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Abbreviations 

 
Ab  antibody 
Aβ  amyloid β 
AD  Alzheimer's Disease 
ADAM a disintegrin and metalloproteinase 
Aeq  aequorin 
AICD  APP intracellular domain 
AM  acetoxymethyl 
AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
APH-1  anterior pharynx-defective-1 
ApoE  apolipoprotein E 
APP  Amyloid Precursor Protein 
BACE  β-site APP cleaving enzyme 
BSA  bovine serum albumine 
CALHM1 calcium homeostasis modulator 1 
CaM  calmodulin 
Casp  caspase 
Cdk5  cyclin-dependent kinase-5 
cDNA  complementary DNA 
CFP  cyan fluorescent protein 
CPA  cyclopiazonic acid 
CTF  C-terminal fragment 
CRAC  Ca2+ release-activated channel 
CWP  cotton wool plaques 
DKO  double knock-out 
DMEM Dulbecco’s modified Eagle medium 
DREAM downstream regulatory-element antagonist modulator 
ER  endoplasmic reticulum 
FAD  Familial Alzheimer's Disease 
FCS  foetal calf serum 
FRET  fluorescence resonance energy transfer 
FTDP-17 Fronto-Temporal Dementia with Parkinsonism 
GFP  green fluorescent protein 
GRB2  growth factor receptor-bound protein 2 
GSK-3β glycogen synthase kinase-3β 
ICD  intracellular domain 
i-Clip  intramembrane cleaving protease 
IP3  inositol-1,4,5-triphosphate 
IP3R  inositol-1,4,5-triphosphate receptors 
KChIP3 potassium channel α-subunit interacting protein 
LDLR  low-density lipoprotein receptor 
LTD  long-term depression 



4 

 

LTP  long-term potentiation 
MEF  murine embryonic fibroblast 
mKRB  modified Krebs–Ringer buffer 
MTP  mitochondrial permeability transition pore 
MW  molecular weight 
NCX  Na+/Ca2+ exchanger 
NFT  neurofibrillary tangles 
NICD  Notch intracellular domain 
NMDA N-methyl-D-aspartate 
NTF  N-terminal fragment 
PEN-2  presenilin enhancer-2 
PHF  paired helical filaments 
PLB  phospholamban 
PLC  phospholipase C 
PM  plasma membrane 
PMCA  plasma membrane Ca2+ ATPase 
PrPC  cellular prion protein 
PS  presenilin 
PS1  presenilin-1 
PS2  presenilin-2 
R  ratio 
RACC  receptor-activated Ca2+ channel 
RIP  regulated intramembrane proteolysis 
RyR  ryanodine receptor 
SERCA sarco-endoplasmic reticulum Ca2+-ATPase 
siRNA  small interfering RNA 
SLN  sarcolipin 
SOCC  store-operated Ca2+ channel 
SOCE  store-operated Ca2+ entry 
SORL1 sortilin-related receptor 
SPCA  secretory-pathway Ca2+ ATPase 
SR  sarcoplasmic reticulum 
STIM  stromal interaction molecule 
TGN  trans-Golgi network 
TMD  transmembrane domain 
TRPC  Transient receptor potential channel 
UV  ultraviolet 
Vmax  maximal uptake rate 
VOCC  voltage-operated Ca2+ channel 
wt  wild-type 
YFP  yellow fluorescent protein 
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Summary 
 

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder and the most 
common form of senile dementia. The characteristic histopathological hallmarks of AD 
are the intracellular neurofibrillary tangles and the amyloid plaques, made of aggregated 

amyloid peptides (Aβ), that deposit in the extracellular matrix of the brain. Aβ peptides 

are the result of two sequential cleavages of the amyloid precursor protein (APP); Aβ is 

eventually released by the γ-secretase enzyme. The most abundant Aβ peptide species, 

both physiologically produced throughout life, are Aβ40 and Aβ42, which is more insoluble 
and aggregation-prone. 
Although most AD cases are sporadic, a small percentage of patients is affected by the 
hereditary form of AD (Familial Alzheimer’s Disease, FAD), caused by dominant 
mutations in one of three genes. These genes code for the APP, presenilin-1 (PS1) and 
presenilin-2 (PS2); PSs are the catalytic subunits of the γ-secretase enzyme complex. 

FAD-linked mutations in PSs lead to an increased Aβ42/Aβ40 ratio, that promotes Aβ 

plaques deposition. Beside this effect on Aβ production, many mutations in PS1 and PS2 
have been extensively demonstrated to cause alterations in the intracellular Ca2+ 
homeostasis, thus making neurons more sensitive to excitotoxic stimuli and apoptosis. 
Nevertheless, the effects and the mechanisms of this interference in the Ca2+ balance are 
still unclear and under intense investigation. For a long time, the most popular hypothesis 
has been the “Ca2+ overload” hypothesis, which claims that mutated PSs give rise to 
exaggerated Ca2+ responses upon stimulation, sustained by intracellular stores, and the 
endoplasmic reticulum (ER) in particular, overloaded with Ca2+. However, an increasing 
number of studies has recently began to critically question this hypothesis and different 
possible targets of PSs action have been proposed. 
Previous works from our laboratory showed that a number of FAD-linked PS1 and PS2 
mutants reduce the ER Ca2+ content; starting from this evidence, we investigated the 
mechanism(s) leading to this effect. 
The SERCA-2 pump was identified as the most likely target of FAD-linked PS2-T122R 
action and indeed the two protein interact, as co-immunoprecipitation assays 
demonstrated. PS2-T122R was shown to impair the pump activity by decreasing its 
maximal Ca2+ uptake rate, while leaving its protein level unaltered. Interestingly, similar 
results were obtained with wild-type (wt) PS2: transient expression of wt PS2 in a PSs null 
background led to a lower steady-state ER Ca2+ concentration and a slower ER Ca2+ 
uptake rate. Consistently with this observation, knocking down the endogenous PS2 level 
by small interefering RNAs increased both parameters. These results suggest a 
physiological role for PS2 in regulating intracellular Ca2+ handling, acting as a brake for 
the SERCA pumps. Finally, over-expression of SERCA-2B together with PS2-T122R 
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rescued the ER Ca2+ content and the pump uptake rate at the respective values observed in 
control cells. 
A long-term goal of the project is studying intracellular Ca2+ dynamics, both in vitro and 
in vivo, in the brain of AD mouse models based on APP and FAD-linked PS mutants, 
through single cell live Ca2+ imaging experiments with FRET-based cameleon Ca2+ 
probes. Thus, the second part of this work has been dedicated to a preliminary set up of 
the suitable experimental conditions to be employed with two cameleon sensors 
genetically targeted to the lumen of the ER and the Golgi apparatus. While the results 
obtained with the ER-targeted cameleon probe matched those previously obtained with an 
ER-targeted aequorin probe, an unexpected result was obtained with a novel cameleon 
localized to a specific sub-compartment of the Golgi apparatus. This new sensor helped us 
to better define the mechanism of action of PS2-T122R, showing that it selectively acts on 
SERCA-2 but not on SPCA-1 pumps. 
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Riassunto 
 
La malattia di Alzheimer (Alzheimer’s Disease, AD) è una patologia neurodegenerativa 
progressia e rappresenta la forma più comune di demenza senile. Le caratteristiche 
istopatologiche dell’AD sono le fibrille intraneuronali e le placche amiloidi, formate da 

aggregati di peptidi amiloidi (Aβ), che si depositano nella matrice extracellulare del 

cervello. I peptidi Aβ sono il prodotto di due tagli sequenziali della proteina precursore 
dell’amiloide (amyloid precursor protein, APP). L’ultimo taglio proteolitico di APP, che 

porta al rilascio degli Aβ nella matrice extracellulare, è opera dell’enzima γ-secretasi. Le 

forme più abbondanti di peptidi Aβ, entrambe fisiologicamente prodotte nel corso della 

vita, sono Aβ40 e Aβ42, che è più insolubile e incline ad aggregare. 
Sebbene la maggioranza dei casi di AD sia di origine sporadica, una piccola percentuale di 
pazienti è affetta dalla forma ereditaria di AD (Familial Alzheimer’s Disease, FAD), 
causata da mutazioni dominanti in uno dei tre geni che codificano per l’APP, per la 
presenilina-1 (PS1) e la presenilina-2 PS2). Le preseniline (PSs) sono le subunità 
catalitiche del complesso enzimatico della γ-secretasi. Mutazioni associate a FAD nelle 

PSs portano ad un aumento del rapporto Aβ40/Aβ42, che favorisce il depositarsi delle 
placche amiloidi. Oltre a questo effetto sulla produzione di Ab, è stato ampiamente 
dimostrato che molte mutazioni nelle PS1 e PS2 causano alterazioni nell’omeostasi 
intracellulare del Ca2+, rendendo così i neuroni più sensibili a stimoli eccitotossici e 
all’apoptosi. Ciò nonostante, gli effetti e i meccanismi di questa interferenza nel normale 
equilibrio intracellulare del Ca2+ sono ancora poco chiari e oggetto di intensa indagine. A 
lungo, l’ipotesi più popolare è stata l’ipotesi del “sovraccarico di Ca2+”, la quale afferma 
che le PSs mutate danno origine a esagerate risposte Ca2+ in seguito a stimolazione, 
sostenute da depositi intracellulari (in particolare, il reticolo endoplasmatico, ER) 
sovraccarichi di Ca2+. Tuttavia, un crescente numero di studi ha di recente iniziato a 
mettere in discussione questa ipotesi e diversi possibili bersagli dell’azione delle PSs sono 
stati proposti. 
Studi precedenti condotti nel nostro laboratorio hanno mostrato che un certo numero di 
PS1 e PS2 mutate associate a FAD riducono il contenuto di Ca2+ dell’ER; partendo da 
queste osservazioni, abbiamo indagato il/i meccanismo/i alla base di questo effetto. 
La pompa SERCA-2 è stata identificata come il bersaglio più probabile dell’azione della 
mutazione associata a FAD T122R nella PS2 (PS2-T122R) e infatti le due proteine, 
SERCA-2 e PS2-T122R, interagiscono, come dimostrato da esperimenti di co-
immunoprecipitazione. E’ stato dimostrato che la PS2-T122R danneggia l’attività della 
pompa riducendo la sua velocità massima di trasporto, mentre il livello della proteina 
rimane inalterato. E’ interessante notare, inoltre, che risultati simili sono stati ottenuti con 
la PS2 non mutata (wild-type, wt): l’espressione transiente della PS2 wt in un modello 
cellulare privo di PSs ha avuto come conseguenze un abbassamento della concentrazione 
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di Ca2+ nell’ER all’equilibrio e un rallentamento della velocità di importo del Ca2+ 
nell’ER. Coerentemente con questa osservazione, l’abbattimento dell’espressione della 
PS2 endogena mediante la tecnica di RNA interference ha portato ad un incremento di 
entrambi questi parametri. Questi risultati suggeriscono un ruolo fisiologico della PS2 
nella regolazione intracellulare del Ca2+; la PS2 agirebbe come un freno per le pompe 
SERCA. Infine, la sovra-espressione della SERCA-2B assieme alla PS2-T122R ha 
permesso di riportare i valori del contenuto di Ca2+ nell’ER e della velocità della pompa ai 
valori di controllo. 
Uno degli obiettivi a lungo termine di questo progetto è studiare le dinamiche 
intracellulari del Ca2+, sia in vivo che in vitro, nel cervello di topi transgenici usati come 
modello di AD, in quanto basati su mutazioni nell’APP e in PS associate a FAD. 
L’approccio scelto è monitorare le variazioni di Ca2+ in singola cellula attraverso sonde 
per il Ca2+ basate su FRET, i cameleons. Pertanto, la seconda parte di questo lavoro è stata 
dedicata alla messa a punto preliminare delle condizioni sperimentali più adatte da 
adottare con due sonde cameleons, geneticamente indirizzate nel lume dell’ER e 
dell’apparato di Golgi. Mentre i risultati ottenuti con il cameleon indirizzato all’ER 
corrispondono a quelli ottenuti in precedenza con un’equorina indirizzata all’ER, un 
risultato inaspettato è emerso utilizzando un nuovo cameleon localizzato in uno specifico 
compartimento del Golgi. Questa nuova sonda ci ha aiutato a definire meglio il 
meccanismo di azione della PS2-T122R, mostrando che agisce selettivamente sulle pompe 
SERCA-2 ma non sulle pompe SPCA1. 
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Introduction 
 
1. Alzheimer’s Disease 
 
Alzheimer’s Disease (AD) is a slow, progressive neurodegenerative disorder and accounts 
for about 60-70% of all cases of senile dementia. Most of the AD cases are ‘sporadic’, 
with a disease onset after the age of 65 years (late-onset AD). AD phenotype is the result 
of the degeneration and shrinkage of brain regions involved in learning and memory, in 
particular the frontal cortex, the temporal lobes and the hippocampus; memory loss, 
agitation, wandering and sleeping disorders are the most frequent symptoms. As the 
disease gets worse, locomotion, speech and the ability to recognize people and everyday 
objects are completely lost. 
The characteristic histopathological hallmarks of AD are extracellular senile plaques, 

made up mainly of Aβ peptides, and intracellular neurofibrillary tangles (NFT), made up 
of hyperphosphorylated tau proteins. 
 

 
Figure 1.1. Magnetic Resonance Imaging of an AD brain (left) and of an age-matched healthy brain (right). 

 

Tau 
Tau is a microtubule-associated protein of about 55 kDa that stabilizes the cytoskeleton, 
constantly undergoing phosphorylation and dephosphorylation. Tau is highly expressed in 
adult human brain, where six different isoforms are produced from a single gene by 
alternative splicing. These isoforms present a tandem of either three or four tubulin-
binding domains in the C-terminal region. All six isoforms can be phosphorylated through 

the action of several kinases, including glycogen synthase kinase-3β (GSK-3β), cyclin-
dependent kinase-5 (Cdk5) and other tau kinases (Alvarez et al., 1999; Lucas et al., 2001). 
In normal ageing, AD and other neurodegenerative diseases, natively unfolded tau 
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becomes hyperphosphorylated and folds into a β conformation, forming abnormal 
filaments which become the paired helical filaments of NFT and neuritic infiltrates in 
plaques (Mandelkow et al, 2007). 
In AD, tau neurotoxicity is, at least in part, due to an increase in the phosphorylation of all 
six isoforms; hyperphosphorylation leads to reduced microtubule binding, destabilization 
of the cytoskeleton, reduced axonal transport (Stoothoff and Johnson, 2005) and insoluble 
intracellular fibril formation (Augustinack et al., 2002), thus impairing synaptic functions 
and eventually causing neuronal death. Once a neuron dies NFT can persist in an 
extracellular (or ghost) form due to their intense hyperphosphorylation and insolubility 
(Iqbal et al., 2008). Recently, it has been pointed out that soluble tau is more toxic to 
neurons than aggregated, paired helical filament forms (Gomez-Ramos et al., 2006). 
Hyperphosphorylated tau can exist as soluble oligomeric aggregates that are considered as 
the toxic species (Iqbal et al., 2008). In AD, neuronal loss occurs in brain regions 
depositing tau fibrils (Wyss-Coray, 2006). 
NFT formation can be divided in six stages, with four of these stages occurring prior to the 
development of dementia. NFT stages I/II occur in the entorhinal region, stages III/IV 
infiltrate into limbic regions and stages V/VI include the neocortex. These three groups 
correspond respectively to normal cognition, some cognitive impairment and frank 
dementia (Braak and Braak, 1991). 
Neurofibrillary tangles are not an exclusive marker of AD: they also feature in other 
neurodegenerative diseases named tauopathies. Among these pathologies, Fronto-
Temporal Dementia with Parkinsonism (FTDP-17), an hereditary disease associated to 
numerous tau mutations, is characterized, at cellular level, by deposition of paired helical 
filaments (PHF, Kidd, 1963) of hyperphosphorylated tau (Hutton et al., 1998). 
 

Senile plaques 
Senile plaques are proteic aggregates that deposit in the extracellular space of the brain of 
AD patients. The main component of these plaques are the amyloid β peptides (Aβ). 
These peptides are protein fragments of around 40 amino acids and the most common 
forms are Aβ40 and Aβ42. They are all released in the extracellular space from the Amyloid 

Precursor Protein (APP) after two sequential cleavages (see paragraph “APP and Aβ”, p. 
12). 
Aβ40 and Aβ42 exist in different conformational states anywhere from monomers to 
dodecamers or even higher molecular weight complexes. Anything larger than a monomer 
can be referred to as an oligomer. Oligomers may then grow in size and the Aβ42 peptide 

is more inclined to create insoluble fibrils than the Aβ40 form (Bitan et al., 2003). Due to 

their greater aggregation capabilities, longer forms of the Aβ peptides, particularly Aβ42, 
are considered more neurotoxic, although it is the oligomeric rather than the fibrillar 
insoluble amyloid forms which appear most damaging (Walsh et al., 1997 and 2002). 
There is a strong correlation between soluble oligomeric Aβ levels and the extent of 
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synaptic loss and severity of cognitive dysfunction in AD (McLean et al., 1999; Shankar 
et al., 2008). 
Aβ can be toxic in several different ways: it can cause oxidative stress, mitochondrial 
damage, inflammation and it can form pores in the plasma membrane thus causing Ca2+ 
overload (Lin et al., 2001). The suggested Aβ targets are numerous, however it appears 

clear that both intraneuronal and secreted Aβ are responsible of synaptic dysfunction 

(Moreno et al., 2009; Wei et al., 2009). Aβ can also alter tau phosphorylation, cleavage 
and aggregation (De Felice et al., 2008), thus providing a link between the two major 
pathological hallmarks of AD. 
A sub-type of plaques that can also be found in AD brains are neuritic plaques. Neuritic 

plaques are associated with fibrillar Aβ and dystrophic tau-positive neuritis (Benzing et 
al., 1993). These plaques are smaller in size but, in contrast to diffuse plaques (which 
predominantly contain Aβ42), they contain both Aβ40 and Aβ42 peptides. Regions where 
neuritic and cored plaques are commonly found in AD include the middle frontal, superior 
and middle temporal, inferior parietal and entorhinal cortices and the hippocampus. 
 

Aβ cotton wool plaques 
Aβ cotton wool plaques (CWP) are a different type of aggregate deposition that has been 

observed in patients affected by the hereditary form of AD (see chapter 3, p. 23). Aβ CWP 
are most often observed in presenilin-1 (PS1) mutation (Dumanchin et al., 2006). They 
occur in addition to the diffuse, neuritic and cored AD plaque types, and have been noted 
infrequently in sporadic AD (Le et al., 2001). Cotton wool plaques have several 
characteristic features: they are larger than most diffuse or neuritic plaques (up to 150 µm 
in diameter), have eosinophilic properties, clearly defined margins and little neuritic or 
inflammatory infiltrate. When immunostained, CWP display strong positivity for Aβ42 and 

weak or little Aβ40 (Uchihara et al., 2003). The typical distribution pattern of CWP 
follows that of neuritic and diffuse plaques in AD (Takao et al., 2002). 
 

 
Figure 1.2. Tissue from the hippocampal region of an AD brain, stained for tau. The triangular shapes are 
neurofibrillary tangles. Amyloid plaques are the round, less dense structures (Washington University School 
of Medicine). 
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AD molecular mechanisms 

Although some atrophy of white matter (less than 0,25% per year) is a normal 
consequence of age, once clinical AD starts, progressive atrophy and neuronal loss speed 
up to ten times faster: mean brain atrophy rates for well-established, clinically diagnosed 
AD are 2,4% per year (Fox et al., 2000). 
Beside the deposition of fibrillary forms of hyperphosphorylated tau, there are other 
possible molecular mechanisms leading to neuronal loss: there is substantial evidence 
demonstrating that at least some cells in sporadic AD die via apoptosis (Stadelmann et al., 
1999), as demonstrated by the observation of typical signs of apoptosis in AD brains, such 
as mitochondrial dysfunction, caspase activity, nuclear abnormalities, DNA damage and 
altered activity of apoptosis-related genes, such as p53 and Bax (Su et al., 1997). 
Also Aβ peptides can trigger apoptosis by inducing oxidative stress and lipid peroxidation, 

which are common features in AD brains (Butterfield et al., 2002). Oligomeric Aβ can 
induced synaptic changes that result in synaptic degradation and remodeling of dendritic 
spines (Lacor et al., 2007; Wei et al., 2009). Such changes are thought to occur prior to the 
complete loss of neurons in AD. 
Alzheimer’s disease is also characterized by a chronic inflammatory response. An 
increased number of activated microglia has been reported associated particularly with 
neuritic plaques (Sheng et al., 1997), even though they inefficiently clear Aβ and degrade 
it extremely slowly (Paresce et al., 1997). Microglial activation recruits astrocytes to clear 

the Aβ deposits and astrocytes in the entorhinal cortex of AD cases have been shown to 

contain Aβ42 in amounts proportionate to the severity of regional AD pathology (Nagele et 
al., 2003). Besides, activated microglia directly produce toxic oxygen species that damage 
neurons (Gahtan and Overnier, 1999). Nonetheless, in transgenic APP mouse strains in 
which nearly complete ablation of microglia was achieved, amyloid plaque formation and 
amyloid-associated neuritic dystrophy was maintained (Grathwohl et al., 2009). 
 

APP and Aβ 
According to the “amyloid cascade” hypothesis, the key event initiating AD is the 

abnormal processing of APP by the γ-secretase complex (Selkoe, 2002), leading to the 

abnormal accumulation of Aβ peptides. 
The APP molecule is a type I transmembrane glycoprotein that is proteolytically processed 

by two competing pathways, the non-amyloidogenic and amyloidogenic (Aβ forming) 
pathways. Three major secretases are assumed to be involved in the proteolytic cleavage 

of APP. These include α-secretase, β-site APP cleaving enzyme (BACE, formally known 

as β-secretase) and γ-secretase. 
Two members of the ADAM family (a disintegrin and metalloproteinase), ADAM-10 and 
ADAM-17 (or TACE), have been shown to display α-secretase activity (Buxbaum et al., 
1998; Lammich et al., 1999). BACE was identified as an aspartyl protease and a type I 
membrane protein (Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999). 
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The α-secretase cleaves within the Aβ domain of APP thus preventing the formation of 

Aβ and generating non-amyloidogenic fragments: an N-terminally truncated Aβ fragment, 

called p3, and a secreted form of APP (α-APPs). In the amyloidogenic pathway, BACE 

removes the bulk of the ectodomain of APP, cleaving near the N-terminus of the Aβ 

domain on the APP molecule, releasing another soluble form of APP, β-APPs, and leaves 

behind a small membrane-retained C-terminal fragment (C99) containing the whole Aβ 
domain (Cole and Vassar, 2008). The final step in the amyloidogenic pathway is the 
intramembranous cleavage of the C99 fragment by γ-secretase, releasing the Aβ peptide 
(Verdile et al., 2007). 
Aβ fragments longer than 42 amino acids have been detected; γ-secretase inhibitors 

prevent the production of these fragments, suggesting that the γ-secretase complex itself 

can form them and therefore has multiple, topologically distinct cleavage sites (ε, γ and ζ 
sites) (Weidemann et al., 2002; Zhao et al., 2004; Haass and Selkoe, 2007). The cleavages 
at the individual sites are heterogeneous and give rise to roughly two different product 

lines, Aβ49 (ε) - Aβ46 (ζ) - Aβ43 (γ) - Aβ40 (γ) and Aβ37 (γ), whereas the other product line 

generates Aβ48 (ε) - Aβ45 (ζ) - Aβ42 (γ) - Aβ39 (γ). The current model suggests that the 

cleavage occurs in a stepwise manner, with γ-secretase cutting the APP CTF first at the ε-
site, which is close to the cytoplasmic border of the membrane. This cleavage releases the 
APP intracellular domain (AICD) from the membrane and leaves a long Aβ species in the 

membrane. Further cleavages then occur roughly every third amino acid down the α-

helical transmembrane domain via the ζ- to the γ-site, progressively removing C-terminal 
residues until the peptide is short enough to be released from the membrane (Kakuda et al, 
2006). It is likely that the hydrophobicity of the remaining peptide is then sufficiently 
reduced to facilitate its release into the extracellular medium. 
The consecutive cleavage of APP could provide an explanation for how loss-of-function 
mutations in PS might result in decreased Aβ generation and simultaneous increased 
production of longer Aβ (see paragraph “Presenilin mutations”, p. 26). 
Since the original amyloid-cascade hypothesis for AD was put forward (Hardy & Higgins, 
1992), many modifications and refinements have been proposed. For example, no absolute 
relationship exists between Aβ load in the brain and the clinical manifestation of AD 
symptoms in humans or mice (Price & Morris, 1999). This has led to the concept of 
‘soluble toxic oligomers’ (Lambert et al, 1998). These Aβ oligomers are intermediary 
forms between free soluble Aβs and insoluble amyloid fibers, and seem to be toxic both in 
vitro and in vivo. 
Different Aβ-peptide species contribute to the generation, stability and toxic properties of 
the oligomers. The relative combination of these peptides could be much more important 
than the total load of Aβ in the brain. 

During normal APP processing, the more common α-secretase cleavage occurs. Aβ is 
normally secreted by healthy cells throughout life, but its normal physiological function 

remains largely unknown. Of the two major Aβ species that are being formed, the 40-

amino-acid form (Aβ40) and the 42-amino-acid-long peptide (Aβ42), the latter is the more 
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aggregation-prone form. Under physiological conditions, Aβ40 constitutes about 90% of 

the total amount of Aβ (Van Broeck et al., 2007). 
The physiological role of APP remains unclear. APP binds to the kinesin light chain 
subunit, kinesin-I, thus it is postulated to be involved in the axonal transport in neurons 
(Kamal et al., 2000; Stokin and Goldstein, 2006). It is also likely that APP functions as a 
modulator of intracellular signal transduction. 
 

 
 

Figure 1.3. Schematic representation of APP processing. APP is processed by two competing pathways. In 
the non-amyloidogenic, α-secretase pathway, the sAPPα and C83 fragments are generated, while in the 
amyloidogenic, β-secretase pathway, APP is cleaved into the sAPPβ and C99 fragments. C99 is further 
cleaved by γ-secretase into Aβ and AICD (adapted from Wippold et al., 2008). 
 

2. γ-secretase 
 
Three laboratories independently discovered that Aβ is physiologically produced 
throughout life by a cellular pathway that involves intramembrane proteolysis (Busciglio 
et al., 1993; Shoji et al., 1992; Haass et al., 1992). Thus, APP processing turned out to be 
the first example not only for intramembrane cleavage but also for a cellular pathway now 
termed regulated intramembrane proteolysis (RIP). In 1999, the concept of intramembrane 
cleaving proteases (i-Clips) and of regulated intramembrane proteolysis became 
established (Brown et al, 2000), demonstrating that intramembrane cleavage of proteins is 
a general and biologically widespread mechanism. Although these proteases have widely 
divergent structures and functions, they all bury their catalytic site deeply in their large 
hydrophobic cores. Most recently, crystal structures of some i-Clips have been published, 
providing a first glimpse on how these proteins are capable of catching water and 
performing hydrolysis in the lipid environment of the membrane (Feng et al., 2007). 
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γ-secretase is the founding member of the intramembrane cleaving aspartyl proteases; 

regulated intramembrane proteolysis by γ-secretase describes the sequential processing of 
an increasing number of single-pass transmembrane proteins. The only requirements are 
apparently a type I conformation of the transmembrane domain (amino terminus oriented 
to the extracellular side of the membrane) and a short (<50 aa) ectodomain (Struhl and 
Adachi, 2000). In the first step, the substrate’s bulky ectodomain of 200 and more amino 
acid residues that prevents γ-secretase cleavage is usually removed by membrane bound 
(metallo)-proteases or “sheddases” at the cell surface. In most cases, these enzymes belong 
to the family of the ADAM proteases. After the sheddase’s cleavage, the remaining stub is 
cleaved within its transmembrane domain by intramembrane-cleaving proteases (Wolfe 
and Kopan, 2004). In several cases, the intramembrane cleavage results in the release of 
an intracellular domain (ICD). The polypeptides released at the intracellular side are by 
many authors considered the business ends of the process. 
γ-secretase turned out to be a complicated complex composed of four essential subunits 
(Edbauer et al., 2003): anterior pharynx-defective-1 (APH-1), nicastrin, presenilin 
enhancer-2 (PEN-2) and presenilin (PS), which is the catalytic core. The γ-secretase 
enzyme is a barrel-like integral protein of the lipid bi-layer (Lazarov et al, 2006); despite 
its characteristic intramembrane cleavage, a transient hydrophilic environment for 
catalysis within the lipid membrane must be created. 
Structural studies using electron microscopy recently showed a large spherical structure of 
γ-secretase with the interesting feature of two small central openings, one oriented to the 
extracellular space and the other to the cytosol (Lazarov et al., 2006). These small 
openings might represent exit sites of an internal water-containing cavity for the cleavage 
products. Consistent with a water-containing cavity are two recent studies showing that 
the active-site region in transmembrane domains (TMD) 6 and 7 of presenilins is water-
accessible (Tolia et al, 2006). 
Estimates of the molecular weight (MW) of this complex have been highly divergent (250 
to >2,000 kDa). The different methodologies used might explain these discrepancies, but 
likely this heterogeneity also reflects weak or transient interactions of proteins with the 
complex, since such interactions probably regulate its trafficking and activity. The 
minimum MW estimate of this complex is 250 kDa and equals more or less the sum of the 
MWs of the four components of γ-secretase. However, the interaction between the 

components of the γ-secretase complex is not sufficient to create a macromolecular 

enzyme complex such as γ-secretase (Verdile et al, 2007). Thus, dimer or trimer formation 
must occur within the complex. To date, the only member of the complex that is known to 
undergo this process is PS1. 
γ-secretase activity requires the coexpression of all four components and was not observed 

when either one of the four components was lacking. Moreover, reconstitution of γ-
secretase activity is associated with PS endoproteolysis and is dependent on biologically 
active PS (Kaether et al., 2006). Presenilin contains the two catalytically active aspartate 
residues (Wolfe et al., 1999), which are located within TMD 6 and TMD7. However, this 
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transmembrane protein is not a conventional aspartyl protease, with the typical D(T/S)G 
aspartyl protease active site. The critical PS aspartates were functionally conserved during 
evolution (Leimer et al., 1999). The N-terminal catalytically active site of PS is embedded 
in a conserved YD motif, whereas the C-terminal active-site domain contains the equally 
conserved GxGD motif, which now serves as the family-characterizing name of the 
GxGD-type aspartyl proteases (Haass and Steiner, 2002). 
 

APH-1 
The anterior pharynx-defective-1 (APH-1) protein is a ~20 kDa, 308 amino acid long 7-
transmembrane protein existing in two homologous forms, coded by genes located on 
chromosome 1 and chromosome 15 (aph-1a & aph-1b respectively; (Goutte et al., 2002). 
In addition, as the result of alternate splicing, a long and short isoform of APH-1a, which 
differ in their C-terminus (Lee SF et al., 2002), have also been reported, with the short 
isoform more abundantly expressed in most tissues. Indeed, multiple γ-secretase 
complexes containing APH-1 isoforms are thought to exist (Shirotani et al., 2004). 
Because neither the catalytic subunits PS1 and PS2 nor APH-1a (including splice variants) 
and APH-1b occur in the same complexes, a minimal set of at least six (not taking PS 

splice variants into account) distinct γ-secretase complexes exist in human cells. The γ-
secretase enzyme therefore consists of several distinct complexes depending on the 
respective tissue expression of its core components. 
The APH-1 protein forms a stable and intermediate ~140 kDa complex with nicastrin, 
before binding presenilin. The APH-1-nicastrin sub-complex appears to play a scaffolding 
function in the initial stabilization and assembly of presenilin in the γ-secretase complex 

(LaVoie et al., 2003). APH-1 is also critical for the activity of the fully constructed γ-
secretase complex. It interacts with the other components on the cell surface where it also 
binds the γ-secretase substrate Notch and facilitates its cleavage (Hansson et al., 2005). 
 

Nicastrin 
Nicastrin is a type I transmembrane protein with a 670 amino acid long hydrophilic N-
terminal domain, a transmembrane domain, and a relatively short cytoplasmic C-terminus 
of 20 amino acid residues (Yu et al., 2000). The protein undergoes glycosylation and 
sialylation within the secretory pathway to yield a mature ~150 kDa protein, the largest 
component of the γ-secretase complex (Yang et al., 2002). Nicastrin acts as a scaffold for 
the building of the active complex, and as a possible substrate docking site. In fact, 
nicastrin appears to be involved in the formation of the first sub-complex between itself 
and APH-1. Nicastrin is critical for the correct assembly of the γ-secretase complex within 
the endoplasmic reticulum and the intracellular trafficking of the complex to the cell 
surface (Zhang et al., 2005). Furthermore, nicastrin is essential for the interaction between 

the complex and APP-C99 and thus acts as a receptor for γ-secretase substrates (Shah et 

al., 2005). Nicastrin is believed to identify the free N-terminus of a γ-secretase substrate, 
probably by measuring the length of the ectodomains of type I transmembrane proteins 
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(Shah et al., 2005). The initial recognition of substrates by nicastrin requires the bulk of 
the substrate ectodomain to be removed by shedding. 

PEN-2 
The presenilin enhancer-2 (PEN-2) protein is a ~12 kDa, 101 amino acid long hairpin 
protein, with two transmembrane domains and its N- and C-terminals facing the lumen of 
the endoplasmic reticulum (De Strooper, 2003). PEN-2 has been shown to interact with all 
the three other components of the γ-secretase; without this interaction, PEN-2 undergoes 
degradation, possibly by the proteasome (Bergman et al., 2004). PEN-2 is thought to be 
the last protein incorporated into the γ-secretase complex, through an interaction with PS; 
in fact, trimeric sub-complexes made of the other components have been detected in PEN-
2-lacking cells (Takasugi et al., 2003). Association of PEN-2 to this trimeric assembly 
intermediate triggers the endoproteolytic cleavage of the PS holoprotein. Moreover, PEN-
2 C-terminus has been suggested to act as a ‘‘molecular clamp’’ holding together the PS 
fragments and the whole γ-secretase complex (Prokop et al., 2005). 
 

Presenilins 
Presenilin 1 (PS1) and presenilin 2 (PS2) encode two homologous ~50-kDa polytopic 
membrane proteins, that consist of 9 transmembrane domains (Henricson et al., 2005). 
Both are rapidly endoproteolytically cleaved within the large cytoplasmic loop between 
TMDs 6 and 7, within a short hydrophobic domain that is believed to dive into the 
membrane and it is very likely an autoproteolytic event. An N-terminal and a C-terminal 
fragment (NTF, CTF) are the result of this cleavage. (Thinakaran et al., 1996; Podlisny et 
al., 1997). These fragments are thought to interact with each other. The stoichiometry and 
the nature of the interaction between these fragments remain unclear. It has been shown by 
many studies that they form a heterodimer in mammalian cells (Capell et al., 1998). 
However, there is also evidence that the PS1 fragments can form a tetramer (Cervantes et 
al., 2001). It has yet to be established whether the hypothetical ‘‘core’’ is formed between 
fragments from one PS1 molecule or multiple molecules within the complex. 
Endoproteolysis is required to maximize stable conformation of the two active site 
aspartates in TMD6 and TMD7 of PS and thus allow enzymatic γ-secretase activity 
(Wolfe et al., 1999). 
PS expression is regulated by the presence of the other γ-secretase components, that act as 
limiting factors (Thinakaran et al., 1997). Consistent with this observation, excess PS 
holoprotein that fails to become processed into its stable fragments is rapidly degraded by 
the proteasome (Steiner et al., 1998). 
The PS proteins share an overall homology of 67%, with the highest similarities in the 
predicted transmembrane domains. Nevertheless, several lines of evidence suggest that 
these proteins may have distinct functions. Compared to neuronal cultures isolated from 
PS1 ablated mice, those isolated from PS2 knockout mice exhibit higher Aβ production. 

Evidence to date suggests that PS2 containing complexes have different functions, less γ-

secretase processing power than PS1 containing complexes and are less sensitive to γ-
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secretase inhibitors (Lai et al., 2003). Taken together these findings suggest that PS1 
containing complexes predominate in generating Aβ40 and Aβ42. 

 
 

Figure 2.1. Graphic representation of PS2 structure (from http://www.molgen.ua.ac.be/Admutations/). 
 

Assembly 
The four subunits of γ-secretase assemble into a functional complex in the early 
compartments of the secretory pathway (Kim et al., 2004; Kaether et al., 2006a). 
Nicastrin and APH-1 form an initial assembly intermediate, which stabilizes the PS 
holoprotein. Finally, PEN-2 assembles into this ternary complex and triggers 
endoproteolysis of PS. When assembly is completed, the complex travels to its functional 
sites at the plasma membrane and the late compartments of the secretory pathway. 
Complex formation is tightly regulated and depends on the availability of the individual 
subunits, which is apparently maintained by a balanced expression of the subunits. The 
subunits which are in excess over the others and thus lack their stabilizing partners are 
rapidly degraded. Once assembled into the full complex or into an assembly intermediate, 
the subunits become highly stable. Apart from degradation, it is known that complex 
formation is also regulated by control mechanisms that ensure that only fully assembled 
complexes leave the endoplasmic reticulum (ER), while unassembled subunits are 
retained/retrieved by specific retention/retrieval signals. ER retention/retrieval signals lie 

in two γ-secretase subunits, PS1 and PEN-2. The molecular machinery recognizing these 
signals in mammals is unknown. In yeast, a protein called Rer1p was shown to retrieve 
unassembled subunits of several complexes to the ER. The human orthologue, Rer1, is a 
23-kDa protein with four TMDs; human Rer1 is involved in the retention/retrieval of 
unassembled PEN-2 or nicastrin within the endoplasmic reticulum (Spasic et al., 2007) 
and is a possible auxiliary factor for γ-secretase complex assembly (Kaether et al., 2006b). 

Although quantitation of the four subunits in an active γ-secretase complex suggests a 
1:1:1:1 stoichiometry (Sato et al., 2007), evidence for PS dimerization has also been 
provided (Schroeter et al., 2003). In addition, the complex may contain additive non-
essential regulatory subunits such as TMP21 and CD147 (see paragraph “Accessory 
proteins”, p. 20). 
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Figure 2.2. Temporal sequence of steps leading to γ-secretase complex formation. The earliest interaction 
probably occurs between NCT (green) and APH-1 (blue) in the ER. Then, full-length PS (yellow) bind to 
NCT-APH-1; this event is followed by recruitment of PEN-2 (red), which promotes endoproteolysis and 
stabilisation of the full complex (adapted from Spasic and Annaert, 2008). 
 

Localization 
Soon after the initial identification of PS1, its intracellular localization was determined to 
be mostly in the ER (Kovacs et al., 1996). In contrast, presumed sites of γ-secretase 
activity ranged from the ER to the Golgi, the trans-Golgi network (TGN), secretory 
vesicles, plasma membrane (PM) and endosomes/lysosomes. These observations led to the 
proposal of the ‘spatial paradox’ (Annaert and De Strooper, 1999), that referred to the 
apparent discrepancy in the localization of PS in the ER and the sites of γ-secretase 
activity proposed to be in later compartments of the secretory pathway. 
Only fully assembled complexes leave the ER and reach later compartments of the 
secretory pathway. It has been demonstrated that all four γ-secretase complex components 
are localized in an active form at the PM (Chyung et al., 2005) and in lysosomes, while 
there is no substantial γ-secretase activity in the ER, the Golgi and the TGN. Therefore, γ-
secretase activity is localized to the PM and/or endosomes (Kaether et al., 2006). 
 

Function 
PSs have been implicated in the Notch signalling pathway, which is required for cell 
differentiation during development and adulthood. Notch is a cell surface receptor with 
type I membrane topology, which is processed in a very similar manner like APP. 
Following cleavage of the Notch ectodomain at the cell surface, γ-secretase cleaves the 

resultant C-terminal Notch membrane fragment to release Nβ, an Aβ-like peptide, into the 
extracellular space and the Notch intracellular domain (NICD) into the cytosol (Okochi et 
al., 2002). The NICD translocates to the nucleus, where it functions as a transcriptional 
regulator of target genes required for cell differentiation. Thus, enabling Notch signalling 
is a major function of γ-secretase. 

Notch is apparently the most important physiological substrate of γ-secretase, as genetic 

ablations of PSs and other γ-secretase subunits are associated with severe Notch 
phenotypes (Selkoe and Kopan, 2003). Based on the canonical Notch model for this type 

of signalling, it is usually proposed that the intracellular fragments released by γ-secretase 
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cleavage are involved in nuclear signalling and transcriptional regulation (Haass, 2004). 
Indeed, the fact that intracellular domains become released during this degradation process 
does not necessarily imply that they have also a signalling function. Moreover, most of 
these fragments are degraded very rapidly in the cytoplasm. The i-Clip γ-secretase may 
also fulfill a second and probably more important function: it seems to be required for the 
efficient destruction of membrane-retained protein fragments. This activity has been called 
the “membrane-proteasome” function of γ-secretase. 
 

 
Figure 2.3. Schematic drawing of the interactions between the γ-secretase complex components: presenilin 
(as NTF and CTF subunits; orange and yellow, respectively), nicastrin (bright green), Aph-1 (blue), and 
PEN-2 (red), with the active site inside presenilin at the NTF-CTF interface. Membrane protein stubs 
serving as substrates (pale green) dock both on the outer surface of presenilin at the NTF-CTF interface and 
with the nicastrin ectodomain before entering into the internal active site (from Selkoe and Wolfe, 2007). 
 

Accessory proteins 
TMP21 
The type 1 transmembrane protein termed TMP21 is a member of the p24 cargo-family 
which may have a signalling role in the sorting and transport of proteins from the ER to 
the Golgi. It was shown that TMP21 is a member of the γ-secretase complex as it was 
isolated in a high molecular weight PS complex, interacts with all of the known 
components of the γ-secretase complex and co-localised with the complex components in 
the ER, Golgi and cell surface (Chen et al., 2006). A role has been proposed for TMP21 in 
modulating γ-secretase activity to generate Aβ. This role for TMP21 appears to be 
independent of its role in protein transport. It appears that TMP21 may function to 
regulate intramembrane proteolysis controlling γ-secretase activity and thus preventing the 

over-production of Aβ. 
 
CD147 
CD147, a transmembrane glycoprotein and a member of the immunoglobulin (IgG) 
superfamily of receptors, is involved in many physiological and pathological conditions 
(Muramatsu and Miyauchi, 2003). CD147 was suggested to be an additional, regulatory 
subunit associated to the γ-secretase complex (Zhou et al., 2005). CD147 decreases Aβ 
production without any significant effect on AICD production or Notch cleavage. 
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Immunohistochemistry of brain tissues from AD and control revealed specific up-
regulation of CD147 in neurons, axons and capillaries of AD frontal cortex and thalamus 
(Nahalkova et al., 2009). 
 

Presenilin interacting proteins 
In addition to Aβ generation and Notch signalling, PSs have been implicated in a variety 
of intracellular processes including membrane trafficking, neuronal plasticity, cell 
adhesion, regulation of Ca2+ homeostasis, the unfolded protein response, and apoptosis. 
PS1 has been identified as an element of intercellular junctions together with E-cadherin 

and β-catenin (Georgakopoulos et al., 1999). PS1 was also shown to mediate intercellular 
contacts, act as a scaffold protein for kinases and their substrates. 
Therefore it is not surprising that PSs have a growing list of binding partners, beside those 
in the γ-secretase complex; here are a few examples. 
 
Calsenilin 
Calsenilin is a calcium binding protein, that was first identified through yeast two hybrid 
screening using the PS2 C-terminus as the bait protein (Buxbaum et al., 1998). Calsenilin 
is also called downstream regulatory-element antagonist modulator (DREAM) or 
potassium channel α-subunit interacting protein (KChIP3). The three proteins are the 
products of a single gene, their function being specified by their cellular location. 
Calsenilin may facilitate PS mediated apoptosis, since calsenilin was shown to 
preferentially interact with the C-terminal fragment of PS2 that results from caspase 
cleavage of the PS holoprotein (Choi et al., 2001). The interaction between PS and 
calsenilin may also be involved in ER Ca2+ release (Leissring et al., 2000; Lilliehook et 
al., 2002; Fedrizzi et al., 2008). Calsenilin may also be implicated in APP processing and 
Aβ generation, suggesting that calsenilin has another function, to facilitate γ-secretase 
activity. 
In fact, calsenilin expression was reported to be increased in brain tissues of AD patients 
and over-expression of calsenilin enhanced γ-secretase activity in cells (Jo et al., 2005). 
The histochemical localization of calsenilin and its expression levels in the brains of 
sporadic AD have been investigated. Both messenger RNA and protein expression of 
calsenilin were observed in neurons and reactive astrocytes of the cerebral cortex and 
hippocampus of control brains; a more intense staining was detected in AD brains; this 
increased expression is consistent with the regions that are affected by pathological 
changes caused by AD (Jin et al, 2005). Calsenilin may thus play an important role in 
apoptosis and in AD pathology. 
 
Sorcin 
It has been observed a molecular interaction of the large hydrophilic loop region of PS2 
with sorcin, a cytosolic penta-EF-hand Ca2+-binding protein that serves as a modulator of 
the ryanodine receptor intracellular Ca2+ channel (RyR) (Pack-Chung et al., 2000). The 
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association of endogenous sorcin and PS2 was demonstrated in cultured cells and human 
brain tissues. Sorcin was found to interact with the stable C-terminal endoproteolytic 
fragment of PS2 but not with the immature full-length form, and the sorcin/PS2 
interaction was greatly enhanced by treatment with the Ca2+ ionophore A23187, indicating 
that the recruitment of sorcin into a membrane-bound molecular complex harboring PS2 is 
modulated by intracellular Ca2+ levels. 
This interaction between sorcin and PS2-CTF has important implications at cardiac level. 
In the heart, sorcin is localized at or near the T tubules and binds to the cardiac ryanodine 
receptor RyR2. Studies of RyRs incorporated into lipid bilayers have revealed that sorcin 
reduces the open probability of RyR2. PS2 interacts with both RyR2 and sorcin and plays 
an important role in excitation-contraction coupling by interacting with RyR2 in hearts 
(Takeda et al., 2005). Elevated Ca2+ attenuated the association of RyR2 with PS2, whereas 
the association of sorcin with PS2 was enhanced (Pack-Chung et al., 2000). With low Ca2+ 
concentrations, PS2 binds to RyR2 to inhibit RyR2 activity. The inhibition of RyR2 
activity by PS2 and sorcin raises the possibility that PS2 and sorcin together may help 
prevent an excessive release of Ca2+ by inhibiting RyR2 activity. PS2 dysfunction may 
thus lead to the abnormality of Ca2+ homeostasis and disturb the cardiac function and be 
involved in the pathogenesis of heart failure. 
 
Caspase-6 
Caspases (Casps), a group of cysteinyl endoproteases that cleave proteins after aspartic 
acid residues, are activated in inflammatory and apoptotic conditions. Caspase has been 
demonstrated to increase Aβ production in various cell types (Gervais et al., 1999; Tesco 
et al., 2003). In primary cultures of human neurons, the caspase responsible for increasing 
Aβ is Casp-6. Activated Casp-6 has been detected in NFT, and neuritic plaques in the 
hippocampus and temporal cortex in sporadic AD (Guo et al., 2004). Casp-6 activation is 
an early event in AD and it may precede the development of frank lesions. Casp-6 may 
play a key role in the development of AD because, being early activated (Albrecht et al., 
2007), it can cleave important synaptic and cytoskeleton proteins and generate high levels 
of Aβ (LeBlanc, 1995). Casp-6 is also activated in familial AD, as previously observed in 
sporadic forms (Albrecht et al., 2009). 
 
GRB2 
GRB2 (growth factor receptor-bound protein 2) adaptor protein provides a critical link 
between cell surface growth factor receptors, Ras signalling and cell proliferation. Both 
APP and PS1 interact with GRB2 in vesicular structures at the centrosome of the cell, a 
crucial region for microtubule nucleation, cell cycle progression, migration, cytokinesis, 
and cell division. The final target for these interactions is ERK1,2, which is activated in 
mitotic centrosomes in a PS1- and APP-dependent manner. Therefore, both APP and PS1 
could be part of a common signalling pathway that regulates ERK1,2 and the cell cycle 
(Nizzari et al, 2007). In AD brain, APP interaction with GRB2 is enhanced (Russo et al., 
2002). 
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Ubiquilin 
Ubiquilin was originally identified in a yeast 2-hybrid screen as an interactor of PSs (Mah 
et al., 2000). Ubiquilin interacts with the their cytosolic loop (Mah et al., 2000). Ubiquilin 
has been shown to affect PS accumulation and biogenesis, as over-expression of ubiquilin 
results in increased accumulation of full-length proteins and a parallel decrease in the 
production of PS N- and C-terminus fragments (Massey et at., 2004 and 2005). 
 

3. Familial Alzheimer’s Disease 
 
Although the great majority of AD cases are sporadic, of unknown aetiology, a low 
percentage of patients are affected by the familial form of the disease (Familial 
Alzheimer's Disease, FAD), whose prevalence is estimated below 5%. Genetic 
abnormalities that cause FAD are largely due to fully penetrant, autosomal dominant 
mutations in 3 genes: the APP gene on chromosome 21, PS1 on chromosome 14 
(Sherrington et al., 1995) and PS2 on chromosome 1 (Levy-Lahad et al., 1995; Rogaev et 
al., 1995). Mutations in PS1 account for the majority of autosomal dominant cases with 
178 mutations described to date, compared to 32 and 14 mutations in APP and PS2, 
respectively (from http://www.molgen.ua.ac.be/ADMutations, last update January 2010). 
In the majority of cases, these mutations occur before the age of 65 years (early-onset 
AD). 
 
Beside the dominant mutations in APP, PS1 and PS2 genes that cause FAD, 
polymorphisms increasing risk of sporadic AD have also been identified, in the genes for 
apolipoprotein E4, sortilin-1, Ca2+ homeostasis modulator 1 (CALHM1) and ubiquilin-1 
(Cedazo-Minguez and Cowburn, 2001; Rogaeva et al., 2007; Dreses-Werringloer et al., 
2008; Bertram et al., 2005). 
 

CALHM1 
Recently, a novel Ca2+ -conducting channel has been discovered, with polymorphisms 
associated with increased risk for the development of sporadic AD (Dreses-Werringloer et 
al., 2008). This Ca2+ channel was found to be a conserved three-transmembrane domain 
containing glycoprotein and it has been called Ca2+ homeostasis modulator 1 (CALHM1). 
Expression of CALHM1 was found in all brain regions and cells of neuronal lineage. 
CALHM1 localized predominantly to the ER but also exists at the plasma membrane, 
where it forms a novel Ca2+  influx route to the cytosol. 
CALHM1 appears to exist as multimeric complexes, forming a functional ion channel, 
and has structural similarities with the N-methyl-D-aspartate (NMDA) receptor within the 
ion selectivity region. Critically, Ca2+ influx through CALHM1 decreases Aβ production 

and is accompanied by increases in α-APPs. 
A polymorphism in the CALHM1 gene, the P86L variant, has been linked to sporadic AD: 
it decreases Ca2+ permeability and also increases Aβ production. This finding provides 
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direct genetic evidence of a Ca2+ -conducting channel impacting the development of AD 
and shows that Ca2+ influx pathways can affect APP processing to modulate the 
production of Aβ. 
An increase in Ca2+ can stimulate the metabolism of APP (Pierrot et al., 2004). Ca2+ entry 
through CALHM1 may represent a tightly controlled influx pathway with novel spatial 
links to APP processing, which other cytosolic Ca2+ influx pathways do not seem to 
mimic. One possibility is that the entry through the CALHM1 channel normally activates 
the non-amyloidogenic pathway and thus prevents the conversion of APP to amyloids. 
The other unexplored possibility is that the effects of CALHM1 and the P86L variant 

exert their effects on Aβ processing via their spatial location in the ER rather than the 
smaller pool found on the plasma membrane, given that the vast majority of CALHM1 
was localized to the ER. 
The channels responsible for the passive Ca2+ leak from the ER remain to be properly 
characterized (see also paragraph “Ribosome - Translocon Complex”, p. 30). One 
possibility is that the CALHM1 channel may function as a leak channel. The P86L 
CALHM1 polymorphism would then increase the level of stored Ca2+ by reducing this 
putative leak pathway. 
 

ApoE 
Apolipoproteins are responsible for transporting cholesterol from the blood into cells. 
Apolipoprotein E (ApoE) has a major role in influencing how Aβ is formed and 
hydrolysed (Jiang et al., 2008). It can increase Aβ peptides degradation by functioning as a 
chaperone to shepherd them to the insulin-degrading enzyme. 

Aβ peptides can be removed by different mechanisms. First, the Aβ formed in the late 
endosomes can be transferred to lysosomes where they are degraded. Autophagy is also an 
efficient mechanism for removing amyloids (Nixon, 2007). During the onset of AD, 
autophagy is increased but the transfer of autophagic vesicles to the lysosomes is impaired 
and this may contribute to the accumulation of Aβ peptides, likely due to reduced levels of 
beclin-1 (Pickford et al. 2008). Finally, the Aβ monomers that are released to the outside 
of the neuron can be removed by the microglia. 
ApoE can also bind to various members of the low-density lipoprotein receptor (LDLR) 
family that control the endocytosis of lipoproteins. Some of these LDLRs, such as 
SORL1, interact with APP directing it to the recycling endosome and thus redirect it back 
to the surface and prevent it from being hydrolysed by the β-secretase pathway (Offe et 
al., 2006). In this way, ApoE protects neurons by reducing both the formation of the Aβ 
monomers and by enhancing their degradation. Polymorphisms of the ApoE gene 
markedly increase the susceptibility of developing AD. The ApoE gene encodes three 
isoforms: ApoE2, ApoE3, and ApoE4. Of the three isoforms, E3 is the most common and 
E2 the least common. The risk of developing AD is markedly increased in individuals that 
inherit the ApoE4 isoform (Cedazo-Minguez and Cowburn, 2001), whereas the E2 
isoform reduces the risk (Huang, 2006). It would seem that ApoE4 enhances the onset of 
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AD by increasing the conversion of APP into the amyloids and by reducing their clearance 
by the degradation pathway. On the other hand, ApoE2, but not ApoE4, can inhibit Aβ 
association with phosphatidylserine in the membrane, providing a potential explanation 
for protective effects of ApoE2 in AD. 
Several studies indicate a potential link between ApoE and synaptic Ca2+ signalling. It has 
been demonstrated a neurotoxic effect of the ApoE fragment, mediated by Ca2+ influx 
through NMDA receptor channels (Tolar et al., 1999). Moreover, it was reported that the 
receptor-binding domain of ApoE is capable of stimulating ER Ca2+ release and 
extracellular Ca2+ influx (Wang and Gruenstein, 1997). 
 

SORL1 
Recent reports have implicated the neuronal sortilin-related receptor gene (SORL1, also 
known as SORLA and LR11) as a susceptibility gene for late-onset AD. 
The first study that reported the allelic and haplotypic associations between AD and 
variants in SORL1 was in 2007 by Rogaeva and co-workers (Rogaeva et al., 2007). This 
finding corroborates a previous study which showed a decreased expression of Sorl1 
protein in the brain of AD patients that correlates with an increased Aβ production 
(Andersen et al., 2005). Subsequently, several studies supported the initial finding by 
showing that genetic variants in SORL1 contribute toward AD (Lee JH et al., 2008a and 
2008b). SORL1 is a member of the low density lipoprotein receptor family of ApoE 
receptors. It is located on chromosome 11 and encodes a 250-kD membrane protein 
expressed in neurons of the central and peripheral nervous system. It is known to be 
involved in intracellular trafficking between the membrane and intracellular organelles, 
interacting with APP in endosomes and the trans-Golgi network (TGN) in both in vitro 
and in vivo experiments (De Strooper and Annaert, 2000). 
Under-expression of SORL1 leads to over-expression of Aβ; furthermore, SORL1 levels 
are reduced in AD patients (Scherzer et al., 2004). 
The TGN and the endosomes were identified as the key organelles organizing the complex 
movements of the transmembrane proteins via secretory and endocytic pathways. 
Important coat complexes initiating the transport of APP and BACE through this sorting 
itinerary are the clathrin coat and the retromer (Small et al., 2005). Clathrin coats are 
involved in the endocytic pathway connecting the cell surface to the endosome and the 
pathway connecting the TGN to the endosome. The retromer is involved in the trafficking 
from the endosome to the TGN. Through the retromer complex, SORL1 directly binds 
APP and differentially regulates its sorting into endocytic or recycling pathways. In the 
absence of SORL1, APP is released into late endosomal pathways, where it is subjected to 
both β- and γ-secretase cleavages, which eventually lead to Aβ production. Therefore, 
genetic variants in SORL might influence Aβ processing. 
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Presenilin mutations 
PS mutations are scattered throughout the PS polypeptide. Most PS mutations are simple 
missense mutations that result in single amino-acid substitutions. Some are more complex, 
for example, small deletions, insertions or splice mutations. The most severe mutation in 
PS1 is a donor–acceptor splice mutation that causes two amino acid substitutions and an 
in-frame deletion of exon 9. Of note, this deletion causes the loss of endoproteolysis but 
not of γ-secretase activity (Verdile et al., 2004; Garcia-Alloza et al., 2006; Ruan et al., 
2009). A truncation or absence of the protein has never been observed, indicating that 
haploinsufficiency does not cause AD. 
 
All these PS1 and PS2 mutations influence APP metabolism to alter Aβ production, 
leading to a shift of the preferred cleavage site from position 40 to 42 (Suzuki et al., 1994). 
Not all FAD-linked PS mutations cause an increase in Aβ42 production, while importantly 

they more consistently result in a decrease in absolute Aβ40 generation, leading to an 

increased Aβ42/Aβ40 ratio (Kumar-Singh et al., 2006) Aβ42 has a much higher propensity 
to aggregate and be neurotoxic; it has been described as a ‘nucleation’ factor, which 
notably accelerates the aggregation of Aβ into amyloid in vitro (Jarrett & Lansbury, 1993). 
Aβ42, although generated by neurons at a tenfold lower rate than Aβ40, is the first and 
predominant species accumulating in amyloid plaques in the brains of AD patients 
(Iwatsubo et al, 1994). Given that inactivation of PS1 and PS2 completely prevents Aβ 
generation (Herreman et al, 2000), an absolute or a relative increase in Aβ42 production 
can represent a gain of toxic function. 
Several studies describe a reduced function of PS mutations towards the cleavage of APP, 
Notch and other γ-secretase substrates (Song et al., 1999; Bentahir et al., 2006); therefore, 
PS mutations result in a loss of function of the γ-secretase. This apparently translates into 
an ‘incomplete digestion’ of the APP substrate, generating fewer but longer Aβs (Qi et al., 

2005), causing an increase in the Aβ42/Aβ40 ratio. There is still the possibility that partial 
dysfunction of PS1—for example, in the Notch signalling pathway that modulates neurite 
outgrowth and brain repair—makes the brain more prone to Aβ toxicity. This would fit 
with the previously proposed ‘two-hit’ model for AD (Marjaux et al, 2004), and would 
also explain why familial AD generally strikes earlier and is more aggressive than 
sporadic AD. Thus FAD mutations might cause AD by the combined effect of a partial 
loss of function in Notch signalling, AICD production and signalling, as well as a toxic 
gain of misfunction. 
A proposed model for γ-secretase, is that the substrate-binding site is distinct from the 
catalytic active site and that, once the substrate is ‘docked’, it is subsequently displaced to 
the catalytic site of the enzyme (Berezovska et al., 2003; Tian et al., 2003). Thus the 
clinical mutations could cause loss of function not only by interfering with the catalytic 
efficiency of the protease, but also by subtly modifying the docking of substrates and/or 
by interfering with the mechanism that moves the substrate towards the catalytic site. This 
would also explain the diverse effects on APP and other substrates of the PS mutants. 
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The next aspect to consider is how this change in amyloid processing remodels neuronal 
Ca2+ signalling pathways to disrupt the mechanisms of learning and memory. 
 

4. Calcium 
 
A role for Ca2+ dysregulation in Alzheimer’s disease was first proposed 20 years ago by 
Khachaturian, who postulated that sustained intracellular Ca2+ disturbances are the 
proximal causes of neurodegenerative disorders, including AD (Khachaturian, 1987 and 
1994). This theory was supported by experimental studies which showed alterations in 
Ca2+ signalling both in sporadic and in familial cases of AD (Etcheberrigaray et al., 1998; 
Ito et al., 1994). Moreover, Ca2+ disturbances long precede the onset of other AD 
symptoms, as shown in cells obtained from presymptomatic family members of examined 
FAD patients who subsequently developed AD (Etcheberrigaray et al., 1998; Giacomello 
et al., 2005). 
Ca2+ ions are indispensable for a number of functions of the nervous system, including 
regulation of gene expression, proliferation, excitability, release of neurotransmitters, and 
cell death. The ‘‘Ca2+ hypothesis of ageing’’ proposed that brain ageing might be a result 
of a subtle, but long-lasting, dysregulation of Ca2+ homeostasis in neurons. During 
physiological ageing, such changes lead to a slight neuronal dysfunction, but, usually, not 
to neuronal death. What is likely to be altered in aged neurons is their capacity to maintain 
a steady level of Ca2+; therefore, upon stress, Ca2+ in the cytoplasm might go up. Some 
parameters of Ca2+ homeostasis, such as the duration of cytoplasmic Ca2+ signals and the 
restoration of the Ca2+ concentration to basal levels are consistently shown to be longer in 
aged neurons than in young ones (Thibault et al., 2007). 
Even though dysregulation of Ca2+ handling and signalling seems not to be an initializing 
factor of ageing, it is a crucial component of this process. Ca2+ homeostasis seems to be 
most altered in energy consuming cells, like neurons and the striated and smooth 
musculature of the cardiovascular system of aged humans, which are the sites of most 
common age-related diseases, dementia and cardiovascular disease. 
As regard AD, altered neuronal Ca2+ homeostasis may affect the metabolism and 
production of the pathological proteins associated with the disease: elevated basal Ca2+ 
concentration results in excessive tau phosphorylation (Mattson et al., 1991) and in 
amyloid precursor protein processing leading to an excessive Aβ production (Buxbaum et 
al., 1994). Conversely, events downstream from the accumulation of these pathological 
proteins may further exacerbate Ca2+ dysregulation, causing synaptic dysfunction and 
neurodegeneration, the neurobiological substrates underlying the cognitive decline. 
Several studies describe that pathogenesis of AD is frequently accompanied by changes in 
the expression levels of Ca2+-buffer and Ca2+-sensor proteins (Braunewell and 
Gundelfinger, 1999). It still remains elusive whether these alterations are secondary to 
neurodegeneration or whether they underlay the pathogenesis of the disease. 
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The involvement of Ca2+ in AD was further substantiated with the recognition that clinical 
mutations in both PS1 and PS2 genes associated with familial AD profoundly disrupt 
intracellular Ca2+ signaling. 
 

Ca2+ through the plasma membrane 
Various Ca2+-permeable channels are present in the plasma membrane (PM). In excitable 
cells, depending on the cell type, voltage-operated Ca2+ channels (VOCCs) (Felix, 2005) 
or receptor-activated Ca2+ channels (RACCs) (Trebak et al., 2003) predominate. Transient 
receptor potential channels (TRPCs) are RACCs that are activated by different stimuli, 
such as intra- and extracellular messengers, chemical, mechanical, and osmotic stress, and 
by the Ca2+ content of intracellular stores (Clapham, 2003). However, both VOCCs and 
RACCs are also present in non-excitable cells. 
Receptor-induced Ca2+ signals lead to the release of Ca2+ from the endoplasmic reticulum 
(ER) stores, triggering Ca2+ entry through the different store-operated Ca2+ channels 
(SOCCs) that are present in the PM. Ca2+ release-activated channels (CRACs) are 
activated by depletion of Ca2+ from the ER (see paragraph on p. 31). 
Since Ca2+ regulates numerous and distinct cellular processes, stimulus-evoked Ca2+ 
responses need to be spatially and temporally restricted: Ca2+ influx across the PM or its 
release from the ER creates microdomains with high local concentrations of Ca2+ 

(estimated to be in the range of 50–100 µM) (Targos et al., 2005). 
Clearance of Ca2+ from the cytoplasm is attributed mainly to Ca2+ pumps and exchangers 
such as the plasma membrane Ca2+ ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX) 
present in the PM, the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) pump located 
in the ER membrane, and the mitochondrial uniporter. 
 

Endoplasmic Reticulum 
ER is continuous with the outer nuclear membrane and is often associated intimately with 
plasma membrane and mitochondria, which suggests functional coupling between these 
structures (Rizzuto et al., 1998). It 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 Ca2+ signalling. The specialized endings 
of neurites (growth cones, axon terminals and dendritic spines) contain mainly smooth 
ER. 
The ER is the most important intracellular Ca2+ store that can accumulate Ca2+ to 
micromolar concentrations of up to a few hundred µM, while the concentration of the ion 
in the cytoplasm of the resting cell remains within the range of 100–300 nM (Rossi et al., 
2008). This Ca2+ gradient is maintained by an ATP-dependent pump called sarco-
endoplasmic reticulum Ca2+-ATPase (SERCA) in the ER membrane. Upon stimulation of 
PM receptors or upon electrical excitation of the PM, the ER releases Ca2+, thus 
participating in the generation of rapid Ca2+ signals. Since the ER storage capacity is 
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limited, Ca2+ release must be followed by Ca2+ replenishment. Ca2+ movements across the 
ER membrane are facilitated by three classes of proteins: Ca2+ release channels – inositol-
1,4,5-triphosphate (IP3) receptors (IP3Rs) (Mikoshiba, 2007) and ryanodine receptors 
(RyRs) (Hamilton, 2005), Ca2+ re-uptake pumps –SERCAs (Periasamy and 
Kalyanasundaram, 2007), and luminal Ca2+-binding proteins, such as calsequestrin, 
sarcalumenin, histidine-rich Ca2+-binding protein, calreticulin, etc. Different ‘pools’ of ER 
Ca2+ might exist that contain either IP3Rs, RyRs, or both. 
 

 
Figure 4.1. A simplified model of ER Ca2+ homeostasis and signalling (from Puzianowska-Kuznicka and 
Kuznicki, 2009). 
 
IP3 Receptor 
IP3Rs, protein components of Ca2+ release channels present in the ER membrane, are 
expressed in all mammalian cells. IP3R contains the IP3-binding domain, and two putative 
Ca2+-binding sites in its N-terminal part and in its C-terminal channel-forming domain. 
There are three isoforms of IP3R (IP3R1–3). The channel is composed of four IP3R 
subunits (Bezprozvanny, 2005). It releases Ca2+ into the cytoplasm in response to IP3 
produced by diverse stimuli; however, it is also regulated by other ligands, such as 
cytoplasmic Ca2+ (Foskett et al., 2007). 
Ca2+ is released from IP3R-containing pools in response to agonists that activate receptors 
coupled to phospholipase C (PLC). Activation of PLC results in cleavage of 
PtdIns(4,5)P2, which results in the liberation of diacylglycerol and IP3. IP3 binds to the 
IP3Rs in the ER, which results in channel opening (Mattson et al., 2000). 
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Ryanodine Receptor 
RyRs are large proteins positioned in the ER membrane with a major part of their 
molecules facing the cytoplasm. Transmembrane and luminal domains constitute only 
approximately 20% of the RyR mass. RyR tetramers form massive Ca2+ release channels 
that interact with many accessory proteins. Ca2+-sensing domains (putative EF-hands) are 
present on both the luminal and the cytoplasmic sides of RyRs. There are three isoforms 
of RyR known (RyR1–3). RyR1 and RyR2 are mostly expressed in the skeletal and 
cardiac muscles, respectively, while RyR3 is expressed ubiquitously. The release of Ca2+ 
from the ER, mediated by RyR channels, is essential for striated muscle contraction and 
for diverse neuronal functions (Hamilton, 2005). 
IP3Rs and RyRs are found in overlapping populations of neurons throughout the nervous 
system, but also exhibit clear differences in relative levels and in subcellular localization. 
The presence of caffeine-sensitive Ca2+ stores (presumed ryanodine sensitive) in 
presynaptic nerve terminals, together with the possibility that neurotransmitter release 
might be triggered by Ca2+ released through intraterminal RyRs, suggests that ER has a 
central role in the control of neurotransmitter release (Etcheberrigaray et al., 1991; Avidor 
et al., 1994) 
 
Ribosome – Translocon Complex 
Under resting conditions, the ER Ca2+ concentration results from the active Ca2+ influx of 
SERCA pumps that balances the efflux due to passive Ca2+ leak. It has been shown that 
the permeability of the ER is dynamically coupled to protein synthesis and that polarized 
molecules could cross the ER membrane through the translocon, which is the complex 
implicated in protein translocation during translation (Roy and Wonderlin, 2003). Nascent 
proteins cross the membrane of the rough ER by passing through a protein-conducting 
channel in the translocon complex. The pore of this protein-conducting channel must be 
large enough to be permeated by a nascent protein chain. This pathway is therefore large 
enough to be permeated by many other small molecules (like sugars), when a ribosome-
bound translocon is translationally inactive and empty, i.e. the pore is not occupied by a 
nascent protein (Heritage and Wonderlin, 2001). Indeed, other studies have demonstrated 
that the open translocon complex is permeable to Ca2+ and, therefore, it has been 
suggested that the ribosome-translocon complex could potentially play a role in Ca2+ 
leakage (Lomax et al., 2002; Van Coppenolle et al., 2004; Flourakis et al., 2006). 
 
SERCA 
The Sarco-Endoplasmic Reticulum Ca2+ ATPase belongs to the family of P-type ATPases 
that includes plasma membrane Ca2+ ATPase (PMCA), Na+/K+ ATPase, and H+, K+ 
ATPase. The SERCA pump is a single polypeptide of molecular mass of 110 kDa and is 
localized both in the ER and Sarcoplasmic Reticulum (SR) membrane. A notable feature 
of P-type ATPases is the transfer of terminal phosphate from ATP to an aspartate residue 
in the catalytic domain, resulting in a reversible conformational change. P-type ATPases 
couple the hydrolysis of ATP to the movement of ions across a biological membrane. The 
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SERCA pump utilizes the energy derived from ATP hydrolysis to transport Ca2+ across 
the membrane. The mechanism of the coupling process is such that two Ca2+ ions are 
transported for each molecule of ATP hydrolyzed. In vertebrates there are three distinct 
genes encoding SERCA 1, 2, and 3 that are known to produce more than 10 isoforms, 
mainly through alternative splicing (Brandl et al., 1986; Lytton et al., 1988, Periasamy and 
Kalyanasundaram, 2007). These isoforms exhibit both tissue and temporal specificity. 
Their activity is regulated by N-glycosylation, glutathionylation, Ca2+/calmodulin kinase 
II-dependent phosphorylation, and interaction with other small-molecular-weight proteins 
such as phospholamban (PLB) and sarcolipin (SLN) expressed in cardiac and skeletal 
muscles (Traaseth et al., 2008). SERCA-2 is evolutionary the oldest and the most widely 
expressed isoform. SERCA-1 is expressed in fast-twitch skeletal muscle and is 
alternatively spliced to encode SERCA-1A (994 aa, adult) and 1b (1011 aa, fetal). 
SERCA-2 encodes SERCA-2A (997 aa), which is expressed predominantly in cardiac and 
slow-twitch skeletal muscle, and SERCA-2B (1042 aa), which is expressed in all tissues at 
low levels including muscle and non muscle cells (Guntenski-Hamblin et al., 1988). 
Recently, a third isoform, SERCA-2C (999 aa), has been reported in cardiac muscle. 
SERCA-3 isoforms are expressed in several non muscle tissues but appear to be a minor 
form in muscle (Wuytack et al., 1994). A notable feature of SERCA isoforms is that their 
primary structure is highly conserved; therefore, all of the SERCA isoforms are predicted 
to have essentially identical transmembrane topologies and tertiary structures. Another 
interesting feature is that all of the SERCA isoforms are inhibited by thapsigargin. The 
crystal structure of SERCA confirmed the presence of 10 transmembrane helices, three 
cytoplasmic domains, an A domain (actuator or anchor domain), a P domain 
(phosphorylation domain), and an N domain where ATP binds (Moller et al., 2005). The 
crystal structure further showed that the two Ca2+ binding sites lie side by side, near the 
cytoplasmic surface of the lipid layer. Ca2+ binding sites are accessible only from the 
cytoplasm and not from the ER lumen. SERCA-2A and the ubiquitous SERCA-2B 
isoforms are structurally similar for the first 993 amino acids, whereas SERCA-2B has an 
extension of 49 amino acids and SERCA-2A has only four C-terminal unique amino acids. 
The two isoforms showed functional differences: SERCA-2B has a higher affinity for Ca2+ 
compared to SERCA-2A, whereas SERCA-2A has a higher turnover rate than SERCA-
2B. The structural differences in the C-terminal amino acids have been shown to 
contribute to the functional differences between SERCA-2A and 2B (Verboomen et al., 
1992). 
 

Ca2+ release-activated channels (CRACs) 
In the majority of excitable cells, a major route of Ca2+ entry into the cytoplasm are 
channels located in the PM. However, intracellular Ca2+ stores, including the ER, also play 
an important role in signal propagation. A major Ca2+ entry pathway in non-excitable cells 
is initiated by depletion of Ca2+ from the ER. 
Concentration of Ca2+ in the lumen of the ER is ‘sensed’ by stromal interaction molecule 1 
(STIM1), a protein residing in the ER membrane and containing a single transmembrane 
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domain. Its N-terminus positioned in the lumen of the ER contains the Ca2+-sensing region 
(Stathopulos et al., 2008). When the ER Ca2+ content is high, STIM1 molecules are 
distributed throughout the ER membrane, bind a single Ca2+ ion, and their N-termini are 
folded. Upon Ca2+ depletion, the Ca2+ ion detaches from the EF-hand of STIM1; this 
results in partial unfolding of the N-terminus and in the aggregation of STIM1 molecules 
(Luik et al., 2008; Stathopulos et al., 2008). STIM1 oligomers translocate to the proximity 
of the PM (Liou et al., 2007) and form so-called ‘‘punctae’’. The C-terminal regions of 
STIM1 molecules activate Ca2+ release-activated Ca2+ modulator 1 (Orai1) proteins that 
reside in the PM. Each Orai1 molecule possesses four transmembrane domains and both 
its N- and C-termini are positioned inside the cell (Huang et al., 2006). Four Orai1 
molecules create the pore-forming subunit of CRAC that opens upon stimulation by 
STIM1, with the C-terminus of STIM1 and N-terminus of Orai1 participating in this 
process (Lewis, 2007). This facilitates Ca2+ influx into the cytoplasm, a mechanism called 
store-operated Ca2+ entry (SOCE). Ca2+ inflow through the PM refills the ER store, 
enabling it to release Ca2+ in response to a subsequent stimulus. 
Some authors suggest that STIM2 has a function distinct from that of STIM1; namely, 
STIM2 is a feedback regulator that stabilizes basal cytosolic and ER Ca2+ levels 
(Brandman et al., 2007). 
 

Golgi Apparatus 
The Golgi complex may store up to 5% of the total cellular Ca2+ at significantly higher 
concentrations (1–2 mM) than any other region of the cell (Chandra et al., 1991). The Ca2+ 
pools represented by the ER and the secretory pathway (Golgi complex and different types 
of secretory vesicles) participate in the regulation of a variety of cell functions. For 
instance, a sufficiently high luminal Ca2+ concentration in these organelles is absolutely 
required for the normal synthesis, chaperone-dependent processing, glycosylation, sorting 
and eventual breakdown of newly formed proteins. Moreover, the Golgi apparatus, as well 
as the ER, is a potential provider for Ca2+ ions in the cytosol, where Ca2+ controls a whole 
range of physiological processes depending on the amplitude, the frequency and the 
subcellular localization of the cytosolic Ca2+ signal. The Golgi apparatus also typically 
contains several different luminal Ca2+-binding proteins and is equipped with Ca2+-release 
channels such as the IP3 receptor. Hence the Golgi compartments and perhaps secretory 
vesicles can potentially act as dynamic Ca2+ stores (Pinton et al., 1998; Mitchell et al., 
2001). 
Ca2+ uptake mechanisms in the Golgi complex consist of the well-known SERCAs and the 
much less characterized secretory-pathway Ca2+ ATPases (SPCA) It is now generally 
accepted that SPCA1 is present in the Golgi membranes, but it is not the only pump in this 
compartment. A significant part of the Ca2+ uptake into the Golgi compartment depends 
on SERCA pumps, since it has been shown that Ca2+ uptake by the Golgi apparatus is 
reduced in the presence of thapsigargin (Vanoevelen et al., 2004). Whereas the SERCA 
pumps are expressed in both the ER and the Golgi complex, SPCA1 appears to be more 
specifically confined to the latter compartments of the secretory pathway, i.e. the Golgi 
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stacks, the TGN and the secretory vesicles. SPCA1 is highly expressed in human 
epidermal keratinocytes and at variable levels in all other human tissues tested, suggesting 
that it is a housekeeping gene. 
 

Mitochondria 
Mitochondria play a role in Ca2+ homeostasis too. These organelles can store Ca2+ in their 
matrix by action of a uniporter that uptakes Ca2+ exploiting the high electrochemical H+ 
gradient across the mitochondrial membrane that is created by the respiratory chain. 
However, this influx never reaches a steady-state; in fact, in the mitochondrial inner 
membrane there is also an antiport system that extrudes Ca2+ from the organelle 
exchanging it with H+ or Na+. This antiport is necessary to avoid the dissipation of the H+ 
gradient. Mitochondrial Ca2+ concentration has been measured, showing that when there is 
an agonist-evoked transient cytosolic Ca2+ increase, even mitochondria respond with a 
transient Ca2+ increase, that can reach values up to 100-fold higher than the cytosolic 
increase (Rizzuto et al., 1992). This finding led to the hypothesis that mitochondria 
localize in microdomains where Ca2+ can reach very high levels. 
There are functional relationships between Ca2+ release from IP3-sensitive ER stores and 
mitochondrial Ca2+ uptake. Mitochondria in close physical proximity to ER rapidly take 
up Ca2+ released from ER such that local cytoplasmic Ca2+ levels in the ER–mitochondria 
cleft are markedly higher than global increases in cytoplasmic Ca2+ concentration (Rizzuto 
et al., 1998; Csordas et al., 1999). These data, and other morphological findings, suggest 
that mitochondrial uptake sites might be concentrated in regions of the membrane opposed 
to IP3R-containing ER. 
Periodic oscillations of cytosolic Ca2+ levels are believed to have important roles in 
various metabolic and signalling processes in many cell types, including neurons. 
Reciprocal interactions between ER Ca2+ stores, mitochondria and plasma membrane Ca2+ 
channels appear to be required for Ca2+ oscillations (Li et al., 1995). 
The impaired Ca2+ signalling that occurs during AD might increase the amount of Ca2+ 
being taken up by the mitochondria. Such an excessive uptake of mitochondrial Ca2+ 
results in opening of the mitochondrial permeability transition pore (MTP), collapse of the 
mitochondrial membrane potential and the release of factors such as cytochrome c that 
activate the caspase cascade responsible for apoptosis. 
 

5. Presenilins and calcium 
 
The effects of PS mutations on Ca2+ are striking and have been hotly debated. According 
to the most followed scheme of the “Ca2+ hypothesis” of AD, mutated PSs cause neuronal 
degeneration through an exaggerated or supranormal ER Ca2+ release, that in turn leads to 
abnormal mitochondrial Ca2+ uptake and apoptosis (LaFerla, 2002; Thinakaran and 
Sisodia, 2006). Indeed, it was reported that different FAD-linked mutations in PS1 (PS1-
L286V, PS1-A246E and PS1-M146V) caused larger Ca2+ release from intracellular stores 
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in PC12 cells (Guo et al., 1996 and 1997; Keller et al., 1998) as well as in neurons from 
transgenic mice expressing the mutant protein (Chan et al, 2000; Pak et al., 2003; 
Stutzmann et al., 2004 and 2006); these neurons also showed an increased sensitivity to 
excitotoxicity. Further support to this “Ca2+ overload” hypothesis came from two recent 
studies where in membrane bilayers, microsomes and living cells, PSs have been shown to 
form Ca2+ leak channels that are defective in the presence of FAD mutations (Tu et al., 
2006; Nelson et al., 2007). Consequently, in cells carrying these mutant PSs, the reduced 
ER Ca2+ conductance of leak channels is thus responsible of the ER Ca2+ overload. 
All these observations in favour of the “Ca2+ overload hypothesis” made it for a long time 
the only “Ca2+ hypothesis” for AD, stating that FAD-linked PS mutations, by increasing 
the ER Ca2+ content, cause excessive Ca2+ release from the intracellular store, increasing 
sensitization to Aβ and excitotoxic stimuli and eventually leading to cell death via Ca2+-
dependent mechanisms (Bezprozvanny and Mattson, 2008). 
 
Nevertheless, different works reported either no alteration or a reduced store Ca2+ content 
in cells expressing wt or FAD-mutant PSs (Moerman and Barger, 1999; Lessard et al., 
2005; Fedrizzi et al., 2008; Cheung et al., 2008). In particular, it was demonstrated that the 
FAD-linked PS2 mutations M239I and T122R reduce rather than increase Ca2+ release in 
fibroblasts from FAD patients and in cell lines stably or transiently expressing the PS2 
mutants (Zatti et al., 2004; Giacomello et al., 2005). In addition, an extended investigation 
of other FAD-linked PS mutants (PS2-N141I, PS1-A246E, PS1-L286V, PS1-M146L, 
PS1-P117L), by directly monitoring the ER and the Golgi Ca2+ content in different cell 
lines, confirmed that the FAD-linked PS2 mutations cause a reduction in the Ca2+ level of 
these organelles and none of the PS1 mutations cause an increase (Zatti et al., 2006). 
Moreover, PS1 and PS2 mutants were also tested in rat cortical neurons upon transient co-
expression with green fluorescent protein (GFP): among GFP-positive cells, only those 
expressing PS2-T122R, but not PS1-A246E or PS1-M146L, showed a marked reduction 
of Ca2+ release induced by an IP3 generating agonist. 
The absence of elevated [Ca2+]ER in these models suggests that the enhanced Ca2+ release 
observed by other studies, upon expression of various FAD-linked PS mutants, might 
depend on different mechanisms, rather than be necessarily due to an increased amount of 
Ca2+ within the stores. Consequently, the “Ca2+ overload” hypothesis should be rethought, 
as it often takes the form of an “exaggerated Ca2+ release”, not necessarily reflecting the 
store Ca2+ content (Green and LaFerla, 2008). 
Interestingly, at variance with the effects of different FAD mutations in PS1, the partial 
ER Ca2+ depletion induced by mutations in PS2 can be regarded as a protective event 
against the possible damage caused by Aβ oligomers or oxidative stress, given the anti-
apoptotic effect of low ER Ca2+ levels (Giacomello et al., 2007). Accordingly, mutations 
in PS2 appear to be endowed of a lower toxicity (with respect to those in PS1), 
considering also the later onsets and milder AD phenotypes usually associated to those 
mutations. The Ca2+ dysregulation so often described in different AD models could thus 
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be considered as either a positive or a negative modulator, rather than a causative factor 
involved in the neurodegeneration which is typical of the disease. 
 
The hypothetical mechanisms through which PS mutants exert their effect on Ca2+ 
homeostasis are numerous. Over-expression of mutant PS1 or PS2 directly increased IP3 
channel activity by prolonging the channel open time. Increased IP3R gating accounted for 
the enhanced IP3R-mediated Ca2+ release observed in the presence of FAD-linked PS 
mutants. In fact, an indirect measurement of [Ca2+]ER showed either no change or a modest 
reduction in the cells expressing the mutant PSs, compared to control cells. These results 
show a novel interaction between FAD-PS mutants and IP3Rs, where PSs are able to 
modulate the IP3Rs gating activity and affect global Ca2+ dynamics (Cheung et al 2008). 
Noteworthy, in this work, no current was measured by patch clamp through ER 
membrane, despite over-expression of wild-type or FAD-linked PS mutants, arguing 
against PS forming Ca2+ leak channels (Tu et al., 2006; Nelson et al., 2007). 
PS have been shown to interact also with the RyR, via its N-terminus, and to increase the 
open channel probability and mean current (Rybalchenko et al., 2008; Hayrapetyan et al., 
2008). 
Increased Ca2+ release via the RyR has been described in a number of systems, including 
slice recordings from FAD-PS mutant knockin mice (Stutzmann et al., 2007) and primary 
neuronal cultures and may be due to increased RyR expression and activity (Smith et al., 
2005; Lee et al., 2006). 
Finally, endogenous PS seems to interact with SERCA and modulate SERCA function; 
SERCA pumping is impaired in the absence of both PSs (Green et al., 2008). 
 
Taken together, PSs appear to interact and modulate Ca2+ influx into the ER via SERCA, 
and Ca2+ extrusion from the ER via interactions with the ryanodine and IP3 receptors. 
Further experiments will be required to show which interactions are mediated in an 
endogenous role versus those influenced by FAD mutant PSs. 
It needs also to be elucidated whether the effects of wt and mutant PSs on Ca2+ 

homeostasis are dependent on γ-secretase activity or whether these effects are independent 

and perhaps rely on uncleaved PS prior to its recruitment into the γ-secretase complex. 
 
The PS mutants may also contribute to Ca2+ signalling remodeling by altering the 
expression levels of various components of the Ca2+ signalling toolkit. In fact, γ-secretase 
releases the APP intracellular domain (AICD), which is a transcription factor that may 
result in a significant remodeling of the Ca2+ signalling system (Leissring et al., 2002). It 
has been known for some time that during normal ageing there are gradual changes in 
certain Ca2+ signalling components that increase neuronal vulnerability to cell death 
stimuli. For example, there is a decline in the level of the Ca2+ buffer calbindin D-28 k that 
normally functions to restrict the amplitude of Ca2+ signals and protects neurons from 
excitotoxicity (Geula et al., 2003). The number and size of calbindin immunoreactive 
neurons in the cerebral cortex areas were significantly reduced in AD patients when 
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compared with age-matched controls (Ichimiya et al., 1988). Mice expressing mutant APP 
also display a decline in the level of calbindin D-28 k, especially in the dentate gyrus 
region of the hippocampus, which functions in learning and memory (Palop et al., 2003), 
while calbindin knockout mice have increased dendritic spine basal Ca2+ and develop 
abnormal spine morphologies (Vecellio et al., 2000). 
 

Aβ and calcium 
Evidence suggests that Ca2+ might be the upstream factor that, during ageing and AD, 
results in increased production and aggregation of Aβ. 

Exposure of cultured neurons to Ca2+ ionophores increases their production of Aβ, as do 
conditions such as ischemia that cause sustained elevations of intracellular Ca2+ 
(Querfurth and Selkoe, 1994). By contrast, physiological Ca2+ transients increase α-

secretase cleavage of APP and might thereby decrease Aβ production (Buxbaum et al., 
1994). 
Aβ peptides may impair Ca2+ signalling by enhancing Ca2+ entry. The cellular prion 
protein (PrPC), which is tethered to the outside of the membrane through a 
glycosylphosphatidylinositol anchor, functions as an Aβ receptor (Laurén et al., 2009) and 

may thus carry out some of the pathological actions of Aβ42. Aβ oligomers also bind to the 
N-methyl-D-aspartate (NMDA) receptor and induce Ca2+ influx (De Felice et al., 2007). 
Influx through the NMDA receptor also leads to further Ca2+ release into the cytosol from 
internal stores within the spine, which forms the major component of spine Ca2+ 
transients. Aβ peptides thus increase the vulnerability of neurons to excitotoxicity 
mediated by the NMDA receptor (Mattson et al., 1992). 
Another mechanism by which Aβ can cause Ca2+ influx is by inserting into the plasma 
membrane and forming ion conducting pores (Arispe et al., 1993; Demuro et al., 2005). 

Neurotoxic forms of Aβ are oligomers that share structural and functional homology with 
pore-forming bacterial toxins and the cytotoxic lymphocyte protein perforin (Yoshiike et 

al., 2007). Interestingly, the ability of Aβ to associate with membranes and form channels 
is enhanced by exposure of phosphatidylserine on the cell surface (Lee G et al., 2002). 
Because cell-surface exposure of phosphatidylserine is usually indicative of apoptotic or 
energy-deprived cells, it is possible that age-related mitochondrial impairments might 
increase surface phosphatidylserine levels in affected neurons and thereby facilitate Aβ-
mediated pore formation, Ca2+ influx and cell death. 
A different mechanism by which Aβ perturbs neuronal Ca2+ homeostasis in synaptic 
terminals is by inducing membrane lipid peroxidation, resulting in Ca2+ overload, synaptic 
dysfunction, neuronal degeneration and cognitive impairment (Mark et al., 1997; Mattson, 
2004). 
Finally, in addition to increasing the production of Aβ, amyloidogenic processing of APP 
can perturb neuronal Ca2+ homeostasis through the AICD, that affects ER Ca2+ release by 
regulating the expression of genes involved in Ca2+ homeostasis (Leissring et al., 2002). 
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Ca2+ signalling, learning and memory in AD 
There are clear indications that AD is a progressive disease where changes in synaptic 
physiology and decline in cognitive function become apparent before any significant 
neuronal loss (Jacobsen et al., 2006; Hsieh et al., 2006). Synaptic terminals are particularly 
vulnerable to Ca2+-mediated degeneration because they experience repeated bouts of Ca2+ 
influx and have unusually high energy requirements to support their ion-homeostatic and 
signalling systems. Activation of the amyloidogenic pathway results in a remodeling of 
the neuronal Ca2+ signalling pathway. This remodeling then functions to distort the normal 
Ca2+-dependent mechanisms responsible for learning and memory. Remodeling of Ca2+ 
signalling affects both entry of external Ca2+ and release from internal stores. 
 
Long-lasting changes in synaptic efficacy that result from prior activity in neuronal 
circuits are believed to have important roles in learning and memory. The appearance of 
amyloid oligomers has been linked to a decline in both neural activity and the mechanisms 
responsible for learning and memory (Walsh et al., 2002). These learning mechanisms are 
carefully orchestrated by neuronal Ca2+ signalling systems through a bimodal action that is 
revealed physiologically as either long-term potentiation (LTP) or long-term depression 
(LTD) of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptors 
responsible for fast excitatory neurotransmission. High levels of Ca2+ cause LTP, 
activating processes such as AMPA receptor phosphorylation, remodeling of the 
cytoskeleton and the trafficking and insertion of AMPA receptors. These are dynamic 
processes that are readily reversible by lower Ca2+ rises to cause LTD. This LTD 
mechanism, which erases putative memories, appears to depend on activation of the Ca2+-
dependent protein phosphatase calcineurin. In aged rats and in APP transgenic mice, 
which show defects in cognition, there is an up-regulation of calcineurin (Dineley et al., 
2007). 
Aβ oligomers can inhibit the induction of LTP (Walsh et al., 2002). LTP was however 
reduced also in the PS double knock out mouse where there appeared to be a selective 
decrease in presynaptic transmitter release (Zhang, et al., 2009). The remodeling of the 
Ca2+ signalling system may have a major impact on the process of LTD (Hsieh et al., 
2006; Kuchibhotla et al., 2008). Since LTD is driven by small elevations in Ca2+, any up-
regulation of Ca2+ signalling will selectively enhance LTD to continuously erase any 
memories initiated by LTP. 
The ER plays a central role in the regulation of neurotransmitter release (Neher and 
Sakaba, 2008) and has important functions in both presynaptic and postsynaptic processes 
associated with synaptic transmission and plasticity. In fact, one of the mechanisms for 
inducing LTD is the activation of metabotropic glutamatergic receptors that generate IP3 
to release Ca2+ from internal stores. Treatment of hippocampal slices with agents that 
deplete ER Ca2+ (thapsigargin and cyclopiazonic acid) blocks the induction of LTD (but 
not its maintenance) without affecting basal synaptic transmission (Reyes and Stanton, 
1996). 
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Beside considering global Ca2+ dynamics within neurons in pathologically affected areas, 
it is also informative to take a closer look at discrete areas of neurons, such as the dendritic 
spines, which contain many of the postsynaptic synapses. An elegant approach to cast 
some light on this aspect was stereotactically injecting an adeno-associated virus 
expressing the YC3.6 ratiometric Ca2+ indicator into APP mouse models of AD 
(Kuchibhotla et al., 2008). Neurons were predominantly infected, thereby allowing the 
visualization of dendritic spines and other fine structures. The study identified that plaque-
containing transgenic mice had significantly elevated numbers of neuritis (ten times more) 
with overloaded cytosolic Ca2+ compared to age-matched non-transgenic controls, 
although these overloaded neuritis represented only a small fraction of the total. The 
resting Ca2+ concentration in these overloaded spines affected neurite morphology, with 
higher basal levels being associated with abnormal beaded morphology. These results 

highlight that proximity to Aβ plaques induces Ca2+ dysregulation, and, in discrete 
subcellular compartments relevant to learning, also memory (LTP) and synaptic loss. 
 

6. Calcium probes 
 
The study of the dynamics of intracellular Ca2+ concentration [Ca2+] i in cell 
physiopathology requires the ability to monitor the changes in [Ca2+] i in living cells with 
both spatial and temporal precision. Ca2+ probes are molecules that can form selective and 
reversible complexes with Ca2+ ions and, most importantly, the physicochemical 
characteristics of the free and bound form are sufficiently different to enable their relative 
concentrations to be measured. So, the Ca2+ indicator monitors the amounts of free and 
complexed probe and thus the concentration of free Ca2+ is indirectly measured. All Ca2+ 
sensors are Ca2+ buffers too; therefore, unavoidably, the measurement of the Ca2+ 
concentration ([Ca2+]) with indicators leads to an increase in the Ca2+ buffering capacity. 
Ca2+ sensors can be divided in two main families: synthetic dyes and protein-based 
indicators. 
 

Synthetic dyes 
The first, rationally designed, fluorescent Ca2+ probes were created back in early 1980s 
(Tsien, 1980). These fluorescent polycarboxylate dyes are derivatives of the selective 
Ca2+-chelator EGTA. In BAPTA, the prototype fluorescent polycarboxylate dye, the two 
methylene groups of EGTA have been replaced by two benzene rings to enable it to 
function as a chromophore. The conformational change caused by Ca2+ binding to the 
carboxyl groups is transmitted to the chromophore and results in changes in the excitation 
and/or emission properties of the dye. BAPTA itself could not be used as an intracellular 
indicator because it absorbs light in the far ultraviolet (UV) spectrum, but its derivative 
quin2 became immediately popular. 
The modification that really improved and made these dyes extremely easy to use was the 
synthesis of their hydrophobic acetoxymethyl (AM) esters (Tsien, 1981), which allowed 
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the trapping of these indicators in living cells. The ester-loading technique is simple; the 
dyes need just to be added to the medium: thanks to their hydrophobicity, the AM esters 
can diffuse across the plasma membrane of the cell. Once in the cytoplasm, they are 
hydrolized by the endogenous esterases. The original, hydrophilic dye is thus released and 
at the same time trapped in the cytoplasm. 
 
There are two different types of synthetic dye: ratiometric dyes and non-ratiometric dyes. 
In ratiometric dyes, such as fura-2 and indo-1, the excitation (or emission) spectrum 
changes according to the free [Ca2+]. The [Ca2+] is measured as the ratio between two 
fluorescence intensity values that are taken at two wavelengths, λ1 and λ2, corresponding 
to the fluorescence peak in high or low free [Ca2+] condition respectively. The advantage 
of ratiometric dyes is the intrinsic correction for unequal dye loading, bleaching and focal-
plane shift, as the ratio does not depend on the absolute intensity of the two signals. 
In non-ratiometric dyes, such as fluo dyes and rhod dyes, [Ca2+] is determined solely by a 
relative increase in the fluorescence intensity on elevation of the free [Ca2+]. The single 
excitation or acquisition allows for simpler instrumentation or simultaneous observation of 
other parameters, but a complex calibration is needed to translate the fluorescence 
intensity into actual [Ca2+] values. 
 

Protein-based sensors 
Back in the 1960s, the phenomenon of bioluminescence was investigated in the jellyfish 
Aequorea victoria. These studies identified two proteins - aequorin (Aeq) (Shimomura et 
al., 1962) and green fluorescent protein (GFP) (Morise et al., 1974), both of which have 
impacted greatly on the life science. Proof of this is the 2008 Nobel Prize in Chemistry 
awarded to Osamu Shimomura, Martin Chalfie and Roger Y. Tsien “for the discovery and 
development of the green fluorescent protein”. 
 
Aequorin 
Apoaequorin is a 21-kDa photoprotein that is linked covalently to a hydrophobic 
prosthetic group, coelenterazine. Upon Ca2+ binding, aequorin undergoes a conformational 
change that leads to the irreversible peroxidation of the coenzyme to the oxidized form, 
coelenteramide, with production of blue light. The fractional rate of Aeq consumption is 
proportional, in the physiological pCa range, to [Ca2+]. The cloning of the Aeq 
complementary DNA (cDNA) (Prasher et al., 1985) allowed the recombinant expression 
of the Aeq protein; this, in turn, eliminated the need for traumatic loading procedures, 
since the protein could be endogenously produced by cells (Button and Brownstein, 1993; 
Sheu et al., 1993). Moreover, the aequorin cDNA can be engineered to include specific 
targeting signals, thus leading to selectively localize the Ca2+ probe in subcellular 
compartments (Rizzuto et al., 1992, 1993, 1994b and 1995; Brini et al., 1993 and 1994; 
Kendall et al., 1992 and 1994). Recombinant apoaequorin can be reconstituted into active 
photoprotein by simply adding the coenzyme to the incubation medium; aequorin light 
emission then allows the monitoring of the [Ca2+] in the compartment to which the 
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photoprotein is confined. However, aequorin probes present one important flaw: although 
the amount of photons that are emitted from a cell population is more than adequate for 
the measurement of the [Ca2+], the amount of photons that are emitted by a single cell is 
very low. Better tools to this purpose are GFP-based Ca2+ sensors. 
 
GFP-based probes 
Heterologously expressed GFP maintains its strong fluorescence (Chalfie et al., 1994) and 
recombinant Ca2+ probes based on GFP were developed (Romoser et al., 1997). At 
present, there are three main types of this sensor that are commonly used; the so-called 
camgaroos (Baird et al., 1999), the pericams (Nagai et al., 2001) and the cameleons 
(Miyawaki et al., 1997). Camgaroos and pericams are single GFP-based probes, while 
cameleons are made up of two GFP variants. All of these probes use calmodulin (CaM) as 
a molecular switch, which changes its conformation upon the binding of Ca2+. In turn, this 
conformational change alters the fluorescence properties of the GFP-based sensor, and this 
is then used to calculate the [Ca2+]. 
 

 
Figure 6.1. Schematic representation of how a classic cameleon Ca2+ sensor works. Upon binding Ca2+, 
calmodulin and the M13 peptide fold, bringing the two GFP variants close enough to enable FRET (adapted 
from Zhang et al., 2002). 
 
Cameleons are based on a strategy - the change of fluorescence resonance energy transfer 
(FRET). FRET is the physicochemical phenomenon that is characterized by the transfer of 
energy from an excited donor chromophore to an acceptor chromophore, without 
associated radiation release. FRET occurs when the donor emission and acceptor 
excitation spectra overlap considerably and the two dipoles are very close to each other 
(2–7 nm). FRET is proportional to the 6th power of the distance between the 
chromophores and, therefore, even minor conformational changes can induce considerable 
FRET changes. The occurrence of FRET results in the change of several fluorescence 
parameters; the most used in the measurement of Ca2+ concentration is the changes in the 
emission spectrum at constant excitation. It has been used the most because of the 
simplicity of its use, the relatively limited cost and the high velocity of image acquisition, 
which mainly depends on the speed of the imaging system and the dissociation time 
constant of Ca2+ from the probe. In the cameleons, FRET occurs between two differently 
coloured mutants of GFP (usually the cyan fluorescent protein - CFP - and the yellow 
fluorescent protein - YFP -) and it is caused by the interaction between Ca2+-activated 
CaM and the target peptide (Miyawaki et al., 1997; Romoser et al., 1997). In the cameleon 
probe designed by Tsien and co-workers, the target peptide (the CaM-binding peptide 
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M13) and CaM are fused together. A Ca2+-induced interaction between calmodulin (CaM) 
and M13 increases FRET, leading to a decrease in the fluorescence of CFP and an increase 
in the fluorescence of YFP. Several variations of these probes have been produced by 
replacing the GFP variants, by introducing mutations in the CaM domain and by replacing 
M13 with a different CaM-binding peptide (Miyawaki et al., 1999; Truong et al., 2001; 
Persechini et al., 1997). Many of the recombinant expression strategies initially used for 
Aeq have also been used with the cameleons, and several variants with targeting 
sequences and Ca2+ sensitivity that are suitable for many subcellular compartments are 
now available (Emmanouilidou et al., 1999; Jaconi et al., 2000; Isshiki et al., 2002). The 
success of the cameleons, however, is limited by two principal experimental problems. 
The first is the relatively small change in signal on Ca2+ binding, and the second is the 
large size and molecular complexity that might, in some cases, significantly impair its 
targeting efficiency, for example to the mitochondrial matrix. However, the low diffusion 
rate due to its high molecular mass might turn into an advantage when high spatial 
accuracy is needed, for example, to measure and localize Ca2+ ‘puffs’ or ‘sparks’. 
Sensitivity to pH is another serious problem with GFP-based indicators. With the synthetic 
dyes, pH has an effect on fluorescence and Ca2+ affinity only below about pH 6,5, whereas 
with most GFP-based probes, even pH changes around neutral can lead to marked changes 
in fluorescence. Finally, it is worth pointing out that the loss of signal (owing to 
photobleaching and/or photoisomerization) with protein dyes is more significant than with 
synthetic dyes, and that some GFPs have absorption spectra that are not suitable for 
standard confocal microscope laser lines. 
 

 
Figure 6.2. Bacteria expressing differently coloured GFP variants on a Petri dish (from R.Y. Tsien’s lab). 
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Aim 
 
It has previously been demonstrated that different FAD-linked mutations in PS2, and to a 
lesser extent also in PS1, reduce the steady-state ER and Golgi apparatus Ca2+ level 
([Ca2+]ER and [Ca2+]Go respectively) (Zatti et al., 2004; Giacomello et al., 2005; Zatti et al., 
2006). Yet the molecular mechanism(s) underlying the effect of PS mutants on store Ca2+ 
handling is still an open question. Looking for answers, we started studying the PS2-
induced Ca2+ imbalance at the ER level. We picked as cellular models of choice SH-SY5Y 
cells and murine embryonic fibroblasts (MEFs). The first model was preferred because it 
is an immortalized cell line derived from a human neuroblastoma: it is therefore more 
similar to neurons, the cellular target of FAD. MEFs were equally useful because, a clone, 
double knock-out (DKO) for both PS1 and PS2, was available and well described in the 
literature. This cell line could allow us to investigate the effect of different PSs in a null 
background, while avoiding possible misleading contribution of the endogenous proteins. 
The FAD-linked mutant PS2 that was used for most of the experiments was PS2-T122R. 
In fact, among the various PS constructs that were tested,this particular mutation was the 
one exerting the most striking effect on intracellular Ca2+ handling. 
The ER Ca2+ content can be reduced by either increasing the passive leak or by impairing 
the active uptake of the ion (or both). So, potential targets of PS2-T122R could be the 
physiological Ca2+ release channels, like IP3Rs or RyRs, and/or the SERCA pumps. Hints 
from the very first experiments performed suggested that the latter could be mainly 
affected by PS2, so we focused on the interaction between these two proteins. Ca2+ 
measurements were carried out with aequorin-based probes; cell biology techniques 
(Western blotting and co-immunoprecipitation assays) were also used to address the issue. 
Moreover, opposite strategies, as over-expression and down-regulation experiments, were 
also designed to further confirm the results obtained. 
 
The second part of this work was dedicated to a more technical issue. A long-term goal of 
the project is studying Ca2+ dynamics, both in vitro and in vivo, in the brain of AD mouse 
models based on APP and FAD-linked PS mutants through single cell live Ca2+ imaging 
with FRET-based cameleon probes. To this purpose, a preliminary set up of the suitable 
experimental conditions to be employed with these Ca2+ sensors was thus necessary. SH-
SY5Y cells, as the cell model closest to neurons, were used to test whether the ER-D1 and 
the novel Go-D1cpV cameleons could properly be used to reproduce the Ca2+ defect 
induced by PS2-T122R, previously observed with the aequorin-based probes. 
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Results I 
 
The main part of this work was dedicated to unraveling the molecular mechanism(s) 
underlying the PS2-induced reduction in the ER Ca2+ level. To this purpose, FAD-linked 
PS2-T122R was selected as the reference mutation, although the role of wt PS2 has also 
been investigated. Ca2+ measurements were performed with aequorin-based probes in 
different cell models. In the second part of this section, the results obtained from the tests 
carried out with the ER-D1 and the Go-D1cpV cameleons in SH-SY5Y cells are reported. 
 

FAD-linked PS2-T122R reduces steady-state [Ca2+]ER in 
permeabilized cells 
 
Previous experiments carried out in intact cells demonstrated that FAD-linked mutations 
in PS2 decrease the ER Ca2+ content (Zatti et al., 2004; Giacomello et al., 2005; Zatti et 
al., 2006). However, in intact cells, ER Ca2+ uptake can be influenced by a number of 
factors, such as, for instance, the activity of the Ca2+ ATPase pump PMCA and the 
Na+/Ca2+ exchanger in the plasma membrane. Therefore, we performed similar 
experiments in permeabilized cells to avoid the interference of these mechanisms. The 
cells were transiently transfected with ER-Aeq and PS2-T122R or the void vector 
(pcDNA3) as control and 24 h after transfection, ER-Aeq reconstitution was carried out 
with emptied stores as described (see Materials and Methods, p. 61). Cells were then 

permeabilized with digitonin (20 - 100 µM for 1 – 2 minutes, according to the cell model) 
in an EGTA-buffered intracellular solution. After permeabilization, cells were extensively 
(2 - 5 minutes) washed with the same solution and perfused with a Ca2+-EGTA buffered 
solution with a known free Ca2+ concentration; the ER refilling process was then 
continuously monitored. These experiments were performed in different cell models (SH-
SY5Y, wild-type MEFs and DKO MEFs) (fig. 1.1 and table 1): under these conditions, the 
reduction in the steady-state [Ca2+]ER in PS2-T122R transfected cells was not only 
consistently observed but also of entity similar to the one previously measured in intact 
cells: for instance, 47% reduction in permeabilized SH-SY5Y cells with respect to 53% 
measured in intact cells (Zatti et al., 2006). 
Noteworthy, as it can be seen from the average refilling traces in fig. 1.1, also the rate of 
the ER Ca2+ uptake was sensibly reduced in PS2-T122R over-expressing cells, if 
compared to control cells. This difference was clear since the very beginning of ER 
refilling, when the store is still almost completely empty. Therefore, it seemed unlikely 
that the main effect of the mutant PS2 was to increase the Ca2+ leakage out of the ER. We 
thus decided to focus our efforts on unraveling the possible interaction between mutant PS 
and SERCA pump. 
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Figure 1.1. SH-SY5Y cells (panel A) and DKO MEFs (panel B) were transiently co-transfected with the 
cDNAs coding for ER-Aeq and PS2-T122R (black) or the void vector as control (grey). Upon Aeq 
reconstitution, the cells were washed and bathed in a Ca2+-free, EGTA (0.6 mM) containing medium. After 
digitonin permeabilization and washing in an EGTA-based intracellular buffer, ER Ca2+ uptake was 
followed, perfusing the cells in an EGTA-based intracellular buffer with ATP (0.2 mM) and free [Ca2+] = 
0.3 mM (see Materials and Methods). Traces were aligned to Ca2+ addition, black and grey symbols for 
PS2-T122R expressing and control cells respectively (mean ± s.e.m., n = 12 for SH-SY5Y and n = 16 for 
DKO MEFs). 
 

 
Table 1. ER steady-state Ca2+ levels (µM). Steady-state [Ca2+]ER was measured in digitonin permeabilized 
cells transfected with ER-Aeq in experiments performed as described in fig. 1.1 (*** = p < 0.001). 
 
 

PS2-T122R does not alter SERCA-2 protein levels 
 
Upon the observation that PS2-T122R seems to somehow impair the SERCA pump, by 
slowing down the Ca2+ uptake rate, we first checked the SERCA-2 protein level in cells 
over-expressing the mutant PS2, to rule out the possibility that PS2-T122R might act by 
reducing SERCA pump expression. 
From an evolutionary point of view, SERCA-2 is the the oldest isoform among SERCA 
pumps and its alternative splicing variant SERCA-2B is ubiquitously expressed and 
present also in non muscle cells. 
In none of the cell models tested, over-expression of PS2-T122R led to a reduction in the 
SERCA-2 protein level, as shown by Western blots in fig. 1.2. 
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Figure 1.2. Western blots showing SERCA-2 and PS2 levels in control and PS2-T122R expressing cell lines. 
 
 

PS2-T122R impairs the maximal uptake rate (Vmax) of the SERCA-
2 pump 
 
The effect of PS2-T122R on SERCA-2 seems then to be a functional impairment; to test 
this hypothesis, we performed a series of experiments in permeabilized cells in different 
cell lines (SH-SH5Y and DKO MEFs). The cells, transiently co-transfected with ER-Aeq 
and PS2-T122R or the void vector; were permeabilized and the ER refilling process was 
achieved by perfusing cells with an EGTA-based intracellular buffer containing free Ca2+ 
at different, known concentrations. For each experimental trace showing how [Ca2+]ER 
changes during time (in particular during ER Ca2+ uptake, see fig. 1.1), the first derivative 
was calculated. The maximal value of the first derivative corresponds to the maximal 
uptake rate (Vmax) value of the SERCA-2 pump. These values were plotted as a function of 
the corresponding free external [Ca2+]o used. Fig. 1.3 shows that, at each [Ca2+]o tested, 
the cells expressing PS2-T122R have a lower Vmax value if compared to their control cells. 
In the DKO MEFs model we also checked the effect of wild-type (wt) PS2 on the uptake 
rate of SERCA-2. Interestingly, wt PS2 has a similar effect to PS2-T122R, although 

slightly weaker: Vmax was 9.4 ± 0.9 µM/s (n = 7) and 14.4 ± 0.8 µM/s (n = 8), respectively 

at 0.3 and 1.5 µM [Ca2+]o. 
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Figure 1.3. ER Ca2+ uptake was followed in permeabilized SH-SY5Y cells (panel A) and DKO MEFs (panel 
B) at different free [Ca2+]o. The maximal values of the first derivative of the instantaneous [Ca2+]ER 
(d[Ca2+]ER/dt) were plotted as a function of the free external [Ca2+]o (mean ± s.e.m, n ranging from 6 to 20). 
Panel B also shows the values obtained with wt PS2 (empty stars). 
 
A double reciprocal fitting curve of these plots allowed us to infer the Ca2+ binding 
affinity (Km) and Vmax values of the SERCA-2 pump in both PS2-T122R expressing and 
control cells, as reported in table 2. The Vmax was the SERCA-2 pump kinetic parameter 
mostly impaired by PS2-T122R while the Km was almost unaffected. 
 

 
Table 2. Kinetic parameters of ER Ca2+ uptake. 

 
 

Ca2+ release from intracellular stores is unaltered in cells co-
expressing SERCA-2B and PS2-T122R 
 
With these results in mind, we wondered whether co-expression of the SERCA-2B pump 
together with PS2-T122R was enough to compensate for the Ca2+ handling defects 
induced by the latter. SH-SY5Y cells were thus transiently co-transfected with the cDNAs 
codying for Cyt-Aeq and PS2-T122R plus void vector in the presence or absence of 
SERCA-2B. After aequorin reconstitution, cells were bathed in an EGTA-containing 
solution, to prevent any interference from the external Ca2+, and challenged with 
bradykinin (Bk), an IP3-generating stimulus, and cyclopiazonic acid (CPA), a reversible 
inhibitor of the SERCA pump, to obtain a rapid, complete release of Ca2+ from the 
intracellular stores. In these experiments the Ca2+ content of intracellular stores was 
estimated by integrating the area of Ca2+ peaks induced by Ca2+ release. Fig. 1.4A shows 
the trace of a typical experiment with Cyt-Aeq, following changes in cytosolic Ca2+ 
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concentration ([Ca2+]cyt) with time. Histograms in fig. 1.4B represent, for each cell group, 
the average of the areas above baseline, measured between the addition of the stimuli and 
the moment the [Ca2+]cyt returned to the resting level. Area values were also normalized to 
the average area of control cells. While cells over-expressing only PS2-T122R over-
expressing cells released  a significantly smaller amount of Ca2+ when compared to 
control cells, cells expressing SERCA-2B together with PS2-T122R had Ca2+ contents 
comparable or even higher than that of control, void vector transfected, cells. Upon cell 
stimulation, not only the areas but also the peak in [Ca2+]cyt reached by PS2-T122R and 
SERCA-2B co-expressing cells was as high as that reached by control cells, indicating full 
recovery of the IP3-sensitive stores. 
 

 
 
Figure 1.4. A: representative traces from a typical experiment of cytosolic Ca2+ measurement using Cyt-Aeq 
in SH-SY5Y cells: traces from void vector-transfected, control cells (grey line), PS2-T122R expressing cells 
(black line) and PS2-T122R plus SERCA-2B expressing cells (dotted black line) are shown. B. Histograms 
representing the different average areas normalized to the average control area (mean ± s.e.m). The area 
measured for the cells co-expressing PS2-T122R and SERCA-2B (hatched bar) was comparable to that of 
control cells (grey bar), while the area resulting from PS2-T122R over-expressing cells (black bar) was 
significantly reduced (** = p < 0.01). 
 
 

Co-expression of SERCA-2B in PS2-T122R transfected cells 
rescues both the steady-state [Ca2+]ER and SERCA-2 Vmax 

 
Unlike the cells expressing PS2-T122R only, which had partially depleted stores and 
therefore gave rise to lower peaks and smaller areas, the cells transfected with SERCA-2B 
together with PS2-T122R released as much Ca2+ as control cells. We then checked 
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whether this recovery could be detected at the ER level too. We transfected SH-SY5Y 
cells as described for fig. 1.4, but with ER-Aeq instead of Cyt-Aeq. Experiments were 
performed in permeabilized cells, treated as in fig. 1.1. The results obtained confirmed that 
co-expression of SERCA-2B together with PS2-T122R could restore the steady-state ER 
Ca2+ content to control levels. Moreover, this treatment also allowed a complete recovery 
of the SERCA-2 pump maximal uptake rate, as shown in fig. 1.5B. 

 
Figure 1.5. SH-SY5Y cells were transiently co-transfected with the cDNAs coding for ER-Aeq and PS2-
T122R, in the absence (black bars) or presence (hatched bars) of SERCA-2B cDNA; control cells were co-
transfected with ER-Aeq cDNA and with the void vector (grey bars). Bars represent the average steady-state 
[Ca2+]ER (µM) (panel A) and maximal uptake rates (µM/s) (panel B) (mean ± s.e.m) (** = p < 0.01; *** = p 
< 0.001). 
 
 

Down-regulation of endogenous PS2 enhances both the steady-state 
[Ca2+]ER and SERCA-2 Vmax 

 
Since the expression of wt PS2 in a PS-free environment such as DKO MEF cells induced 
a partial depletion of ER Ca2+ content mainly by slowing down the SERCA-2 maximal 
Ca2+ uptake (fig. 1.3B), we decided to test whether an approach aimed at down-regulating 
the endogenous level of PS2 could end up with the opposite effect on SERCA pump’s 
activity. Therefore, we down-regulated the expression of the PS2 protein in wt MEFs by 
an RNA interference treatment. The cells were transfected with ER-Aeq cDNA and small 
interfering RNAs (siRNAs) against mouse PS2 (or control siRNAs). 48 h after 
transfection, experiments were carried out as previously described to monitor ER Ca2+ 
uptake in permeabilized cells. Under these conditions, down-regulation of PS2 reached 
50-80% as checked by Western blot (fig. 1.6C) As shown in fig. 1.6, siRNA against 
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endogenous mouse PS2 significantly increased both the steady-state [Ca2+]ER and SERCA-
2 Vmax. These results are consistent with the opposite effect on SERCA-2 due to over-
expression of wt PS2 in DKO MEFs and also strongly argue for a physiological role of 
endogenous PS2 in cellular Ca2+ handling. 
 

 
Figure 1.6. Wt MEFs, seeded on both coverslips and 6-well plates, were transfected with the cDNA coding 
for ER-Aeq and siRNA specific for mouse PS2 or control siRNA (20 nM). After 48 hours, the cells seeded 
on coverslips were used to estimate ER Ca2+ uptake upon cell permeabilization with the protocol described 
in fig. 1.1. Bars (grey bars for control cells, black bars for interfered cells) represent the average [Ca2+]ER 
(µM) (panel A) and maximal uptake rates (µM/s) (panel B) (mean ± s.e.m). The remaining cells were 
harvested to check the expression level of PS2 by Western blotting (panel C) (* = p < 0.05; ** = p < 0.01). 
 
 

Co-immunoprecipitation: a physical interaction between PS2 and 
SERCA-2B 
 
Evidence so far is that PS2 and SERCA-2 somehow interact; thus, we decided to perform 
co-immunoprecipitation (IP) assays to check whether there is a physical association 
between these two proteins. SH-SY5Y cells were transfected with PS2-T122R or the void 
vector (as control) cDNAs. After 24h, cells were harvested: protein extracts were split in 
two to perform IP of both SERCA-2 and PS2. Each protein sample was tested in two 
separate Western blots. In the first one, the antibody used was the same employed to 
immunoprecipitate the proteins: this was a control experiment required to ensure that the 
IP protocol worked per se (fig. 1.7A, upper panel and fig. 1.7B, lower panel). In the 
second Western blot, it was used an antibody against the hypothetical interacting protein: a 
signal should be found where the other partner was immunoprecipitated. As fig. 1.7 
shows, a physical link between PS2 and SERCA-2 could be demonstrated: when SERCA-
2 was immunoprecipitated, PS2 was also detectable in Western blot (fig. 1.7A, lower 
panel) and vice versa (fig. 1.7B, upper panel). The interaction between the two proteins is 
reasonably strong: in fact, a preliminary cross-linking treatment to fix endogenous weak 
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bonds between proteins was not necessary to see co-immunoprecipitation of PS2 and 
SERCA-2. 
 

 
 
Figure 1.7. Co-immunoprecipitation of SERCA-2 and PS2 in SH-SY5Y cells. PS2-T122R expressing and 
control cells were harvested 24 h after transfection and IPs of SERCA-2 (panel A) and PS2 (panel B) were 
performed. Each protein extract was split in two: a half was treated with an antibody against SERCA-2, or 
PS2, to immunoprecipitate the protein (+), while the other half was used as a negative control, having the 
same treatment but without the addition of the antibody (-). Western blots show the protein samples detected 
with an antibody against SERCA-2 (upper boxes in panels A and B) or PS2 (lower boxes). 
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Results II 
 

The PS2-T122R-induced reduction of steady-state [Ca2+]ER 
measured with ER-Aeq is detected also with an ER-D1 cameleon 
Ca2+ probe 
 
Cameleons are FRET-based ratiometric Ca2+ sensors that can be genetically targeted to 
intracellular organelles or sub-compartments (see Introduction, p. 40). Cameleons are 
excellent tools to perform single cell live imaging experiments to monitor Ca2+ oscillations 
under different conditions. Our future aim is to take advantage of these probes to 
investigate Ca2+ dynamics in primary cultures of cortical neurons or brain slices from mice 
carrying a FAD-linked PS2 mutation alone or in combination with mutant APP, this latter 
strain also employed as a mouse model of amyloidosis. However, first of all we need to 
set the proper experimental conditions and to make sure that cameleons are suitable probes 
for our purposes. 
 

  
 

Figure 2.1. SH-SY5Y cells expressing the ER-D1 (left) and the Go-D1cpV (right) cameleons. 
 
We tested the ER-D1 cameleon in SH-SY5Y cells. The cells were transiently transfected 
with ER-D1 and PS2-T122R or the void vector as control. The experimental protocol used 
was exactly the same designed for ER-Aeq experiments in intact cells (see Materials and 
Methods, p. 62, for details). Similarly to ER-Aeq reconstitution, before starting the 

experiment the ER was depleted of Ca2+ by exposing the cells to ionomycin (1 µM) in an 
EGTA-containing (0.6 mM) solution. After extensive washing with BSA, the cells were 
bathed in an EGTA-containing (50 µM) solution; Ca2+ was added (2 mM) and the refilling 
of the store was monitored. Fig. 2.2A shows a representative experimental trace: the 
arbitrary fluorescence values of yellow and cyan fluorescent proteins (YFP and CFP 
respectively) were normalized to the respective initial value; the same normalization was 
done for the YFP/CFP ratio. Upon Ca2+ entry within the ER, the typical antiparallel 
behaviour of YFP and CFP fluorescence traces was observed, and their ratio mirrored the 
[Ca2+] changes occurring in the ER compartment. Histograms in fig. 2.2B show the 
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steady-state ER-D1 ratio value (R) reached in PS2-T122R expressing and control cells: the 
difference with the starting value (R0), normalized to the latter (∆R/R0), reflects changes in 
the [Ca2+]ER. As expected, the cells transfected with PS2-T122R reached a significantly 
lower plateau level, compared to control cells. This result allowed us to draw two 
important conclusions. First, the ER-D1 cameleon is a reliable [Ca2+]ER sensor in our cell 
model; secondly, the PS2-T122R-induced reduction in the steady-state [Ca2+]ER was 
confirmed once again with a different Ca2+ probe. 
 

 
 
Figure 2.2. Panel A shows a typical experimental trace following the changes in the [Ca2+]ER in a SH-SY5Y 
cell that was transfected with the ER-D1 cameleon. The fluorescence values of YFP, CFP and the YFP/CFP 
ratio were normalized to each respective initial value (F0). Panel B: bars representing the ER Ca2+ refilling 
plateaus reached by control (grey bar) and PS2-T122R over-expressing (black bar) SH-SY5Y cells (mean ± 
s.e.m). Plateaus are expressed as percentage of normalized ∆R (* = p < 0.05). 
 
 

The PS2-T122R-induced reduction of steady-state [Ca2+]Go 
measured with Go-Aeq is NOT detected with Go-D1cpV, a novel 
cameleon Ca2+ probe 
 
It has been demonstrated that, in HeLa and SH-SY5Y cells, PS2-T122R not only 
dramatically reduces the steady-state [Ca2+] in the ER, but has also a similar effect on 
Golgi apparatus Ca2+ level (Zatti et al., 2006; fig. 2.3A). In these cells, [Ca2+]Go was 
directly measured using a recombinant aequorin probe, Go-Aeq. A new cameleon probe 
has been recently developed in our laboratory, the Go-D1cpV probe, targeted to the lumen 
of the Golgi apparatus (Lissandron et al., submitted). We therefore took advantage of this 
new tool and tested it in SH-SY5Y cells. Again, the cells were transfected with PS2-
T122R or the void vector together with the probe. The experimental protocol followed was 
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the same used for ER-D1 experiments. Histograms in fig. 2.3B show the Golgi steady-
state ratio reached by PS2-T122R transfected and control cells, expressed as the 
percentage change in the normalized YFP/CFP ratio, as described for fig. 2.2. 
Surprisingly, no statistically significant difference between PS2-T122R expressing and 
control cells was detected. 
 

 
 
Figure 2.3. The Golgi apparatus Ca2+ content in SH-SY5Y cells, measured with Go-Aeq (panel A) and the 
novel cameleon probe Go-D1cpV (panel B). Bars represent the steady-state [Ca2+]Go reached after store 
refilling by PS2-T122R transfected (black bars) and control cells (grey bars) (mean ± s.e.m). In Go-D1cpV 
experiments, refilling plateaus are expressed as percentage of normalized ∆R (panel B) (** = p < 0.01). 
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Discussion 
 

It has been previously reported that different FAD-linked PS2 mutants (and PS1 mutants 
as well, although to a minor extent) significantly reduce the ER Ca2+ content in different 
model cells, including fibroblasts from FAD patients and rat primary neurons. This effect 
is also mimicked by over-expression of wt PS2 (Zatti et al., 2004; Giacomello et al., 2005; 
Zatti et al., 2006). Both fura-2 and aequorin approach were applied to measure [Ca2+]ER in 
the different cell types and the results obtained with these techniques were consistently 
reproduced. Similar conclusions were also reached in neuroblastoma cells by over-
expression of the wt form of PS2 or PS1 (Fedrizzi et al., 2008). 
It has recently been shown that FAD-linked PS1 and PS2 mutants interact with the IP3R, 
stimulating its gating activity. This led to an enhanced Ca2+ signalling, but exaggerated ER 
Ca2+ release was not supported by ER Ca2+ overload. Indeed, the ER Ca2+ content was 
unchanged or even decreased (Cheung et al., 2008). Altogether these data strongly 
undermine the “Ca2+ overload” hypothesis (LaFerla, 2002; Cowburn et al., 2007) and 
suggest a key role for PSs in setting the ER Ca2+ level. 
The next step in the overall project an the main target of this work was unraveling the 
molecular mechanism(s) by which wt and mutant PS2 reduce the ER Ca2+ content of 
intracellular stores. The effect of the transient over-expression of PS2-T122R was chosen 
as a reference to compare the different cell types; consistently, a reduction in the steady-
state [Ca2+]ER was observed, ranging from about 50% to 20%, with the following efficacy 
order: SH-SY5Y > wt MEFs ≥ DKO MEFs > HeLa cells. All these models were thus 
employed to untangle the likely common mechanism(s) underlying the PS2 effect. 
The reduction in the [Ca2+]ER induced by PS2-T122R was previously detected with ER 
Ca2+ refilling experiments in intact cells. However, in intact cells, ER Ca2+ uptake rates do 
not simply reflect the SERCA pump activity, as they are also affected by Ca2+ 
influx/extrusion processes across the PM and mitochondria Ca2+ buffering. To avoid these 
interferences, experiments were carried out in digitonin permeabilized cells with the free 
[Ca2+] of the bathing medium buffered at different values (0.1-2 µM). Under these 
conditions, in cells expressing PS2-T122R, Ca2+ uptake rates were reduced at each [Ca2+] 
tested. Similar results were also obtained in DKO MEFs expressing wt PS2; noteworthy, 
we also found about a 20% increase in ER Ca2+ uptake rates in permeabilized DKO MEFs, 
if compared to the wt clone. These variations in the uptake rates in DKO MEFs following 
the presence of absence of wt PS2 suggested a role for endogenous PS2, that might act as 
a physiological brake on ER Ca2+ uptake and SERCA pumps. We took advantage of the 
two available MEF clones to investigate this hypothesis through opposite approaches. In 
fact, while over-expression of wt PS2 in DKO MEFs reduced the SERCA uptake rate and 
[Ca2+]ER, in wt MEFs, knocking down the endogenous level of PS2 by siRNAs increased 
both ER Ca2+ pumping and steady-state levels, thus unmasking the inhibitory role played 
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by endogenous PS2. Along this line, in SH-SY5Y, over-expression of SERCA-2B 
together with PS2-T122R rescued both the rate of ER Ca2+ uptake and the steady-state 
[Ca2+]ER at, or slightly above, the respective values observed in control, void-vector 
transfected cells. 
Recently, it has been shown that wt PS1 and PS2 as well as a FAD-linked mutant (PS1-
M146V) increase SERCA-2 activity (Green et al., 2008). Those data, however, were 
obtained by monitoring cytosolic Ca2+ clearance in intact Xenopus oocytes: under such 
conditions, other factors as the amplitude of capacitative Ca2+ influx, the activity of the 
PMCA and the contribution of mitochondrial Ca2+ uptake may mislead data interpretation. 
From our results obtained in permeabilized cells, we could conclude that PS2-T122R 
affects the maximal capacity of the pump rather than its Km which appears to be set 
around 0.15-0.3 µM, a value not far from that reported for purified SERCA-2B (0.17 µM) 
(Lytton et al., 1992). Co-immunoprecipitation experiments strongly indicate a physical 
interaction between PS2-T122R and SERCA-2 in neuroblastoma cells, as also 
demonstrated in brain extract by Green and co-workers (Green et al., 2008). Nonetheless, 
over-expression of mutant PS2 did not alter the endogenous SERCA-2 protein level. 
In conclusion, the FAD-linked PS2-T122R consistently and dramatically lowers the 
steady-state [Ca2+]ER in all the cell models tested so far. The main mechanism responsible 
for this effect is likely a reduction in the maximal uptake rate of SERCA-2. 
 
One of the future perspectives of this project will be studying Ca2+ dynamics in cellular 
sub-compartments of cortical neurons from model AD mice carrying a FAD-linked PS2 
mutant as well as from wt animals. The approach of choice will be single cell live Ca2+ 
imaging by cameleon probes selectively targeted to intracellular organelles. Before getting 
started with neurons, however, it is necessary to set the proper experimental conditions of 
these probes in well known model cells, as SH-SY5Y cells are. This was the aim of the 
second part of this work. 
A cameleon targeted to the ER lumen, the ER-D1 probe (Palmer et al., 2004; Rudolf et al., 
2006), was transiently co-transfected with PS2-T122R or the void vector in SH-SY5Y 
cells and the experiments were performed following a protocol very similar to that used 
for ER-Aeq measurements in intact cells, i.e. ER Ca2+ stores were pre-emptied and the 
refilling process was then followed. The results were consistent with those obtained from 
ER-Aeq experiments: PS2-T122R expressing cells showed a significantly lower ER 
steady-state, expressed as the ratio ∆R/R0, when compared to control cells, proving that 
the ER-D1 cameleon, as ER Ca2+ sensor, can reliably detect the effect of mutant PS2 in 
our cell model. 
A novel cameleon probe genetically targeted to the lumen of the Golgi apparatus, the Go-
D1cpV cameleon, was recently created in our lab (Lissandron et al., submitted). This new 
sensor has also been tested in SH-SY5Y cells; experiments were carried out in PS2-T122R 
expressing and control cells, according to the same protocol used with the ER-D1 
cameleon. Surprisingly, this time the results obtained were not as expected. In fact, 
previous experiments performed in SH-SY5Y cells with Go-Aeq demonstrated that PS2-
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T122R expressing cells had significantly reduced steady-state [Ca2+]Go, compared to 
control cells (Zatti et al., 2006). Instead, the steady-state ratio measured at the Golgi level 
in PS2-T122R expressing cells was comparable to that reached in void vector transfected 
cells. The difference between the two probes in estimating Golgi Ca2+ levels was at first 
confounding because both Go-Aeq and Go-D1cpV have the same Golgi targeting 
sequence (see Matherials and Methods, p. 63). However, immunocytochemistry 
experiments showed that Go-D1cpV localized to the trans-Golgi cisternae, accordingly to 
the targeting sequence, whereas the Go-Aeq localized also to the cis Golgi sub-
compartment (Lissandron et al., submitted). 
This observation explains why with the two Golgi probes we obtained different results 
when considering the effect of PS2-T122R on the steady-state Ca2+ level of this complex 
organelle. In fact, it is known that the cis-Golgi compartment has characteristic in between 
the ER and the trans Golgi compartment. In particular, in the cis Golgi, Ca2+ uptake 
mainly relies on SERCA pumps (which should be impaired by PS2-T122R) whereas, in 
the trans-Golgi, Ca2+ uptake only depends on SPCA1 pumps (Missiaen et al., 2007), 
which appear to be unaffected by the mutant PS2. 
Thus, an unexpected result was obtained by choosing a novel Ca2+ probe with a 
localization restricted to a sub-compartment of the Golgi apparatus. The Go-D1cpV 
cameleon helped us to better define the mechanism of action of PS2-T122R, showing that 
it selectively acts on SERCA-2 but not on SPCA-1 pumps. 
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Materials and Methods 

 
Cell lines and transfection 
SH-SY5Y and HeLa cells were grown in DMEM supplemented with 10% foetal calf 
serum (FCS) containing penicillin (100 U/ml) and streptomycin (100 µg/ml). Before 
transfection, cells were seeded on coverslips (13 or 24 mm diameter) and allowed to grow 
to 50% confluence. For perfusion experiments, SH-SY5Y cells were seeded on coverslips 
previously treated with laminin (10 µg/ml). SH-SY5Y and HeLa cells were transfected by 

means of LipofectamineTM2000 using 1,5 / 3 µg of DNA for 13 / 24 mm diameter 

coverslips respectively (1 / 2 µg PS2-cDNA or void vector (pcDNA3) plus 0.5 / 1 µg 
aequorin (Aeq) or cameleon cDNA). PS1/PS2-null (PS1-/-, PS2-/-) and wild-type (wt) 
mouse embryonic fibroblasts (MEFs), obtained as previously described (Herreman et al., 
1999; Nyabi et al., 2002), were kindly provided by Dr. Bart De Strooper (Center for 
Human Genetics, KUL, VIB, Leuven, Belgium). Cells, grown in DMEM-F12 
supplemented with 10% FCS and 100 U/ml penicillin/streptomycin, were transfected by 
LipofectamineTM2000 employing 2 µg of DNA (1,5 µg PS2-cDNA or void vector plus 0.5 

µg Aeq cDNA). For perfusion experiments, DKO and wt MEFs were seeded on coverslips 

previously treated with poly-L-Lysin (50 µg/ml). For RNA interference experiments, the 
growth medium was substituted 1 hour before transfection with antibiotics-free medium; 
siRNAs mouse PS2 (target sequence: GAUAUACUCAUCUGCCAUG) and siGENOME 
RISC-Free Control siRNA; (Dharmacon Research, Lafayette, CO) were added to the 
transfection mixes to a final concentration of 20 nM. 
Intracellular Ca2+ measurements were carried out 48 or 24 h after transfection by means of 
the Aeq technique, as previously described (Brini et al., 1995) and summarised below, or 
by single cell live Ca2+ imaging with the cameleon probes. 
 

Ca2+ measurements 
Aequorin 
Cells seeded on 13 mm diameter coverslips and transfected with Aeq constructs were 

incubated at 37°C with coelenterazine (5 µM) for 1-2 h in a modified Krebs–Ringer buffer 
(mKRB, in mM: 140 NaCl, 2.8 KCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 11 glucose, pH 7.4) 
and then transferred to the perfusion chamber. For reconstitution of ER-Aeq and Go-Aeq, 
luminal [Ca2+] was reduced before coelenterazine addition by exposing the cells to CPA 
(20 µM) in mKRB without CaCl2 (Ca2+-free mKRB) and containing EGTA (600 µM). 
Upon 1h incubation at 4°C in the same medium, the cells were extensively washed with 
Ca2+-free mKRB supplemented with EGTA (1 mM) and bovine serum albumin (BSA, 
2%). All the luminescence measurements were carried out in mKRB at 37°C. For SH-
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SY5Y and MEF cells, a high potassium medium (in mM: KCl 100, NaCl 43, MgCl2 1, 
HEPES 10, pH 7.4 at 37°C) was used. The experiments were terminated by cell 
permeabilization with digitonin (100 µM) in a hypotonic Ca2+-rich solution (10 mM CaCl2 
in H2O) to discharge the remaining unused Aeq pool. The light signal was collected as 
previously described (Brini et al., 1995). 

For permeabilization, cells were exposed for 1-2 minutes to digitonin (20-100 µM) in an 
intracellular medium containing (in mM): KCl 130, NaCl 10, KH2PO4 1, succinic acid 2, 
MgSO4 1, HEPES 20, EGTA 0.05 pH 7, at 37°C. The cells were then washed with the 
same intracellular medium containing EGTA 50 µM for 2-5 minutes. The Ca2+-buffer 
solution was prepared by adding to the intracellular medium: HEDTA, piruvic acid and 
MgCl2 (1 mM each), EGTA or BAPTA (2 mM) and CaCl2 at different concentrations 
(0.5-1.8 mM ) and the pH was brought to 7 at 37°C. ATPNa2 (0.2 mM) was added to this 

Ca2+-buffered solution. The free [Ca2+] (0.1-2 µM) was estimated by MaxChelator2.5 and 
checked by fluorimetric measurements with fura-2. 
 
Cameleon 
Cells expressing the fluorescent probe were analyzed using an inverted fluorescence 
microscope (Zeiss Axiovert 100) with an immersion oil objective (40 X, N.A. 1.30). 
Excitation light at the proper wavelength (425 nm) was produced by a monochromator 
(Polychrome V, TILL Photonics, Martinsried, Germany). The emitted light was collected 
through a beamsplitter (OES s.r.l., Padova) and a dichroic mirror 440 DCXR. The 
beamsplitter allows the collection of the two emitted wavelengths at the same time, thus 
preventing any artefact due to movement of the organelles. Filters and dichroic mirrors 
were purchased from Omega Optical (Brattleboro, VT) and Chroma Technology Corp. 
(Rockingham, VT). Images were acquired using a 12-bit cooled CCD camera (PCO 
SensiCam). The software used for image analysis were Roboscope (custom-made, 
Padova) and ImageJ (free download) for off-line data processing. For time-course 
experiments, the fluorescence intensity was determined over regions of interest covering 
the ER or the Golgi compartment. Exposure time varied from 300 to 800 ms, depending 
on the intensity of the fluorescent signal of the cells analyzed. The frequency of image 
capture was 0.05 Hz. Cells were mounted into an open-topped chamber at room 
temperature, and maintained in an extracellular high K+ medium (see aequorin Ca2+ 
measurement). The refilling protocol was performed essentially as described (Pinton et al., 
1998). Briefly, the cells, incubated in Ca2+-free mKRB medium containing 0.6 mM 
EGTA, were treated with 1 µM ionomycin for at least 10 minutes and then ionomycin was 
removed by extensive washing with the same medium containing 2% BSA and EGTA (1 
mM). The store refilling was then visualized by addition of 2 mM CaCl2 to the EGTA-
containing (50 µM) high K+ solution. 
 

Plasmids 
pcDNA3 vector codifying for PS2-T122R mutant was created by site directed mutagenesis 
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of pcDNA3/PS2-wt (QuikChange Site-directed mutagenesis Kit, Stratagene, La Jolla, 
CA). The construct was checked by sequence analysis (ABI Prism Genetic Analyzer 310, 
Applied Biosystems, Monza, Italy). 
The D1cpV cameleon (Palmer et al., 2006) is formed by an enhanced cyan fluorescent 
protein (ECFP) and a circularly permutated Venus, a yellow fluorescent protein variant 
(YFP), linked by modified calmodulin (CaM) and calmodulin-binding domain M13. The 
construct (kindly provided by Dr. R.Y. Tsien) was modified inserting at the N-terminal the 
targeting sequence of the trans-Golgi enzyme sialyl-transferase, after its isolation from the 
Go-Aeq construct (Pinton et al.,1998) (Lissandron et al., submitted). 
 

Protein extracts preparation and Western blot analysis 
The different cell types were harvested and treated as previously reported (Giacomello et 
al., 2005). Briefly, cells were washed twice with ice-cold phosphate-buffered saline (PBS) 
and harvested with RIPA buffer supplemented with proteases inhibitors cocktail 
(Complete Mini™, Roche). Samples were analyzed in SDS-PAGE gel and Western 
blotting immunodetection was carried out with the polyclonal antibody (Ab) anti-PS2 
(324-335; Ab-2, Calbiochem, Merck, Darmstadt, Germany) and with the monoclonal 
mouse Ab anti-PS2 (MMS-359S, Covance Research Products Inc.). SERCA-2B detection 
was carried out with a polyclonal anti-SERCA-2 Ab (N-19, Santa Cruz Biotechnology, 
Inc.). Actin was detected by the monoclonal mouse Ab (A4700, Sigma-Aldrich). The 
proteins were visualised by the chemiluminescence reagent ECL (Amersham, GE 
Healthcare, UK Ltd Amersham PlaceLittle Chalfont Buckinghamshire HP7 9NA 
England). 
 

Co-immunoprecipitation 
The immunoprecipitation technique is based on the selective interaction between a protein 
of interest and an antibody recognizing an antigen on it. Upon the Ab-protein binding, the 
Ab heavy chain is then recognized by a specific protein (called protein A for rabbit Abs 
and protein G for mouse Abs), bound to an agarose bead. After centrifugation, the 
complex formed by the protein of interest (plus other potential interacting proteins), the 
Ab and the agarose-bound A/G protein precipitates, allowing the isolation of the desired 
protein together with its potential partners. 
SH-SY5Y cells were trasfected with PS2-T122R or the void vector; 24 h after transfection 
the cells were harvested and protein extracts were prepared as described. Before the 
addition of the Ab anti PS2 (324-335; Ab-2, Calbiochem, Merck, Darmstadt, Germany) or 
SERCA-2 (monoclonal mouse anti SERCA-2, clone 2A7-A1, Sigma-Aldrich, Inc), the 
protein extracts were incubated with protein A-Agarose and normal rabbit AG (both from 
Santa Cruz Biotechnology, Inc) or protein G-Agarose (Santa Cruz Biotechnology, Inc) 
respectively, for 30 minutes at 4°C. This step was necessary to remove the proteins 
aspecifically binding to the agarose. After centrifugation at 2400 rpm for 5 minutes at 4°C, 
the surnatant was collected and the protein concentration quantified. 100 µg of each 
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protein sample were treated with the anti PS2 or anti SERCA-2 Ab, while 100 µg were 
incubated with Normal Rabbit IgG-AC (Agarose Coniugated) or Normal Mouse IgG-AC 
respectively (both Santa Cruz Biotechnology, Inc). This control sample allows to sort the 
proteins aspecifically binding to a random immunoglobulin produced in the same species 
as the Ab used from the proteins specifically interacting with the Ab. Samples were 
incubated for 2 h at 4°C under constant mixing, then the proper agarose-bound protein 
(protein A-Agarose for PS2 samples and the respective mock-treated samples; protein G-
Agarose for SERCA-2 samples and the respective control samples) was added. 3 h later 
the samples were centrifuged for 5 minutes at 2400 rpm at 4°C; the agarose pellet with the 
protein complexes was washed with a solution containing NaCl (0.1 M) and a proteases 
inhibitors cocktail (Complete Mini™, Roche) for 4 times. After the last washing, the pellet 
was resuspended in a loading buffer 2X containing 10% β-mercaptoethanol, which helps 
releasing the immunoprecipitated proteins from the IgG-agarose complexes. 
 

Chemicals and reagents 
Antibiotics, sera, culture media, plasmids and LipofectamineTM2000 were purchased from 
Invitrogen (Carlsbad, CA, USA), while all other reagents were from Sigma Chemical Co. 
(St. Louis, Mo), unless otherwise stated. 
 

Statistical analysis 
Data were analyzed by Origin 7.5 SR5 (OriginLab Corporation). Averages are expressed 
as mean ± s.e.m. (n = number of independent experiments; ∗ = p < 0.05; ∗∗=p<0.01; ∗∗∗ = 
p < 0.001, unpaired Student’s t test). 
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