002).

1.ac(i) Neuronal ER

ER is widely distributed within neurons, being present in dendrites and dendritic

spines, axons and presynaptic nerve terminals and in growth cones (Mattson et al., 2000).

Intracellular calcium release in nerve cells relies primarily on RyR and IP¡R, which are

co-expressed in virtually all types of neurons in the central and peripheral nervous

systems (Verkhratsl<y,2002). However, different areas of the nervous system express

different isoforms of each calcium release channel, and indeed different areas of the same

neuron may express different channels. For example, while levels of IP¡R are highest in

cerebellar Purkinje cells and CA2 hippocampal neurons (Sharp et al., 1993),levels of
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RyR in the hippocampus are particularly high in the dentate gyrus, CA3 pyramidal

neurons (Padua et al., 1992). Likewise, while IP3R are mostly found in dendritic shafts

and cell bodies, RyR levels are highest in the axons and dendritic spines (Mattson et al.,

2000). This differential distribution of calcium release channels allows different portions

of the ER to be able to respond to distinct stimulation, a properly, which is important for

spatial control of cytosolic calcium signals and thus a specific rssponse to the signal

(Verkhratsky,2002).

1.ac(ii) ER Calcium Related Proteins

1.4c(ii)a SERCA Pumps

Although not a calcium release channel, sarco/endoplasmic calcium reticulum

calcium ATPase pumps are extremely important in calcium signalling. Functional

calcium stores require alarge (greater than 3 orders of magnitude) calcium concentration

gradient between their lumen and the cytosol -a level achieved through the activity of the

SERCA pumps (Sorrentino and Rizzuto, 2001). Further, growing evidence supports the

view that the contribution of SERCA pumps is not limited to refilling intracellular

calcium stores, but that they participate in modulating the spatiotemporal pattern of the

calcium rise. Indeed, the expression of the SERCA1 pump has been shown to increase

the frequency of IP3 induced calcium waves (Sorrentino and Rizzuto, 2001).

3 mammalian genes (SERCA1, 2, 3) encode at least 6 SERCA isoforms as a result

of alternative splicing (Blaustein and Golovina,200l). SERCAI and SERCA2a proteins
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are expressed in skeletal muscle and heart, respectively, and SERCA2b protein is widely

expressed and is present in most brain neurons (Blaustein and Golovina, 200I).

Interestingly, some cells express more than one isoform; for example, SERCA2a and

SERCA3 are co-expressed with SERCA2b in cerebellar Purkinje neurons, and this may

have an impact in terms of modulation of the calcium signal (Blaustein and Golovina,

2001).

1.ac(ii)B IP3 Receptors

Three IP3R have been identified, each a product of a different gene. These

isoforms, some of which are subject to alternative splicing, are differently distributed in

neurons and glia, and might be expressed as either homo-or heterotetramers. The precise

mechanism by which IP¡R mobilizes stored calcium is complex because IP3R activation

also depends upon the ambient cytosolic calcium concentration. Moreover, IP3R function

is modulated by ATP and phosphorylation, and is isoform specif,rc, as is the calcium

dependence. Thus, there is substantial IP3R structural and functional diversity that can

markedly influence spatial and temporal calcium signalling patterns (Blaustein and

Golovina,2001).

1.ac(ii)1 Ryanodine Receptors

Three isoforms of RyR with

identif,red; each of which is the

different properties and tissue distributions have also

product of a different gene (Blaustein and Golovina,been
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2001). As well, three splicing sites resulting in the insertion of exons encoding 5, 6 or l0

amino acids, and a fourth one based on the usage of one out of two possible exons have

been identified in vertebrate RyR (Sonentino et ã1., 2000). RyR assemble as

homotetramers, nevertheless, there is functional diversity because, in addition to possible

alternative splicing and modulation by phosphorylation, individual cells might express

more than one RyR isoform (Blaustein and Golovina, 2001). Based on sequence

analysis, RyR proteins contain at least two functional domains: a large N-terminal

cytoplasmic domain (about 4000 amino acids) containing many of the regulatorylligand

binding sites and a C-terminal (about 1000 amino acids) region containing several

hydrophobic domains (Rossi and Sorrentino, 2002).

Although all 3 isoforms are expressed in the brain, RyR2 is the most prevalent

(Blaustein and Golovina,200I; Rossi and Sorrentino,2002). Expression and distribution

of RyRs in the central nervous system undergo developmental changes during the early

post-natal period (Rossi and Sorrentino,2002), with the levels of some isoforms changing

dramatically between neuronal populations, and other isoforms being found at almost

constant levels from early embryonic development until adulthood (Ouyang et a1.,1997).

For example, at early stages, RyR2 is expressed at low levels in the diencephalon and

brainstem, while from day 7 onit becomes the major isoform in many regions (Mori et

al., 2000). In the adult, RyRl is expressed in the Purkinje cells, in the dentate gyrus of

the hippocampus, in the CA3 and CAI cells of the Ammon's horn and in the olfactory

bulb. RyR3 is present in the granular cell layer of the cerebellum, in the CAl region of

Ammon's horn, in the caudate/putamen nuclei, in the mitral and granular cell layer of the
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olfactory bulb (Giannini et a1., 1995) and is the only isoform expressed in glia cells

(Matyash et al., 2002).

Overall in neurons, robust levels of RyRl and RyR2 channels are present, while

RyR3 channels form a rather minute component of total RyR channels (Rossi and

Sorrentino, 2002). In hippocampal neurons, RyRl and RyR2 are the isoforms dedicated

to form the main signal transduction pathways necessary to release calcium from

intracellular stores through RyR (Rossi and Sorrentino, 2002). It may be then, that RyR3

channels, although not quantitatively well represented, may contribute a qualitative role

by providing a positive feedback, probably via a CICR mechanism, which can help to

build specific aspects of calcium signalling of these cells (Rossi and Sorrentino, 2002).

l.4d Calcium and AD

1.4d(Ð The Calcium Hypothesis

Every gene that is known to increase susceptibilify to AD also modulates some

aspect of calcium signalling (LaFerla, 2002). With this in mind, Khachaturian proposed

the calcium hypothesis in i989, the basic tenet of which is that "sustained disturbances in

calcium homeostasis are a proximal cause of neurodegeneration in AD" (Khachaturian,

1989). The calcium hypothesis has fwo implicit assumptions, both of which must hold in

order to prove its validity. First, calcium dyshomeostasis must be an early manifestation

of the disease, and second, there must be a mechanistic link by which calcium
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dysfunction can influence the accumulation of AB and the hyperphosphorylation of tau

(LaFerla,2002).

The first assumption is supported by evidence from human subjects and from

experimental models, in which it has been seen in fibroblasts of patients with familial AD

that alterations in calcium signalling occur during the initial phases of the disease, before

the development of overt symptoms (Etchberrigaray, 1998). It has also been supported by

studies using primary fibroblasts from transgenic mouse embryos, in which disturbances

in calcium signalling occur months before any obvious extracellular AB pathology

(Leissring et al., 2000). However, these findings do not conclusively indicate that

calcium alterations precede the formation of AÉ in the pathogenic cascade, as

undetectable amounts of AÉ might exert a pathogenic effect (LaFerla, 2002). The second

assumption is less controversial. There is compelling evidence that calcium dysfunction

augments AB formation and tau hyperphosphorylation in vitro (Mattson, 1990; Mattson

et al., 1992; Mattson et a1., 1993a; Mattson et al., 1993b), although the specific

mechanisms by which these lesions are induced and which calcium pathways are

involved are yet to be clarified. Nonetheless, it is fair to conclude that calcium

dyshomeostasis is an important molecular defect in AD, and there is mounting evidence

to support a role for such dyshomeostasis in the formation of AB and neurofibrillary

tangles (LaFerla, 2002).

1.4d(ii) Effects of APP Derivatives on Calcium
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Virtually every important derivative of APP has been shown to modulate calcium

signalling, and every fragment influences calcium dynamics in a different way (LaFerla,

2002). Secreted APP molecules (APP.-a) normalize cytosolic calcium levels and are

regarded as neuroprotective (LaFerla, 2002). APP.-cv can attenuate the elevated

intracellular calcium levels that are evoked by cellular insults such as AB, can moderate

calcium responses in hippocampal neurons after exposure to glutamate, protecting against

excitotoxicity, probably by increasing levels of the second messenger oGMP, and can

protect cells against the pro-apoptotic effects of mutant PS1, an effect also mediated by

the stabilization of intracellular calcium (LaFerla, 2002).

AB fragments, on the other hand, increase intracellular calcium, and the disruption

of calcium homeostasis might be one of the principle mechanisms by which AB manifests

its neurotoxicty (Mattson et al., 1992). AÉ has been shown to destabilize neuronal

calcium homeostasis, generally leading to an increase in cytosolic calcium (Mattson et

al.,1992). The consequences of this cytosolic calcium increase are generally manifest in

the adverse effects on an array of cellular enzymes þroteases, phospholipases, kinases

and phosphatases) Qrlixon et al., 1994), the promotion of cytoskeletal modifications

(Mattson et al., 1991), the triggering of neuronal apoptosis (Mattson, 1994), and the

generation of free radicals (Chan et al., 2000; Mattson, 1995; Mattson et al., 1995).

There are a few potential ways through which AB may disrupt calcium homeostasis.

First, there is compelling evidence that A0r-¿o and AB1-a2 can form a cation-selective ion

channel (Kagan et a1., 2002). Nanomolar levels of Aßuz (fresh or globular) have been

shown to form calcium-permeable pores that induced the extracellular calcium dependent

degeneration of endothelial cells (Bhatia eta1.,2000). Further, atomic force microscopy
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data indicate that the Aþt¿z induced membrane-permeable pores produce simple calcium

signals at low concentrations and calcium waves at higher levels of A|t-qz (Bhatia et al.,

2000). Another mechanism by which AB can disrupt calcium homeostasis is through

oxidative damage. Aggregated Ap leads to the formation of reactive oxygen species that

can induce membrane-lipid peroxidation (Hensley et al., 1994) and this process can

adversely affect the function of membrane ion-motive ATPases and other transporters,

leading to an elevation of basal intracellular calcium levels (Mark et al., 1995). Either

way, calcium dysregulation appears to manifest as an early molecular defect in the

pathogenesis of AD. More significantly, because calcium destabilization can also induce

the hallmark features of the disease, there might be a potential feed-forward mechanism

by which the two pathophysiological processes potentiate each other, leading to further

neurodegeneration (LaFerla, 2002).

Finally, there is emerging evidence that the 7-secretase mediated APP cleavage

product AICD (APP intracellular domain), affects calcium signalling by regulating the

expression of genes involved in calcium homeostasis (Leissring et al., 2002). Both APP

and Notch, a signalling molecule that regulates cell-fate determination during

development (Leissring et al., 2002), are processed by 7-secretase within their

transmembrane domains to release their intracellular domains. Notch proteolysis and

Notch intracellular domain (NICD) release is mediated by 7-secretase after which NICD

binds to transcription factors and translocates to the nucleus, where it regulates

transcription of complex genes (Leissring et al., 2002). Likewise, APP proteolysis by 7-

secretase produces an intracellular domain that interacts with the nuclear adaptor protein

Fe65, which in turn, interacts with the transcription factor CPZILSFILBPI, and Tip60, a



33

histone acetyltransferase (Leissring et a1.,2002). AICD complexed with Fe65 and Tip60

have been shown to potently regulate the expression of artificial expression constructs in

transfected cells (Cao and Sudhof, 2001), and are now believed to regulate

phosphoinositide-mediated calcium signalling. Accordingly, mutations in the presenilins

proteins are associated with increased levels of calcium in the ER, and these alterations

are likely to represent the cellular mechanism by which presenilins mutations potentiate

phosphoinositide/calcium signalling and reduce capacitative calcium entry (Leissring et

al.,2002). Therefore, the AICD represents yet another link between an APP derivative

and dysregulation of calcium homeostasis.

1.4d(iiÐ Effects of Calcium on APP Processing

The first study to show that AB formation can be modulated by calcium was by

Querfurth and Selkoe, who showed that elevating cytosolic calcium levels in HEK293

(human embryonic kidney) cells that over-expressed APP751, by treating them with the

calcium ionophore 
^23187, 

increased the secretion of AB, an effect that was dependent

on extracellular calcium levels (Querfurth and Selkoe,1994). They went on to show that

calcium release from internal stores could enhance AB generation, as exposure to

caffeine, which causes calcium release via RyR, increased the production of AB

(Querfurth et a1.,1997). Therefore, calcium influx from external sources or release from

internal stores can increase A0 formation. In stark contrast, other treatments that elevate

cytosolic calcium levels seem to diminish the formation of AB. Thapsigargin, an

irreversible SERCA pump inhibitor and therefore blocker of calcium reuptake into the
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ER, produces a concentration-dependent depression

L994). Clearly, more work is required in this area.

of AB release (Buxbaum et al.,

1.ad(iv) Calcium and the Presenilins

Every mutation in PSI and PS2 that has been studied disrupts calcium signalling

(LaFerla, 2002). Likewise, calcium signalling pathways are perturbed in presenilin

deficient cells (Leissring et a1.,2002; Nakajima eta1.,2001). 'When 
expressed in cultured

neuronal cells and transgenic mice, PSI mutations have been shown to cause

abnormalities in ER calcium homoeostasis, enhancing the calcium responses to stimuli

that activate both IP3 and RyR sensitive ER calcium pools and two major consequences

of this disrupted ER calcium regulation are altered proteolytic processing of APP and

increased vulnerability of neurons to apoptosis and excitotoxicity (Mattson et a1.,2001).

Further, the impact of PSl mutations and aberrant APP processing is particularly great in

synaptic terminals, where perturbed synaptic calcium homeostasis promotes activation of

apoptotic cascades, mitochondrial dysfunction and caspase activation (Mattson et al.,

2001). Ito et al. Q99$ showed that exposing skin fibroblasts from human patients of a

chromosome-l4 linked kindred to agonists of the IP3 pathway, such as bombesin and

bradykinin, evoked enhanced calcium release compared with fibroblasts from control

groups (Ito et al., 1994). The altered calcium transients induced by disease causing

mutations in PSI precede the development of overt clinical features of AD, indicating

that calcium disruptions represent an early manifestation of AD. These altered calcium

responses were apparent in a large proportion of individuals with PS2 FAD mutations
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before the presentation of overt neurological symptoms, whereas 'escapees' from the

same families, who were symptom-free, had 'normal-like' calcium responses

(Etcheberrigaray et a1.,1998). A pathophysiological role for mutant PSI in modulating

IP3-evoked calcium signals has been shown by several groups in a variety of systems -

including Xenopus oocytes, neural and non-neuronal cell lines, primary neurons and

transgenic mice (LaFerla,2002). Clinical mutations in the PS2 gene also enhance IP3

evoked calcium release from the ER (Leissring et al., 1999b). A f,rndingthat reveals

there is a pathogenic pathway involving the destabilization of calcium homeostasis

conìmon to both PSl and PS2 (LaFerla,2002).

l.4e RyR and Long-Term Potentiation (LTP)

It has only been in recent years that the importance of CICR for regulating

synaptic transmission and plasticity has started to be appreciated, and it is now

understood that CICR may be involved at both the pre- and post-synaptic levels

(Verkhratsky,2002). Ryanodine receptors themselves are found in appreciable density in

presynaptic terminals (Llano et al., 2000). Modulation of CICR of RyR by caffeine has

been shown to modulate the frequency of miniature inhibitory post-synaptic potentials

(IPSPs) in hippocampal neurons (Savic and Sciancalepore, 1998) and CICR has been

reported to regulate short-term plasticity and spontaneous neurotransmitter release in

hippocampal neurons in organotypic cultures (Emptage et al., 2001). However, in the

same cultures, Emptage et al. (1999) found that most of the [Cut*], elevation triggered by

synaptic stimulation actually results from secondary CICR; so the final evaluation of the
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contribution of CICR to synaptic plasticity in the central nervous system awaits more

detailed analysis (Verkhratsky, 2002).

L.4f RyR and AD

Experiments done by Querfuth et al. (1991), demonstrate that increases in

intracellular free calcium, due to the mobilization of a caffeine-sensitive RyR-regulated

pool of calcium, accelerate both A0 and p3 peptide production by HEK293 cells stably

expressing PAPP (Querfurth et al., 1997). In these experiments, caffeine increased the

release of A0 and p3 and increased free calcium within the cytosol in a dose-dependent

manner (Querfurth et al., 1997). They also showed that that the caffeine effect was

receptor-mediated, with support from findings of saturability, modulation by the plant-

alþloid ryanodine, and inhibition using the RyR-antagonists procaine and ruthenium red

(Querfurth et a1., 1997). Further to this study, Chan et al. (2000) showed that one

consequence of PSI mutations was to increase levels of RyR in neurons, resulting in

increased calcium release following cell stimulation. Cells expressing mutant PSI also

released more calcium in response to thapsigargin, suggesting that there may also be an

increase in the total pool of intracellular calcium available for release. The enhanced

release of calcium from caffeine-sensitive stores in PC12 cells and cortical neurons

expressing mutant PSI was also associated with greatly increased vulnerability of the

cells to Aßzs-ts and caffeine-induced cell death (Chan et al., 2000). Again, dantrolene, a

drug known to block RyR, protected cells expressing mutant PSi against apoptosis,
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consistent with a pivotal role for calcium release through RyR in the pathogenic

mechanism of PSl mutations (Chan et al., 2000). Finally, Kelliher et al. (1999) showed a

- 30-40% decrease in ryanodine binding to AD temporal cortex particulate fractions in

stage V-VI (late stage) of the disease when compared to control particulate fractions

(stage 0), while a very early increase in ryanodine receptor binding in stage I-II followed

by a loss of binding was found (Kelliher et al., 1999). The increased ryanodine binding

seen at the very early stage of AD neurofibrillary pathology and the subsequent decreased

ryanodine binding probably represented an increased number and decreased number of

open ER RyR calcium release channels, respectively, and it is therefore feasible that

increased and decreased calcium release from ER RyR stores in AD represents lack of

appropriate control of RyRs by their endogenous regulators (Kelliher et a1.,1999). Such

an altered level and function of RyRs in AD would be expected to put the ER under

substantial stress and alter the signalling repertoire of neurons and their eff,rcient response

to neurotransmitters and calcium (Kelliher et al., 1999). Therefore, extremely early in the

disease there appears to be an increased number of RyRs or increase in activity of RyRs

but subsequent to this there is a loss of abundance or function of RyRs that correlates

with the progression of neurofibrillary pathology and amyloid deposition - suggesting

that RyR-induced calcium release in the ER may be crucially involved in the formation of

the pathological hallmarks of AD (Kelliher et al., 1999). With these facts in mind I based

my hypothesis on the effects of RyR on the production of A0.



38

2. Hypothesis

Increased levels of ryanodine receptors sustain a disruption in intracellular

calcium homeostasis that augments AB production in Alzheimer's disease.

2.1 Specific Aims

2.la Specific Aim #1

Determine the abundance of RyR isoforms in culfured neurons treated with AÉ.

2.1b Specific Aim #2

Determine the functional consequences of increased levels of RyR in TgCRND-8

primary cortical cultures in terms of changes in caffeine-induced calcium release and

production of AÉ.

3. Results Section I
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3.1 Specific Aim #1

Determine the abundance of RyR isoforms in neurons treated with 40.

3.2 Rationale For Specific Aim #1

My work has focused on RyR(s) because caffeine, which directly activates RyR

channels, elevates AB production in cells overexpressing APP (Querfurth et al., 1997)

and because the gene associated with early onset Alzheimer's disease, presenilin-1, co-

localized and co-immunoprecipitated with RyRs (Chan et al., 2000) and interacted

physically with RyR but not IP¡RI. Further, we have shown previously that rat

pheochromocytoma cells (PC12) overexpressing mutant PS1 have increased levels of

RyR (Chan et al., 2000) and likewise, presenilin-l knock-in mice also have elevated

levels of RyRl and RyR3 mRNA and protein (Chan et a1.,2000). This, coupled with the

finding that calcium homeostasis is dysregulated in AD neurons (Mattson et aL,2000)

has provided us with the rationale that AB might regulate the gene expression of RyR.

3.3 Materials and Methods
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Reagents

A.7t-qz, A0r-+o and Ap25-35 peptide were purchased from Bachem (Torrance, CA). Rabbit

polyclonal MAP-2 antibody was purchased from Chemicon (Sunnyville, CA). GFAP

antibody, HEPES, L-glutamine, caffeine, thapsigargin, dantrolene and ionomycin were

from Sigma (Oakville, ON). Anti-RyR 34C antibody was from Affinity BioReagents

(Golden, CO). Alexa Fluor 546 antibody and Hoechst 33342 stain were from Molecular

Probes (Eugene, OR). Rabbit polyclonal anti-AB1-a2 and A0r-¿o antibody was from

BioSource International, Inc. (Camarillo, CA). Biotinylated donkey anti-rabbit

secondary antibody was from Jackson Immuno Research (Maine, USA). L(+)-glutamic

acid was from EM Science (Gibbstown, NJ). Ryanodine was from TOCRIS (Ballwin,

Mo).

Cell culture

PC12 cells were cultured and maintained as described previously (Chan et al., 2000).

Cells were maintained at 37"C (5% COz atmosphere) in RPMI 1640 medium from

BioWhittaker (Walkersville, MD) supplemented with 10% heat-inactivated fetal bovine

serum (Sigma), i00 units/ml penicillin and i00 ¡tglrrtl- streptomycin (BioWhittaker).

Animals

Timed pregnant C57Bl6 mice were obtained from animal holding at the University of

Manitoba. Double mutant APP6e5 (\<NI6701671NL+V717F) transgenic (Tg) CRND-8

mice were a gift from Dr. David'Westaway (University of Toronto).
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Dissection Protocol

The dissection was performed according to the animal protocol of Dr. Glazner's

laboratory, University of Manitoba. Pregnant dams were sacrificed by cervical

dislocation. The anterior median lateral section of their thorax and abdomen as well as

the neck region of the female was sterilized with 70Yo alcohol, and scissors were used to

remove the head. An anterior median lateral incision was made with scissors through the

abdomen of the female, and fetuses in the uterine sack were removed with a pair forceps,

cut free of the adult with a pair of fine scissors, and placed in a Petri dish. The Petri dish

was placed on ice and moved to a dissecting hood. The heads of the fetuses were

separated from their bodies with a pair of fine sterilized scissors and placed into a

solution of Locke's buffer at pH 7.2. Each fetus head was placed into a separate,

numbered petri dish, and a limb of each fetus was taken and placed into a 1.5 mL

microfuge tube with the corresponding number for genotyping by Real Time- PCR (see

below for details). For each fetus, a median lateral section was performed along the

posterior edge of the skull, from the base of the head to the tip of the forehead, and the

brain removed. Under a dissecting microscope, the cortices were separated from the rest

of the brain, and placed back in a petri dish containing Locke's buffer. The cortices

remained on ice until the genotyping finished (approximately 2 hours). When the

genotype of each fetus was known, the fetuses were pooled by genotype, fetuses

containing the CRND-8 positive gene in one petri dish, littermate control fetuses in the

other. Cortices were mechanically dissociated by triturating 10X with a Pasteur pipette.

Supernatant was allowed to settle for 5 minutes, was collected, and 3-4 mL of fresh
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Locke's buffer was added to the remaining cortices. Trituration was repeatedZ}Xwith a

fire-polished Pasteur pipette with a diameter of <lmm. Supernatant settled for 5 more

minutes, after which the supernatant was collected and pooled with the previous

supernatant. Cells were counted and cell viability assessed using trypan blue stain and a

hemocytometer (Hausser Scientific; Horsham, PA), by adding equal volumes of trypan

blue and supernatant to the cell counter, and determining the number of cells able to

exclude the trypan blue dye in a 1mm2 area, under 20X power. In order to obtain the

number of viable cells, the number of cells obtained from our cell counter was multiplied

by 10,000 to give us the number of cells/ml and then multiplied by 2 to account for the

dilution with trypan blue.

Cells were plated in Neurobasal media supplemented with B.27 from Gibco Life

Technologies, Inc (Grand Island, NY), 10 Yo fetal bovine serum, 4.8mM HEPES, l.2trM

L-glutamine and 25 ¡tglmL gentamycin (Gibco Life Technologies) into previously

prepared plastic tissue culture plates coated with poly-D-lysine (Sigma), at a

concentration of 800,000 cells/well for 6-well and 600,000 cells/well for l2-well and

calcium-imaging plates. Cells were incubated at 37oC supplemented with 5o/o CO2

overnight, before changing media to Neurobasal and supplements without FBS to prevent

astrocyte growth. Cells were incubated for an additional 3-5 days, depending on

experimental treatments.

Genotyping of CRND-8 Fetuses

Day e16 CRND-8 fetuses used for primary culture of cortical neurons were genotyped for

the APP6e5 double mutation by real time PCR. Fetal limb tissue was taken from each
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embryo and lysed in 600 ¡tL of genomic DNA extraction buffer containing 10 mM Tris

pH 8.0, 1 mM EDTA pH 8.0 and 0.1% (wlv) sodium dodecyl sulfate (Fisher Scientific).

Lysate was incubated with 0.12 ¡tg DNase-free RNase (Sigma) for 15 minutes at37oC.

Protein was denatured using 200 ¡tL potassium acetate buffer containing 5M potassium

acetate and glacial acetic acid (the resulting solution is 3 M with respect to potassium and

5 M with respect to potassium) (Fisher Scientific) and removed by centrifugation at 4oC

for I minute at 18,000X gravity. Genomic DNA was extracted from the supernatant

following 1X phenol:choloroform (Sigma 1:1 volume) extraction, precipitated with 100%

ethanol (-20"C) and resuspended in 150 ¡tL of double-distilled water. Approximately 1

¡rg of genomic DNA was used per PCR reaction for APP6e5 mutant genotyping.

Real time PCR amplification of the transgenic gene was conducted using Platinum Taq

DNA Polymerase (Invitrogen Life Technologies). The sequences of primers used for

APP6e5 were: 5'TGT CCA AGA TGC AGC AGA ACG GCT ACG tuqÁA and 3'AGA

AAT GAA GAA ACG CCA AGC GCC GTG ACT. APP6e5 PCR products were

generated by 30 cycles of 94oC denaturation (20 seconds), 68oC annealing (20 seconds)

and 72oC extension (90 seconds). PCR reaction was completed by final extension at

72oC for 10 minutes. In each PCR reaction, 1:10000 dilution of SYBR-Green I

(Molecular Probes) with emission/excitation : 290,380,4971520 nm was used for the

detection of PCR product and 100 nM Fluorescein Calibration Dye from BioRad with

emission/excitation : 4901520 nrn. The relative fluorescence of PCR product was

detected by iCycler iQ Real Time PCR Detection System (BioRad). Positive animals

were heterozygous or homozygous for the APPogs double mutation. CRND-8 primary
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cortical neurons were pooled together according to their genotype and seeded as

described above.

AB Treatment of PCl2 cells and C57Bl6 Primary Cortical Neurons

AßHz and AB25-35 peptide was prepared as a 200 ¡t"M stock in Locke's buffer containing

154 mM NaCl, 3.6 mM NaHCO3, 5.6 mM KCl, 1.0 mM MgClz, 5 mM glucose, 5 mM

HEPES and 2.3 rnM CaClz (Fisher Scientific), pH 7.2 and incubated at 37"C (5% COz

atmosphere) 24 hours prior to use. L(+)-glutamic acid was converted to glutamate by

addition of 10N NaOH (Fisher Scientific) to pH 7.2. Cells were incubated at 37"C and

supplemented with 5o/o COz for 18 hours with AÉr-¿z or AB25-35 (100 nM, 1000 nM) or

glutamate (20 ¡tMr) was added to 1x106 PClz cells in RPMI 1640 medium with I0o/o feral

bovine serum, 100 units/ml penicillin and 100 pglrr[- streptomycin and 8xi0s C57Bl6

primary cortical neurons in Neurobasal, supplements (see above for description of

supplements) and 25 pglrnL gentamycin seeded on poly-D-lysine coated 6-well culture

plates. PCl2 cells were cultured for 24 hours and C57Bl6 primary cortical neurons were

cultured as outlined in each case.

RNA Extraction

Total RNA was purified from 1x106 PCI2 cells,8xl0s primary cortical neurons orthe

right hemisphere (10 mg) of Tg and non-Tg CRND-8 mice using the GenElute Total

Mammalian RNA Isolation Kit (Sigma) according to the manufacturer's instructions.

The cell pellet (neurons) was vortexed to loosen the cells, Lysis Solutior/2-
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mercaptoethanol (ME) was added and the solution was vortexed according to

manufacturer's instructions (for pelleted cells 250 ¡tl of Lysis Buffer was added for

<5x106 cells and 500 ¡il for 5x106-1x107 pelleted cells, 250 ¡tlof Lysis bufferwas added

for <10cm2 of attached cells and 500 ¡rl for l0-25cm2 of attached cells and 500 ¡rl of

Lysis Buffer was added for <40mg of mammalian tissue). For PC12 cells, Lysis

Solution/2-ME was added to the culture and the lysate collected. For brain tissue, Lysis

Solution/2-ME was added and the solution homogenized (30-60 seconds) until no visible

pieces remained. The lysed cells or homogenized tissue was pipetted into a GenElute

filtration column and the sample centrifuged at 14,500X gravity for 2 minutes to remove

cellular debris and shear the DNA. An equal volume of 70Yo ethanol was added to the

filtered lysate and the solution vortexed. The solution was pipetted into a GenElute

binding column and centrifuged at 14,500X gravity for 15 seconds, with the RNA having

bound to the column. The column was washed 2X with 500 ¡rl of Wash Solution at

14,500X gravity for l5 seconds followed by 500 ¡rl of Wash Solution at 14,500X gravity

for 2 minutes. Finally,50 ¡tl of Elution Solution was centrifuged in the binding column

at 14,500X gravity for 1 minute causing the RNA to flow into solution. RNA

concentration was determined using a l.2o/o agarose gel and detected under UV light for

ethidium bromide staining as outlined below.

cDNA Synthesis

cDNA synthesis was performed using a First Strand cDNA Synthesis Kit according to

manufacturers instructions (MBI Fermentas). I ttg of RNA, diluted into 10 t¿l of ddHzO

was used for oDNA synthesis. Briefly, RNA was heated to 70oC for 10 minutes and 1 ¡rl



46

of oligo d(T) primer was added to the RNA and the solution was quickly put on ice.

Next, 4 ¡tI of 5X Reaction Buffer, 1 ¡rl of RNase Inhibitor and 2 ¡ll of 10 mM dNTPs

were added to the RNA oligo d(T) primer solution, and this new solution was mixed

quickly. The solution v/as incubated for 5 minutes at 37oC, followed by an addition of 2

¡rl of M-MuLV reverse transcriptase. The tube was incubated at37oc for 60 minutes, and

the reaction was stopped at 70oC for 10 minutes. The reaction was cooled to 4oC to

stabilize the RNA and the cDNA was either used immediately or stored at-20oC.

PCR

For each reaction 12.5 ¡tl of Qiagen PCR Master Mix (including Taq polymerase, dNTPs,

Reaction Buffer and MgCl), 8.7 ¡tl of DEPC treated HzO and 2.5-3 ¡t"l of primers were

mixed. cDNA was heat denatured at95oC for 5 minutes, briefly chilled on ice and2-5 ¡tl

was added to previously made solution. The primers used, all from Invitrogen Life

Technologies (Carlsbad, CA), were as follows: RyRl 5' CTC TTC TGG GGC ATC TTT

GAC TCT and 3' ACC CTC CCT GGC CTT CTC TAT CGT that yielded a 456 base

pair product, RyR2 5' GAA TCA GTG AGT TAC TGG GCA TGG and 3' CTG GTC

TCT GAG TTC TCC AJô\r{ AGC that yielded a 650 base product, RyR3 5'-GGC GCT

GCG GAA GAC CTG CAC and 3'-cCC Gcc CCG AAG CAC TC that yielded a

699base pair product, and B-actin 5' ATG GAT GAC GAT ATC GCT GC and 3' CGT

ACA TGG CTG GGG TGT TG that yielded a PCR product of a 399 base pair product.

The PCR reaction was conducted using denafuration at 95oC for 5 minutes,

denatured/annealed/extended 30-35x at 95'Cl53oCl72"C respectively for 30 seconds
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each. The reaction was completed with a single step of 72oC lor 7 minutes and held

indefinitely at 4oC. PCR products were then analyzed immediately or stored at -20oC.

Agarose Gel Electrophoresis

10 ¡il of PCR reaction products were loaded onto 1.2o/o agarcse gels and detected under

UV light using ethidium bromide (Fisher Scientific) staining. Densitometric analysis of

RT-PCR products was performed using NIH Image software, version 1.60.

Immunofluorescence Assay for MAP-Z and GFAP

C57Bl6 primary cortical neurons were plated at a density of 400,000 cells/ml in

perrnanox 8-well plates. On day 8, the media was removed from all dishes and 1 mL of

2o/o paraformaldehyde (2% paraformaldehyde in phosphate buffered saline [PBS]) was

added to each dish for 15 minutes at room temperature. The paraformaldehyde \Mas

removed and the plates washed 3X with lml- lX PBS for 5 minutes each. 1 mL of 5%

Blocking Buffer (0.1% Sodium Azide,5% FBS and 0.5o/o Tween 20 in PBS) was added

to each plate and the plates incubated for 60 minutes at 37oC. The blocking buffer was

removed and the plates washed for a total of 2X as described above. 500 ¡rl of a 1:1000

dilution (in PBST; phosphate buffered saline plus 0.5% Tween) of the appropriate

antibody (anti-microtubule associated protein-2 [MAP-2] or anti-glial fibrillary acidic

protein [GFAP]) was added, in the dark, to each plate and the plates incubated for 40

minutes at 37oC. Primary antibody was removed and the cells washed 2X. 500 ¡rl of the

secondary antibody (Alexa 546 goat antimouse IgG), at the appropriate dilution (1:400
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for CY3, I:200 for FITC; in PBST), was added to the cells, which were incubated for 35

minutes at 3loC. Secondary antibody v/as removed and the cells were washed 2X as

outlined above. The final label, a Hoescht 33342 dye, was made up in PBST. 500 ¡il of

Hoescht dilutionwas added (final concentration 1:5000) to eachplate for 12 seconds in

the dark after which the plates were washed lX. Finally, 8 ¡rl of mounting medium (50%

glycerol, 50% PBS) was added to each slide and a coverslip added to each. The

mounting medium was allowed to dry for 3 minutes after which the cells were either

imaged or stored at -20oC.

Dishes were imaged using an upright fluorescence microscope 20x magnification (Zeiss)

using Zeiss Axio Vision Software.

Immunofluorescence Assay for RyR

CRND-8 primary cortical neurons were seeded at 600,00 cells/ml on AT dishes

(Bioptechs, Inc., Butler, PA). After 3 days, non-Tg cultures were treated with 1 ¡rM AB,-

qzfor 18 hours. Detection of the primary antibody v/as accomplished using the Vector

M.O.M. Immunodetection Kit (Vector Laboratories, Inc., Burlingame, CA) as per

company specifications. All cultures were fixed with 2o/o paraformaldehyde on day 4,

and air-dried. Dishes were washed2X for 2 minutes in PBS. 90 ¡rl of mouse Ig blocking

reagent was added to 2.5 mL of PBS. 500 ¡tl of this reagent was added to each dish, all of

which were incubated at 37oC for t hour. Dishes were washed 2X for 2 minutes in PBS,

and the sections were incubated for 5 minutes in 600 ¡il of protein concentrate stock

solution in 7.5 mL PBS (diluent solution). The primary antibody (RyR 34C; ABI) was
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diluted 1:1000 in diluent solution and incubated for 45 minutes af 37oC. Dishes were

washed 2x for 2 minutes each in PBS. 10 ¡ll of stock solution of biotinylated anti-mouse

IgG reagent was mixed with 2.5 mL of diluent solution and added to the dishes, which

were incubated for 10 minutes. Cells were washed 2X for 2 minutes in PBS, and

flourescein Avidin, prepared as 40 ¡rl stock solution in 2.5 mL PBS, was added to the

dishes and incubated for 5 minutes. The dishes were washed2X for 5 minutes in PBS

and the dishes mounted in mounting medium and either imaged immediately or stored at

-200c.

Dishes were imaged on a Zeiss Laser Scanning Microscope (LSM) 510 at 20x

magnification using LSM 510 software.

Statistical Analysis

Data were analysed by Student's I test or by one-way ANOVA, followed by Newman-

Keuls multiple comparison tests using GraphPad Prism, version 3.02 (San Diego, CA).

Differences were considered significant at p<0.05 .

Results

3.4a AB Treatment Elevates RyRl Gene Expression in

Undifferentiated PC12 Cells

3.4
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Because we had reported earlier that RyR levels are increased in PC12 cells

expressing PSl mutations (Chan et a1.,2000) and because recent data in our lab indicated

that PSl co-immunoprecipitates with RyR, we hypothesized that RyR(s) may play a

prominent role in the pathogenesis of AD. First, we determined if AP had an effect on

RyR gene expression. We treated undifferentiated PC12 cells with 100 nM and 1 ¡rM of

Alzs-ts or AB¡a2 for 18 hours, and determined gene expression of RyR type I via semi-

quantitative RT-PCR. We measured gene expression of only type 1 RyR and not types 2

and 3 for two reasons: 1) we were using PCIZ cells as an immortalized neuronal model

and2) RyR2 and RyR3 mRNA are not readily detectable in PC12 cells. When we treated

PClz cells with 100 nM A0zs-:s and AB1-a2, we found RyR type 1 mRNA levels increased

3.9 fold and 3.6 fold, respectively, compared to untreated cells (Figure 2B). When we

treated PCI2 cells with I ¡lM AB25-35 and Aþt-cz, RyR type I mRNA levels increased 5.2

fold for each, compared to untreated cells (Figure 2B).
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2000), and because we had experience culturing them. Our primary cultures consisted of

approximately 80% neurons with the remaining cells being primarily astrocytes as

determined by previous work (Haughey et al., 1999), as well as MAP-2 and GFAP

immunofluorescence staining for neurons and astrocytes, respectively (Figure 3B).
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In order to determine the extent to which AB regulates neuronal RyR gene

expression, we treated our C57Bl6 primary cultures with I ¡t"M of A,B2s-¡s or Aßrqz for 18

hours and measured mRNA levels of RyR types I and 3 by RT-PCR. RyR type 3 gene

transcription increased significantly in response to A!¡qz (2.8 fold), and RyR type I

mRNA showed a trend towards an increase (3.2 fold) in response to AÉr+z (p<0.1)

(Figure 4B). However, neither RyR type had increased mRNA levels due to Aßzs-ts

(Figure 4B), indicating that the increased RyR mRNA response was more specific to A0r-

qz. We did not look at RyR type 2 mRNA levels because we had previously observed no

change in its gene expression following AB treatment (data not shown).
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APP6e5 TgCRND-8 mice, a mouse model of AD that produce high levels of A0¡+2.

TgCRND-8 mice encode a double mutant form of APP6e5 (I<NI670|671NL+V717F)

under the control of the hamster prion promoter and form AB deposits by 3 months, and

have dense-cored Ap plaques and neuritic pathology evident from 5 months of age

(Chishti et al., 2001). Further, TgCRND-8 mice exhibit a high level production of the

pathogenic Ãßrqz form of AB-peptide, and have an impairment in acquisition and

learning, as demonstrated by the Morris water maze, by 3 months of age (Chishti et al.,

2001). Therefore, TgCRND-8 mice make a useful model of AD.

Because homozygous breeding partners are usually unsuccessful in mating or

produce a very small litter size (our own observations), timed pregnancies were

conducted using wild type females and heterozygous males, giving an Fl population of

approximately 50% APP-Tg heterozygous (TgCRND-8) and 50% APP-non-Tg

homozygous (littermate controls). Of this population, we examined forebrain regions

from the right hemisphere of 3-month-old mice in order to determine if APP-Tg mice

have increased gene expression of RyR compared to APP-non-Tg mice. Indeed, APP-Tg

animals had RyR3 mRNA levels that were 2.2 fold higher than their littermate controls

(Figure 58).
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APP-Tg primary cortical neurons treated with 1.3 ¡lM AFr-+z antibody to quench

extracellular AB showed RyR types 1 and 3 mRNA levels that did not differ from

littermate controls (Figure 6B), while APP-Tg mouse primary cortical neuronal RyR

mRNA levels, when treated with I ¡rM lgG-gp116 antibody, did not change (data not

shown). Finally, treatment of littermate control neurons with i ltl|i4 Aþt-+z increased RyR

types I and 3 mRNA to levels similar to APP-Tg neurons (Figure 6B). These data

suggested that extracellular AB, specifically AB1-a2, increases RyR gene expression in

APP-Tg mice.
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3.5 Discussion

We found that mRNA levels of type 1 RyR were increased in PCI2 cells, types 1

and 3 RyR mRNA were increased in C57Bl6 mouse primary cortical neurons and types 1

and 3 RyR mRNA were increased in APP-non-Tg primary cortical neurons when they

were treated with extracellular Aþt-qz. We also noted that in vivo levels of RyRl were

increased in brain tissue (analysis of an entire hemisphere) from CRND-8 APP transgenic

mice. These data indicated that high levels of AÉ induce neuronal expression of RyR.

Unfortunately, little is known about how RyR gene expression is regulated in brain

tissue. It is known that during mouse brain development, although all RyR are expressed

in various regions, RyR2 is expressed at very low levels and then increases in abundance

to become the major isoform in several brain regions by 2 weeks post-natal (Mori et al.,

2000). However, we did not find any change in the expression of RyR2 (data not

shown).

V/e do not know the functional significance of increased RyR levels in neurons

from mice with models of AD. Studies with APP-Tg 3-month-old mouse brain

hemispheres showed high endogenous levels of type 3 RyR mRNA. These results are

compelling because APP-Tg mice, a strain that produces high levels of Aßuz and AB1as,

also exhibit an impairment in memory acquisition and learning by 3 months of age

(Chishti et aL,2001). RyR, especially RyR3, are known to be involved in LTP, LTD and

memory (Emptage et al., 1999; Emptage et a1.,200I), and in mice with RyR3 knocked-

out, LTP is facilitated and leaming and memory are also affected (Balschun et al.,1999;

Futatsugi et al., 1999). Therefore, one may postulate that high levels of RyR3 might
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contribute to memory acquisition problems in APP-Tg mice. However, Jolas et al.

(2002) showed that APP-Tg mice actually have an increased LTP in the CAt area of the

hippocampus starting as early as 9-weeks after birth. Although RyR levels were not

determined in these studies, the contribution of RyR to APP-Tg memory problems

remain debatable.

We also found that levels of RyRl and 3 mRNA were increased in primary

cortical neurons of APP-Tg mice compared to littermate controls and that the mRNA

levels of RyR could be decreased to APP-non-transgenic levels with the addition of an

Aþvz specific antibody to quench extracellular Aßrcz. These results suggested to us that

extracellular AB can increase gene expression of RyR (in particular type I and 3) in APP-

Tg primary cortical neurons.

Finally, we found that the protein levels of RyR were increased in primary

cortical neurons of APP-Tg mice compared to APP-non-transgenic levels. Further, RyR

gene expression and protein levels can be manipulated by adding or removing AB

suggesting that AB can regulate RyR gene expression. These findings suggest that one

consequence of extracellular A0 is to increase levels of RyR in neurons and that

increased RyR may play a role in the pathogenesis of AD. Importantly, our observations

are substantiated by findings that ryanodine binding is increased in early stages of AD in

humans (Kelliher et al., 1999). Based on these observations we hypothesized that

increased levels of RyRs play a functional role in the pathogenesis of AD.
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4. Results Section 2

4.1 Specific Aim#Z

Determine the functional consequences of increased levels of RyR in terms of

changes in caffeine-induced calcium release and production of AB.

4.2 Rationale For Specifïc Aim #2

Release of calcium from IP3R (Cedazo-Minguez et al., 2002; Leissring et a1.,

I999a; Leissring et al., 1999b), calcium induced calcium release from RyR(s) (Kelliher et

al., 1999; Mattson et al., 200I; Querfurth et al., 1997) and capacitative calcium entry

(Yoo et al., 2000) are known to regulate in part, AB production and 7-secretase activity.

Therefore, it is important to determine if there is an increase in calcium release via the

increased numbers of RyR we previously observed and to directly determine if calcium

release via RyR affects AB production.

4.3 Materials and Methods
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Calcium Imaging
Primary culture neurons from APP-Tg and APP-non-Tg mice were loaded (in the dark)

with 1 mllwell of 8 pgknL (8uM) of Fura2-AM in Locke's buffer (154 mM NaCl, 3.6

mM NaHCO¡, 5.6 mM KCl, 1.0 mM MgCl2,5 mM Glucose, 5 mM HEPES, 2.3 mM

CaClz) plus 10% FBS. 10% FBS was supplemented to the loading buffer in order to

increase the solubility of Fura2-AM in the Locke's buffer and thus facilitate and enhance

loading. Cells were covered in aluminum foil and incubated at 37"C supplemented with

5o/o COz for 45 minutes. By masking the four negatively charged carboxyl groups, the

AM (acetoxymethyl) ester moieties render the Fura-2 cell permeant, and the modified

dye readily enters the cell. Once inside, endogenous esterases remove the ester groups,

which restores the hydrophilic nature of the dye and thereby traps the functional dye

inside the cell. Following incubation, cells were washed 3X with Locke's buffer without

FBS and incubated for another 10 minutes but not more than 2 hours before use. Cells

used between 10 minutes and 2 hours did not show a noteworthy loss of response to

treatments, however, if they were used at times following 2 hours after wash, there was a

loss ofresponse.

Changes in intracellular calcium levels were determined by Universal Imaging software

Metafluor with a 40X oil objective (inverted microscope Carl Zeiss), and intracellular

calcium levels were determined from the ratio of the fluorescent emissions acquired using

the excitation wavelengths of 340 and 380 nM. The system was calibrated with aFura-2

Calcium Imaging Calibration Kit (Molecular Probes) using solutions containing either no

calcium or a saturating level of calcium (39 pM) using the formula [Ca2*;1:ç¡1R-

R,n¡n)/(R'u*-R)l (Fd/F.).
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Cells were treated with 20 mM caffeine to open RyRs and 2 mM procain, 5 pM

dantrolene, 5 pM ruthenium red or 20 ¡t}d ryanodine to block RyR opening. Cells were

also treated with 10 ¡tM Ionomycin after each set of experiments to ensure neuronal

viability. Viable cells released calcium upon stimulation with Ionomycin.

Enzyme Linked Immunosorbant Assay (ELISA)

Production of Aßvz by Tg and non-Tg CRND-8 primary cortical neurons in culture was

determined by ELISA. Neuronal culture supernatant proteins were fixed to the bottom of

a Costar 96-well (Sigma) plate by 0.05 M carbonate buffer (7.55 mM Na2CO3, 1.75 mM

NaHCO3, pH:9.6), at 50 ¡tllwell of a ratio of 5:1 supernatant to coating buffer, overnight

at 4"C. The 96-well plate was washed 3X with 150 ¡rllwell of wash buffer (10 mM PBS,

0.05% Tween-20, pH:7.4). Blocking was completed for I hour with lo/o bovine serum

albumin (BSA) in 10 mM phosphate-buffered saline (PBS) at 100 ¡tllwell. Plates were

washed 3X, after which the detection antibody, a I pglml solution of rabbit polyclonal

antibody against human Ãß.i¿ (Biosource International), diluted in dilution buffer (0.5%

BSA, 0.05% Tween-20 in 10 mM PBS), was applied at 50 ¡lllwell overnight at 4"C.

Secondary antibody was applied as 50 ¡tllwell of a 2000X dilution in dilution buffer after

another 3 washes, and was made up of a biotin-conjugated donkey anti-rabbit antibody

(Jackson), left on for 30 minutes. Plates were washed 3X, after which the enzyme linked

Streptavidin-alkaline phosphatase (Pharmingen) was applied as a 1000X dilution in

dilution buffer. After a final 3 washes, one p-nitrophenyl phosphate tablet (Sigma) was

dissolved in 5 mL of substrate buffer (0.5 mM MgCl2'6H20, 10% diethanolamine,

pH:9.8) and 50 ¡tllwell of the solution was added. After 30-60 minutes, colorimetric
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readout v/as measured at a wavelength of 405 nM and background subtracted at 620 nM

on a Molecular Devices adsorbance reader using Softmax Pro Version 4.0 software.

Statistical Analysis

Data were analyzed by unpaired t-test with Welch correction for populations with

different standard deviations or one-way ANOVA using GraphPad Prism, version 3.02

(San Diego, CA). Differences were considered signif,rcant at p<0.05.

4.4 Results

4.4a Calcium Released from Caffeine-Sensitive Stores is

Increased in TgCRND-8 Neurons.

In order to determine the functional consequences of increased levels of RyR in

APP-Tg mice, we measured intracellular calcium ([Ca2*]¡) levels following exposure to

caffeine, an agent that induces release of calcium from ryanodine-sensitive stores

(caffeine induced calcium release), in APP-Tg primary neurons as well as APP-non-Tg

neurons. In the presence of normal levels of extracellular calcium (2 mM), APP-Tg

neurons had an elevated, though not statistically signifi cant, lCt+]i response to caffeine

compared to littermate controls (Figure 8).
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Figure 8. Calcium response to caffeine is enhanced in primary cortÍcal neurons of
APP-Tg mice compared to littermate controls. A. Recording of average intracellular
calcium responses of APP-Tg and APP-non-Tg neurons to 20 mM caffeine. Arrow
indicates application of caffeine. B. Average change in intracellular calcium levels of
neurons after the addition of caffeine. Values are the mean + S.E. (n:3, with 3 wells
imaged from each culture and 6-14 neurons imaged per well). # p.0.t using an unpaired

t-test with Welch correction.

To prove that the neuronal response to caffeine was specific to RyR, we blocked

this response with a RyR specific antagonist. Originally, we used the plant alkaloid and

known RyR antagonist, ryanodine (Dajas-Bailador et al., 2002). However, when we

applied 20 pM ryanodine to our cells it caused an increase in intracellular calcium levels

(Figure 9A). This was not completely surprising, as ryanodine is known to be a RyR

agonist at lower levels and a RyR antagonist at higher concentrations (Mattson et al.,
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2000). Next, we added 5 pM ruthenium red, also a documented RyR antagonist (Ma,

1993; Meszaros and Volpe, 1991). However, the result was the same (Figure 9A). Upon

review of the literature, this result was also not without precedence, as Velasco and Tapia

(2000) found that ruthenium red causes elevation of both basal intracellular calcium and

maximal levels after depolarization, as found in rat cortical neuronal cultures, possibly

due to its mitochondrial calcium uniporter blocking actions (Gunter et al., 1998), its

blocking of ER calcium reuptake (Meszaros and Volpe, 1991), or stimulation of L-type

calcium channels which are not susceptible to the blocking actions of ruthenium red

(Velasco and Tapia,2000). Our third attempt at an ER blocking agent was dantrolene.

Again, intracellular calcium levels were increased in neurons from APP-Tg mice (Figure

9A). Finally, we used procain, a drug that blocks not only RyR (Querfurth et a1.,1997),

but also sodium channels (Vijverberg andLazdunski, 1984). Procain blocked caffeine

induced calcium release (Figure 9B) without eliciting an increase in intracellular calcium

levels on its own (Figure 9A).
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levels of extracellular calcium. Although not physiologically relevant, it allowed us to

rule out the confounding effects of extracellular calcium. We acknowledge that our

experiments were performed in the presence of nominal extracellular calcium as opposed

to the absence of extracellular calcium because, although we did not add any calcium to

our Locke's buffer, we did not sequester it either, with a calcium chelator such as EGTA.

When we treated APP-Tg and APP-non-Tg neurons with 20 mM caffeine in the presence

of nominal extracellular calcium, the APP-Tg neurons showed a significantly increased

intracellular calcium response compared to their littermate controls (Figure 10).
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4.4b Ap Production by APP-Tg Neurons is Modulated by

Intracellular Calcium from ER Pools.

Finally, in order to determine the implications of an increased RyR calcium

response in terms of AB production, we sought to determine if AFI-¿2 production was
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modulated by release of calcium from ER pools in APP-Tg primary cortical neurons.

First, in order to determine the specificity of our commercial polyclonal A0l-¿2 antibody

(Jackson), we tested it against increasing concentrations of Aßt-qz and AB¡-as. We found

that the AßLqz antibody specif,rcally reacted with A0r-¿2, and while there was a small non-

specif,rc binding with A0r-¿0, there was very little cross-reaction (Figure 114). Next, in

order to optimize our ELISA and best understand when to test amyloid B levels, we

determined AB production in APP-Tg cultures out to 7 days post-plating. We found that

Aßuz levels by our APP-Tg cultures reached a peak of -300pg/ml of Alt-qz in the

supernatant of the primary cortical culture on day 4 post-plating (Figure 118).

As a last characteúzation of our cultures, we determined the levels of A0 in APP-

Tg cultures, and compared them to APP-non-Tg cultures. We found that APP-Tg

cultures produced -300pg/ml of A.ß¡+z and that APP-non-Tg cultures produced an

almost negligible amount of AB¡-a2, with the slight amount detected possibly due to non-

specific antibody binding (Figure 11C).
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Figure 11. Apr42 production of APP-Tg cultures is highest 4 days post-plating. A. AÞ'-oz

antibody reacts specifically with AB1a2. See methods for details. The AFr-+z^antibody specifically
reacts with 49,-0, $2:0.97) and does not cross react with AFr.o (12=0.57). 12 determined by linear
regression analysis. B. AF,-4, production in primary cortical neurons was determined by taking

extracellular supernatants and quantif,ing Aþr-+z levels by ELISA. Points are an average of 3

cultures (n:3) run in triplicate. C. APP-Tg cortical cultures produce detectable levels of AB while
APP-non-Tg culfures do not. Supernatants were taken from neuronal cultures 4 days post-

plating. Data analyzed by ELISA and values are the mean * S.E.(n:3, done in triplicate).
r'x*p<0.001 using an unpaired two-tailed t-test with Welch correction.
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In order to ascertain what effect differences in intracellular calcium concentration

had on Ap production, we treated our APP-Tg neurons with dantrolene, a blocker of ER

calcium release and therefore a drug that would decrease intracellular calcium,

thapsigargin, a blocker of ER reuptake of calcium (specifically via irreversible SERCA

pump inhibition) and therefore a drug that would increase intracellular calcium, and

procain, a drug that blocks release of calcium via RyR mediated stores. We treated

cultures for 4 hours because Nguyen et al. (2002) found significant cell death in SH-

SY5Y neuronal cells using a concentration of 100 nM of thapsigargin, even at 24 hours. .

After 4 hour treatment in our cells, we found no change in cell viability for any treatment,

as judged by 5 minute treatment of l%o trypan blue (in PBS) exclusion dye stain,

following removal of cell culture media (blue cells indicated loss of cell viability, dafa

not shown). Treatment of primary cortical neurons with 0.1% DMSO, a control for

dantrolene and thapsigargin which were made up in DMSO, did not significantly change

A0levels. Treatment of APP-Tg neurons for 4 hours with 1 ¡rM dantrolene, slightly and

non-significantly decreased Ap production (Figure \2). 100 nM thapsigargin also

decreased AB production, although non-significantly (Figure 12). This finding should not

be a complete surprise, however, as it has been reported that at low concentrations (10

nM) thapsigargin stimulates Ap production, while at higher concentrations (20 nM) it

decreases AB production (Buxbaum et aL, 1994). Treatment of neurons with both

thapsigargin and dantrolene further, yet non-significantly, decreased AP production

(Figure 12). Finally, treatment with 2 mM procain significantly decreased A0 production
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(Figure 12) suggesting that release of calcium from procaine-sensitive stores plays a

prominent role in Ap production.

These findings suggest that a major consequence of the dysregulation of

intracellular calcium via RyR regulated stores may be altered levels of extracellular AB

production.
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Figure 12. Intracellular calcium levels affect Ap production from APP-Tg primary
culture neurons. Primary cortical neurons were treated 4 days post plating for 4 hours.

AB levels were determined by ELISA. DMSO did not significantly alter Ap levels (data

not shown). I pM dantrolene, and 100 nM thapsigargin, were made up in DMSO and

were statistically compared to DMSO. 2 mM procain was made in Locke's buffer and

therefore was compared to APP-Tg. Values are the mean + S.E. (n:3, done in triplicate).
*p<0.05 using a one-way ANOVA with Student-Newman-Keuls Multiple Comparisons
Test.
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4.5 Discussion

'We found that APP-Tg cortical neurons had an increased intracellular calcium

response to 20 mM caffeine compared to cultures from littermate controls. This finding

is an extension of the findings of Chan et al. (2000) that PSl knock/in mice had an

increased intracellular response to caffeine, as well as increased levels of RyR. Because

intracellular calcium homeostasis is critical for the day to day functions of the cell

(LaFerla, 2002) as well as learning, memory and cell viability (Chan et al., 2000; Mattson

et al., 2000; Rose and Konnerth, 2001), the finding that these neurons have increased

levels of RyR and therefore an increase in calcium release from RyR mediated stores may

have many implications, including, as discussed previously, a contribution to defects in

LTP by increased RyR3 levels and therefore the learning and memory deficiencies found

in these mice. Another implication might be an upregulation of the unfolded protein

response (UPR). The UPR may be triggered by biochemical stress as well as by

disturbance in the ER calcium homeostasis, and is characterized by an activation of the

expression of ER resident chaperones (mainly glucose related proteins [grp's]) and by

overall suppression of protein synthesis (Verkhratsky and Petersen, 2002). Because

Aßt-¿z has well documented ionophore-like properties (Engstrom et al., 1995), its

accumulation within the ER may increase calcium leakage from the lumen, leading to ER

calcium depletion. Indeed, ER stress and ER calcium depletion in Alzheimer's disease

may be even further exaggerated by additional calcium leaks through RyR (Verkhratsky

and Petersen,2002).
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A hypothesis that has been around for a few years concerning the effects of

calcium and AB suggests that disruption in calcium homeostasis augments AB formation,

hyperphosphorylation of tau protein and neuronal cell death. There is considerable

evidence to support this scenario in that increases in intracellular calcium from

extracellular stores (Querfurth and Selkoe,1994), RyR-stores (Querfurth et al.,1997) or

other capacitative calcium entry mechanisms (Yoo et al., 2000) augment Ap production.

Further, chelating of intracellular calcium with BAPTA-AM, and treatment with

dantrolene to block ER calcium release prevented reactive oxygen intermediate

formation, depolarization of mitochondrial membranes, and apoptosis in neurons

expressing mutant PSl (Guo et al., 1998; Keller et al., 1998). We now lend support to

this hypothesis by our findings that blocking release of calcium through RyR mediated

stores by way of the RyR antagonist procain, decreases AB production by APP-Tg

primary culture neurons. This furthers earlier results that blocking release of calcium

from intracellular stores or blocking entry of extracellular calcium protects neurons that

have a disruption in APP processing (LaFerla, 2002; Mattson et al., 2001). However,

although the RyR antagonistic properties of procain have been documented (Querfurth et

aI., 1997), procain is also known to be a sodium channel inhibitor (Vijverberg and

Lazdunski, 1984), the confounding effects of which are not immediately apparent. With

the knowledge that voltage-operated calcium channels (VOCs) are important plasma-

membrane ion channels that are activated by membrane depolarization, such as sodium

channel activation, and VOCs are responsible for some of the calcium-induced-calcium

release that opens RyR channels (Benidge et a1.,2000), one may postulate that procain

may have multiple effects on [Ca2*]i, and thus Ap production, resulting from blockade of
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both RyR and sodium channels. Unfortunately, very little has been done to characterize

the involvement of sodium channels in amyloid p production and thus the confounding

effects of procain are not yet discernable. One way in which to determine the

involvement of sodium channels would be to use highly selective sodium channel

inhibitors such as puffer fish toxin - these studies are currently being conducted in our

laboratory.

Our observations combined with observations from AD clinical specimens

showing that ryanodine binding is increased in hippocampal brain specimens from AD

patients with early cognitive decline (Kelliher et aL,1999) have helped us understand the

role RyRs play in AD pathogenesis.

5. Conclusions

Our results showed that Ap increased RyR types 1 and 3 levels in primary cortical

neurons from C57816 and APP-non-Tg mice, and that primary cortical neurons from

APP-Tg mice, a mouse model of AD, have endogenously higher levels of RyR types 1

and 3 mRNA and protein than their littermates. Not surprisingly, our calcium imaging

studies showed that this increase in RyR levels in APP-Tg mice led to an increase in

release of calcium through RyR mediated stores. The implications of an increased

release of calcium through RyR mediated stores, and thus an increased [Ca2*]i are

widespread. Calcium is an ubiquitous intracellular second messenger and has significant

cross-talk with other cellular signalling pathways, including: cyclic AMP (cAMP), nitric
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oxide, phosphatidylinositol-3-OH kinase (PI3K), and mitogen-activated protein kinase

(MAPK) (Berridge et al., 2000). Thus, calcium fluctuations control at least in part,

cellular functions as diverse as differentiation, cellular proliferation, and apoptosis

(Benidge et al., 2000). Indeed, calcium and apoptosis or programmed cell death are

inextricably linked. Calcium controls in part, the expression of many apoptotic signalling

components, and is also important in the induction of apoptosis in response to various

pathological conditions, often integral to the interplay between the mitochondria and the

ER (Berridge et al., 2000). This is very important in a disease such as AD, where

behavioural changes in patients are associated with the death of both neurons and loss of

synaptic activity (Jolas et a1.,2002). With this in mind, a comment should be made on

our mouse model of AD, that is, the TgCRND-8 mice. Although the CRND-8 mouse line

was designed to mimic the pathological hallmarks of AD and recapitulate the disease

process culminating in the deposition of amyloid peptides in brain in a manner consistent

with the plaque depositions seen in human brain(Jolas et a1.,2002), CRND-8 mice do not

show significant neuronal cell loss. Indeed, of the many mouse models made to represent

AD (approximately 15 exist currently), only the APP23 line has consistently shown any

signif,rcant loss of neurons related to plaque burden (Calhoun et al., 1998). Thus,

although the CRND-8 mice aÍe a good model of AD in many respects, there are

limitations.

Finally, AB production of APP-Tg mice was found to be decreased if calcium

release through RyR mediated stores was blocked. These findings suggest a feed-

forward cycle in which AÉ acts on neurons, causing them to produce increased levels of

RyR, which translates into an increase in intracellular calcium levels, augmenting AB
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production (see Figure 13). They also suggestthat a major consequence of the increased

levels of the extracellular AB found in AD brain may be dysregulation of intracellular

calcium via RyR regulated stores.
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Figure 13. Putative model of involvement of intracellular calcium in AD. AB acts on
the cell causing an increase in RyR mRNA and protein levels. Increased RyR protein
levels enable increased amounts of calcium into the cytosol upon stimulation. Increased

intracellular calcium levels augment AB production. Increased AB outside the cell
increases the amount of AB that can act upon the cell, thus setting up the feed-forward

cycle. How AB causes an increase in gene expression is not yet known, therefore there

is a (?) where AB interacts with the neuron.
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6. Future Directions

6.1 Transcriptional Regulation of Ryanodine Receptors

Because very little is known about the transcriptional regulation of RyR, it would

be a logical extension of our work to determine the chief signaling events that are

involved in AB-induced expression of RyR. Although one published study in the

literature indicated that RyR transcription in neurons is independent of changes in

intracellular calcium concentrations (Genazzani et al., 1999), our experiments have

clearly indicated that intracellular calcium levels are important in the regulation of RyR

gene expression, as treatment with 1 pM A0r-¿2 increased RyR type 3 gene expression in

C57Bl6 primary cortical neurons but the increased gene expression could be blocked by I

¡,lM dantrolene (data not shown). Analysis of the promoter regions of RyRl or RyR2 has

identified several SP-l binding sites and determined that initiation of transcription was

approximately 130 bases upstream of the ATG (Shoshan-Barmatz, 1998). A few studies

have shown that RyR gene expression is regulated by TGF-B (Giannini et a1., 1992;

Kimura et al., 1997; Neylon et al., 1994) although the signaling events involved in this

process are unclear.

To further our results a determination of the cell signalling pathways responsible

for RyR gene expression would be valuable. Preliminary experiments conducted in our

laboratory have indicated that the elevated RyRl and RyR3 gene expression in PC12 and

primary cortical neurons induced by Aþt-qz is dependent on Jun amino-terminal kinase

(JNK) (in progress not shown). Indeed, others have reported that AÉ activates JNK in
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primary mouse cortical neurons and that AB-induced neurotoxicity is mediated through

JNK (Savage et al., 2002; Shoji et a1.,2000; Wei et a1.,2002), although these studies did

not implicate a role for intracellular calcium. Known JNK pathway effectors include

NFAT4, NFATcl, ATF-2 and c-Jun and thus they are first cell signalling molecules that

should be looked at. Because JNK activation is MAPK dependent (Savage et a1.,2002;

Seger and Krebs, 1995), by inhibiting MAPllextracellular signal-regulated protein

kinase (MEK) with the selective inhibitor PD 98059 we would be able to determine the

extent to which JNK is involved in RyR transcription. We anticipate that blockade of the

MAPK pathway would inhibit JNK activation and RyRl gene expression. Finally,

because our experiments indicated that release of calcium from intracellular ER stores

elevated RyR gene expression, looking at transcription factors that are regulated by high

intracellular calcium levels including CREB and CAM Kinase would also be logical.

Extension of Calcium Imaging

To further our calcium imaging results, and increase the relevance of our findings,

important experiments to do would include treating APP-non-Tg cells that had been

previously treated with extracellular A0 with caffeine in order to determine if they had

the same intracellular response as APP-Tg neurons. Indeed, preliminary experiments

have shown that A0 pretreated APP-non-Tg neurons have a significantly higher

intracellular calcium response to caffeine than APP-non-Tg neurons but do not

significantly differ from APP-Tg neurons (not shown). Another helpful set of

experiments would include treating neurons with other activators of intracellular calcium

6.2
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(e.g. glutamate, bradykinin) to see if the intracellular response to them is also

signif,rcantly altered. In this way v/e could further determine the extent to which a) APP-

Tg neurons have altered intracellular responses to activators of intracellular calcium, and

b) the extent to which these altered responses are induced by extracellular AB by doing

the A0 treated APP-non-Tg neuronal controls.

6.3 Extension of ELISA

Another important extension to the work described here would be to expand on

the ELISA experiments and determine the extent to which release of calcium from the ER

regulates AB production. Treating CRND-8 primary cortical neurons with the RyR

blocker ruthenium red, or high levels of ryanodine to lock RyR channels in an open state,

stimulating cells with caffeine to sensitize RyR channels to intracellular calcium and

enhance calcium release, and treating the cells with caffeine in the presence of the

SERCA inhibitor thapsigargin to ensure a complete exhaustion of calcium from ER stores

would help to determine if calcium release from RyR regulated stores facilitates AB

production. Concomitantly, to determine the involvement of IP¡ pools of calcium in A0

production, I would treat the cells with increasing concentrations of bradykinin and

carbachol and to see if increases in AB are observed, and then further clariff the

specificity of action by adding the cell-permeable blocker of IP3 regulated calcium pools,

xestospongin. Finally, in order to ensure that intracellular calcium pools (in particular
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RyR stores) direct AB production, experiments should also be conducted in the absence

of extracellular calcium.
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