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Alzheimer’s disease is a progressive and irreversible
neurodegenerative disorder that leads to cognitive,
memory and behavioural impairments.Most cases of
Alzheimer’s disease are IDIOPATHIC, and advanced age and
inheritance of the ε4 allele of the POLYMORPHIC apo-
lipoprotein E gene (APOE) serve as major risk factors,
although neither is sufficient to cause the disease1. A
small percentage of cases are inherited in a Mendelian
(autosomal dominant) fashion. These are referred to as
familial Alzheimer’s disease (FAD), and are generally
distinguished from most sporadic cases by the emer-
gence of clinical symptoms earlier than the seventh
decade of life.Despite the disparity in age of onset,both
forms share common histopathological features: the
extracellular deposition of diffuse and neuritic plaques
that are composed of amyloid-β (Aβ) peptide, the intra-
cellular accrual of neurofibrillary tangles that consist of
hyperphosphorylated aggregates of the microtubule-
associated protein TAU, and selective neuronal loss.
These histopathological lesions do not occur diffusely
throughout the brain, but are restricted to selective
regions,particularly the hippocampus and neocortex.

The pathogenesis of Alzheimer’s disease is complex,
and involves many molecular, cellular and physiologi-
cal pathologies. The leading candidate for the trigger
of Alzheimer’s disease is the Aβ peptide, which is pro-
duced by the proteolytic processing of the amyloid
precursor protein (APP; BOX 1). Its primacy has been
manifested in the ‘amyloid-cascade hypothesis’, which
posits that the accumulation of Aβ (resulting from
overproduction, altered processing or a failure of
clearance mechanisms) is the initiating molecular
event that triggers neurodegeneration in sporadic and
familial Alzheimer’s disease2. The most compelling
evidence in support of this hypothesis emerged from
advances in our understanding of the molecular and
cell biology of genes that either directly cause or
enhance the risk for Alzheimer’s disease, as they all
modulate some facet of the formation or stability of
Aβ. However, the same logic can be used to support
the proposal of an early, central role for calcium dys-
regulation in the pathogenesis of Alzheimer’s disease.
Every gene that is known to increase susceptibility 
to Alzheimer’s disease also modulates some aspect of
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Calcium modulates many neural processes, including synaptic plasticity and apoptosis.
Dysregulation of intracellular calcium signalling has been implicated in the pathogenesis of
Alzheimer’s disease. Increased intracellular calcium elicits the characteristic lesions of this
disorder, including the accumulation of amyloid-β, the hyperphosphorylation of TAU and neuronal
death. Conversely, neurodegeneration that is induced by amyloid-β or TAU is probably mediated
by changes in calcium homeostasis. Disruption of calcium regulation in the endoplasmic
reticulum mediates the most significant signal-transduction cascades that are associated with
Alzheimer’s disease. Moreover, mutations that cause familial Alzheimer’s disease have been
linked to intracellular calcium signalling pathways. Destabilization of calcium signalling seems to
be central to the pathogenesis of Alzheimer’s disease, and targeting this process might be
therapeutically beneficial.
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APOE3 and APOE4.
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OX-2 ANTIGEN DOMAIN

An antigen domain that is
recognized by antibodies to
lymphocytes. A member of the
immunoglobulin superfamily 
of cellular adhesion molecules,
OX-2 has a major role in the
activation of lymphocytes and
macrophages.

KUNITZ PROTEASE-INHIBITOR

DOMAIN

A functional domain that is
common to a large family of
proteins — including APP,
aprotinin and noggin — that
inhibits serine proteases such 
as trypsin.

link by which calcium dysfunction can influence the
accumulation of Aβ and the hyperphosphorylation of
TAU. The first condition is supported by a large body
of evidence from human subjects and from experi-
mental models, which has shown that alterations in
calcium signalling occur during the initial phases of
the disease, and even before the development of overt
symptoms5. In addition, many studies that have used
primary cells from transgenic embryos — for example,
from mice with mutations in APP or presenilin 1 (PS1)
— have found disturbances in calcium signalling
months before any obvious extracellular Aβ pathol-
ogy6–8. Do these findings indicate that calcium alter-
ations precede the formation of Aβ in the pathogenic
cascade? This is a difficult question to answer, as un-
detectable amounts of Aβmight exert a pathogenic
effect.Moreover, one mechanism by which Aβ toxicity
is manifested is through the destabilization of calcium
regulation, a fact that closely links the two tempo-
rally9,10. Although genetic evidence supports an early
role for Aβ, it could still be just an epiphenomenon,
and a subtler, less obvious molecular defect might be
the primary trigger for Alzheimer’s disease. For exam-
ple, some investigators have suggested that calcium
dysfunction11 or other, unidentified events precede Aβ
in the cascade12. However, data from my laboratory
indicate that alterations in Aβ formation precede the
changes in calcium13.

calcium signalling. That calcium dysregulation is
involved in the neurodegeneration of Alzheimer’s dis-
ease is irrefutable. The unresolved and crucial question
is whether it is an upstream component or a down-
stream sequela of the disease. This review focuses on
the significance and role of calcium dyshomeostasis in
the pathogenesis of Alzheimer’s disease.

The calcium hypothesis
The calcium hypothesis of Alzheimer’s disease was
first proposed by Khachaturian3. Its basic tenet is that
sustained disturbances in calcium homeostasis are a
proximal cause of neurodegeneration in Alzheimer’s
disease. This hypothesis was initially promulgated
without any supporting experimental evidence, but
such evidence has since emerged4. Calcium modulates
a panoply of biological functions, and neurons use
elaborate mechanisms to maintain calcium homeo-
stasis (BOX 2). The question that arises is how destabi-
lization of calcium regulation can trigger the pathology
of Alzheimer’s disease, including the development of
the hallmark lesions in a progressive and region-
specific pattern in the brain, as well as the underlying
deficits in memory.

For the calcium-dysregulation hypothesis to
remain viable, two conditions must be satisfied.
Calcium dyshomeostasis must be an early manifesta-
tion of the disease, and there must be a mechanistic

Box 1 | Proteolysis of APP

Amyloid precursor protein (APP) is a type 1
transmembrane protein in which the carboxy-terminal
portion of amyloid-β (Aβ) peptide is embedded within
the cell membrane. Multiple isoforms of APP are derived
by differential splicing, with the predominant variants
containing 695, 751 or 770 residues, although other
minor species of different lengths also exist. The 751-
and 770-residue isoforms are distinguished from each
other by an OX-2 ANTIGEN DOMAIN (which is absent in
APP751), and from the 695-residue isoform by the
presence of a KUNITZ PROTEASE-INHIBITOR DOMAIN. These
three isoforms have in common the same Aβ,
transmembrane and intracellular domains; however,
within the brain, APP695 is the main species present in
neurons, whereas APP751 and APP770 are expressed
predominantly in glial cells.

APP undergoes two endoproteolytic cleavage events
that either preclude or cause the formation of the
amyloidogenic Aβ peptide. Cleavage by α-secretase — 
a membrane-associated metalloproteinase, the activity of which is probably elaborated by several distinct enzymes —
occurs within the Aβ domain (between residues 16 and 17),precluding the liberation of an amyloidogenic species, and
resulting instead in the release of the large soluble extracellular amino-terminal portion of APP (APPsα) and a carboxy-
terminal fragment that consists of 83 residues (C83). C83 can undergo further proteolysis by γ-secretase to liberate the P3
peptide, which is considered to be non-amyloidogenic, although it is deposited in diffuse plaques120,121. To liberate the Aβ
species, APP must undergo two sequential endoproteolytic steps that are mediated by distinct enzymatic activities known
as β- and γ-secretase.β-secretase, which is the enzyme known as BACE1 (β-site APP-cleaving enzyme), cleaves APP at the
amino-terminal region of the Aβ sequence122. Cleavage by β-secretase generates a slightly shorter soluble amino terminus
(APPsβ) and the amyloidogenic carboxy-terminal fragment (C99). Cleavage of C99 by γ-secretase occurs at the recently
elucidated ε-site within the transmembrane domain, liberating the carboxy-terminal 50 residues of APP, known as the
APP intracellular domain (AICD). This is then followed by cleavage of the Aβ-containing fragment at the γ-secretase site
after residue 40 or 42 of Aβ.
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The second prerequisite is less controversial, and
there is compelling evidence (which will be discussed
later) that calcium dysfunction augments Aβ forma-
tion and TAU hyperphosphorylation9,10,14,15. However,
further studies are required to define the mechanisms
by which these lesions are induced, and to clarify
which calcium pathways are involved. Nonetheless, it is
fair to conclude that calcium dyshomeostasis is a prox-
imal, even if not the primary, molecular defect in
Alzheimer’s disease, and there is tantalizing evidence
to support a role for such dyshomeostasis in the for-
mation of Aβ and neurofibrillary tangles. Consequently,
the calcium hypothesis remains viable and indicates
that targeting selective calcium pathways might be a
fruitful therapeutic approach.

APP metabolism and calcium homeostasis
The Aβpeptide that is the primary constituent of diffuse
and neuritic plaques is derived from the altered process-
ing of APP1. The function of the APP HOLOPROTEIN is
unknown, and ablation of the APP gene does not lead
to any substantial phenotype in gene-targeted mice16.
APP is a member of a larger gene family that includes
the amyloid-precursor-like proteins APLP1 and APLP2,
which compensate for the loss of APP. The combined
ablation of APP and APLP2, both APLP genes or all
three family members leads to early postnatal lethality,
but no functional role for APP has emerged from these
studies17,18.

More recent evidence supports one of two possible
physiological functions of APP in neurons. First, APP
might be an axonal transport receptor. This protein
binds to the light chain subunit of kinesin 1, a micro-
tubule motor protein19. Kinesin-mediated axonal trans-
port of vesicles containing β-site APP-cleaving enzyme
(BACE) and PS1 requires APP20. APP can be cleaved by
BACE in these vesicles to generate Aβ and a carboxy-
terminal fragment of APP, which then liberates
kinesin 1. The second likely function of APP is in mod-
ulating signal transduction. APP associates with the
brain G PROTEIN Go, which is involved in signal trans-
duction21, and missense mutations in APP near the 
γ-secretase site, which cause FAD, lead to the constitutive
activation of Go-linked receptors22.A signal-transduction
pathway might also link APP and apoptosis, as APP-
induced cell death involves the activation of a G-protein-
dependent pathway23. In addition, Aβmight activate a
G-protein-coupled receptor24.Moreover, the recent dis-
covery that the cytoplasmic carboxyl-terminal domain
of APP is transported to the nucleus and modulates cal-
cium signalling provides further evidence that it has a
role in signal transduction13,25. This role will be consid-
ered in greater detail in this review, particularly with
regard to calcium signalling.

Two significant interactions between APP metabo-
lism and calcium dynamics need to be considered.
The first involves the effects of APP and its metabolic
derivatives on cellular calcium homeostasis. The second
focuses on the opposite question: the manner by which
calcium modulates APP processing, particularly its
effect on Aβ production.

Box 2 | Neuronal ER calcium signalling

Neurons modulate calcium signals by regulating the influx of calcium into the cell 
from the extracellular environment or by its release from internal sources such as the
endoplasmic reticulum (ER), as shown in the accompanying figure. At rest, cytosolic
calcium levels are maintained at relatively low levels,between 50 and 300 nM,but after
activation (electrical, synaptic or receptor (R) mediated), they rise rapidly to the low
micromolar range. The main calcium stores in neurons are in the lumen of the ER,
where the calcium concentration approaches 100–500 µM. Calcium release from the 
ER occurs through two types of calcium channel: inositol-1,4,5-trisphosphate
(Ins(1,4,5)P3) receptors (InsP3Rs) and ryanodine receptors (RyRs). Release through
InsP3Rs requires the activation of G proteins (G) on the cell surface that induce
phospholipase C (PLC) to cleave phosphatidylinositol-4,5-bisphosphate
(PtdIns(4,5)P2) into diacylglycerol and Ins(1,4,5)P3, although it might be possible to
activate release without Ins(1,4,5)P3 (REF. 123). Alternatively, release can also occur
through tyrosine-kinase-coupled receptors124.

The dynamics of calcium release from the ER of neurons are not as well described as for
other cell types124. In certain cells, ER calcium release is ‘quantal’ in nature, and consists of
highly localized elemental release events known as ‘blips’,‘puffs’and ‘sparks’, which
correspond to the fundamental building blocks of calcium waves and oscillations125–127.
Blips or quarks represent the activity of a single InsP3R or RyR, respectively, and occur
spontaneously or after very low levels of stimulation.Puffs (or sparks in the case of RyRs)
represent the coordinated opening of functionally associated groups of InsP3R.With high
stimulation, calcium puffs or sparks trigger the opening of clusters of InsP3Rs or RyRs,
which propagate the signal as a calcium wave, through calcium-induced calcium release.
The amplitude, kinetics of release and decay, and spatiotemporal pattern are the primary
means by which calcium signals are deciphered into a meaningful biological response124.
Moreover, in polarized neurons, calcium release can be localized to a particular
subcellular region, such as a dendritic spine, the axon hillock or the sites of
neurotransmitter release.
Neurons have several mechanisms at their disposal to regulate calcium entry, including

ligand-gated channels, voltage-dependent calcium channels that allow calcium entry after
depolarization of the membrane, and store-operated calcium channels (SOCCs),
although the existence and nature of SOCCs are still controversial89. The depletion of ER
calcium stores triggers an influx of extracellular calcium into the cytosol through SOCCs
on the plasma membrane. The calcium load is then replenished in the ER through the
action of a pump in the ER membrane, the sarco-/endoplasmic reticulum calcium ATPase
(SERCA pump). This store-dependent mechanism of calcium entry is referred to as
capacitative calcium entry, and has been implicated in the pathogenesis of Alzheimer’s
disease8,11,79,90. FKBP, FK506-binding protein.
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How does Aβ disrupt calcium homeostasis? There is
compelling evidence that this might occur through the
formation of a cation-selective ion channel40. Since
Arispe et al.41–44 showed that Aβ1–40 is incorporated into
artificial lipid bilayers, others have adopted advanced
imaging techniques to support the channel hypothesis.
Bhatia et al.45 used ATOMIC FORCE MICROSCOPY, which allows
the real-time imaging of cellular morphological changes
on a submicrometre scale, to show that nanomolar levels
of Aβ1–42 (fresh or globular) formed calcium-permeable
pores that induced the degeneration of endothelial cells.
Cellular degeneration was dependent on extracellular
calcium, and the imaging data indicate that Aβ1–42 mem-
brane-permeable pores produce simple calcium signals
at low concentrations and calcium waves at higher levels
of Aβ1–42. Likewise, Kawahara and Kuroda46 exposed
inside-out membrane patches from immortalized hypo-
thalamic neurons to Aβ1–42, Aβ1–40, reverse Aβ40–1 and
non-toxic Aβ1–28, and found that Aβ1–42 and Aβ1–40
increased cytosolic calcium levels, whereas the other
fragments did not. Further work is required to deter-
mine whether there is a difference between the patho-
logical consequences of pores created by Aβ1–40 and
those formed by the more amyloidogenic Aβ1–42 species;
it could be that less labile Aβ1–42 is more effective at
creating an ion-permeable pore. Other proteins that
also adopt β-sheet structures, such as amylin and prion
proteins, also form calcium pores47–49. So, this property
is not unique to Aβ, which might indicate a common
mechanism leading to cellular degeneration.

Another mechanism by which Aβ can disrupt cal-
cium homeostasis is through the generation of oxidative
damage. Aggregated Aβ leads to the formation of reac-
tive oxygen species that can induce membrane-lipid
peroxidation50. This process can adversely affect the
function of membrane ion-motive ATPases and other
transporters, leading to an elevation of basal intracellular
calcium levels9,51. Inhibition of lipid peroxidation by
antioxidant treatments stabilizes calcium homeostasis
and prevents the death of neurons exposed to Aβ52,53.

These studies indicate that calcium dysregulation
manifests as an early molecular defect in the pathogene-
sis of Alzheimer’s disease.More significantly, because
calcium destabilization can also induce the hallmark
features of the disease (see below), there might be a
potential feedforward mechanism by which the two
pathophysiological processes potentiate each other,
leading to further neurodegeneration.

Modulation of APP processing by calcium. Although a
large body of work shows that calcium signalling can be
disrupted by derivatives of APP, including Aβ, the
effects of calcium destabilization on APP processing
have not been thoroughly investigated. Although a few
studies have addressed this question, it has not been
systematically examined and there are some contra-
dictory reports. The effects of calcium signalling on
APP proteolysis are complex, and it is plausible that
increased or decreased calcium levels could have
incongruent effects on APP processing and Aβ forma-
tion and/or release. These effects might depend on

Effects of APP derivatives on calcium dynamics.
Alterations in APP metabolism affect calcium homeo-
stasis. Virtually every important derivative of APP,
including the secreted ectodomain, Aβ, the β-carboxy-
terminal fragment (β-CTF, also called C99) and, most
recently, the γ-CTF (which is referred to as the APP
intracellular domain or AICD), has been shown to
modulate calcium signalling. Each fragment influences
calcium dynamics in a different way: some APP deriva-
tives stabilize calcium signals, whereas others lead to
destabilization.

Secreted APP (APPs) molecules normalize cytosolic
calcium levels and are regarded as neuroprotective. This
large amino-terminal fragment, which is generated by
the endoproteolytic cleavage of the holoprotein, attenu-
ates the elevated intracellular calcium levels that are
evoked by cellular insults such as Aβ26. APPs also mod-
erates calcium responses in hippocampal neurons after
exposure to glutamate, and can protect neurons against
excitotoxicity27–29. The cyclic GMP second-messenger
system has been implicated in this protective response,
as APPs increases the levels of cGMP30. Membrane-
permeable analogues of cGMP decrease calcium levels,
whereas cGMP antagonists prevent this attenuation31.
APPs can also protect cells against the pro-apoptotic
effects of mutant PS1, and this effect is also mediated by
the stabilization of intracellular calcium32. Furthermore,
APPs seems to have memory-enhancing effects in 
normal and amnesic mice33.

Whereas APPs seems to be neuroprotective and nor-
malizes cytosolic calcium levels,Aβ-containing fragments
increase intracellular calcium. The disruption of calcium
homeostasis might be one of the principal mechanisms
by which Aβmanifests its neurotoxicity9. The effects of
exogenously applied Aβ peptides on calcium homeo-
stasis and cell death have been extensively studied and
reviewed34. Aβ has been shown to destabilize neuronal
calcium homeostasis, generally leading to an increase in
cytosolic calcium9,10,26. What are the consequences of
altered calcium dynamics? An array of cellular enzymes
(such as proteases,phospholipases, kinases and phos-
phatases) might be adversely affected, including the cal-
pain system35. Calcium alterations might also promote
cytoskeletal modifications36. Finally, the destabilization of
neuronal calcium homeostasis is an important trigger
of neuronal apoptosis34, and calcium dysregulation can
cause the generation of free radicals37,38.

In contrast to presenilin mutations (see below), sur-
prisingly few studies have addressed the consequences of
FAD-causing mutations in APP for calcium signalling.
One study of cultured fibroblasts from FAD patients with
the Swedish APP670/671 double mutation found that
bombesin-induced elevations in calcium were dimin-
ished by 40% in mutant cells, whereas other calcium
pools were unaffected39. Studies of calcium signalling in
cultured cells that overexpress APP are rare, and there is
also a paucity of studies of phosphoinositide calcium sig-
nalling in cells derived from transgenic animals that over-
express wild-type or mutant APP.One study found that
changes in calcium dynamics probably underlie the
altered synaptic transmission in PDAPP transgenic mice6.

HOLOPROTEIN

The full-length,native
polypeptide before proteolytic
cleavage events that might occur
during maturation.

G PROTEIN

A heterotrimeric GTP-binding
and -hydrolysing protein that
interacts with cell-surface
receptors, often stimulating or
inhibiting the activity of a
downstream enzyme. G proteins
consist of three subunits: the 
α-subunit, which contains the
guanine-nucleotide-binding site;
and the β- and γ-subunits, which
function as a βγ heterodimer.

ATOMIC FORCE MICROSCOPY

A form of microscopy in which 
a probe is mechanically tracked
over a surface of interest in a
series of x–y scans. The force
found at each coordinate is
measured with piezoelectric
sensors,providing information
about the chemical nature of
a surface.
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Destabilization of calcium by presenilin
The presenilins make two crucial contributions to
neurodegeneration in Alzheimer’s disease. First, these
POLYTOPIC transmembrane proteins are a crucial con-
stituent of the multicomponent γ-secretase complex59.
Presenilin-dependent γ-secretase activity regulates 
the intramembraneous cleavage of a growing list of
TYPE 1 TRANSMEMBRANE PROTEINS, including APP, APLP1
and APLP2, Notch, ErbB4 and E-cadherin60–64. Of
these, however, only APP has been shown to be
directly involved in the pathogenesis of Alzheimer’s
disease. Nevertheless, the processing of E-cadherin by
γ-secretase is of particular interest, as it is stimulated 
by calcium influx64.

All clinical mutations in the PS1 and PS2 genes alter
γ-secretase cleavage, albeit to different extents, leading
to enhanced formation of the highly fibrillogenic Aβ42
species65. Conversely, the production of secreted Aβ
peptides is abrogated in presenilin-deficient cells60.
The unresolved question is whether presenilin is the
catalytic module of γ-secretase. Despite the prepon-
derance of evidence that this might be the case66–70,
the definitive experimental proof of reconstituting 
γ-secretase activity from its constitutive components
remains elusive. This might be for technical reasons:
apart from presenilin, other proteins are required for
γ-secretase activity, as well as a lipid-enriched environ-
ment71, which could render it difficult to reconstruct in
an in vitro setting. Other proteins that co-fractionate
with γ-secretase include nicastrin, Aph1 (anterior
pharynx defective) and Pen2 (presenilin enhancer),
and others might remain to be identified72–74. More-
over, although presenilins are indispensable for the
formation of secreted Aβ40 and Aβ42 peptides, they do
not seem to be required for the generation of intra-
neuronal Aβ42. Wilson et al.75 unexpectedly found that
the intracellular generation of Aβ42 is unaffected in
PS1/PS2-deficient neurons, although the secretion of
Aβ peptides and intracellular Aβ40 production are
abolished in presenilin-deficient cells. If this finding is
confirmed, it indicates that the production of some
pools of Aβmight occur independently of PS1 and
PS2, and that there is likely to be another (potentially
minor) γ-secretase entity, perhaps a presenilin-like
homologue, that is active in the early secretory pathway,
probably in the ER.

The second pathway by which the presenilins con-
tribute to neurodegeneration in Alzheimer’s disease is
through the modulation of calcium signalling in the
ER. Every clinical mutation in PS1 and PS2 that has
been studied disrupts calcium signalling (TABLE 1).
Likewise, calcium signalling pathways are perturbed in
presenilin-deficient cells11,13,76.Presenilins do not con-
tain any known calcium-binding motifs, so their effects
on calcium signalling might be either evoked by a pro-
teolytic product that is generated by γ-secretase activity
— APP or another γ-secretase substrate — or produced
as a novel function independently of their γ-secretase
role, perhaps through interactions with one of several
calcium-binding proteins with which presenilins interact
(see below).

diverse factors, such as whether increased cytosolic
calcium is released from internal stores (which might
affect CAPACITATIVE CALCIUM ENTRY (CCE), for example) 
or enters through plasma membrane calcium channels,
and whether inositol-1,4,5-trisphosphate (Ins(1,4,5)P3)-
or ryanodine-sensitive pools are released.

The first study to show that Aβ formation can be
modulated by calcium was by Querfurth and Selkoe54.
They showed that elevating cytosolic calcium levels in
HEK293 (human embryonic kidney) cells that over-
expressed APP751 by treating them with the calcium
IONOPHORE A23187 increased the secretion of Aβ, an
effect that was dependent on extracellular calcium lev-
els. They also showed that calcium release from internal
stores could enhance Aβ generation, as exposure to
caffeine, which causes calcium release mediated by
ryanodine receptors (RyRs), increased the production of
Aβ55. So, calcium influx from external sources or release
from internal stores triggers increased Aβ formation.

By contrast, other treatments that elevate cytosolic
calcium levels seem to diminish the formation of Aβ.
Thapsigargin, which irreversibly inhibits the SERCA PUMP

and blocks the reuptake of calcium into the endoplasmic
reticulum (ER), produces a concentration-dependent
depression of Aβ release56. Akbari et a l.57 have also
shown that inhibiting SERCA activity with thapsigargin
diminishes Aβ secretion, whereas promoting SERCA
activity enhances Aβ genesis. APP processing clearly
involves a complex series of events that can occur in
multiple cell compartments. In neurons, for instance,
some Aβ42 is formed in the ER58. Therefore, APP pro-
cessing might be particularly susceptible to manipula-
tions that affect ER calcium signalling. Depletion of ER
calcium stores might be more important than increased
cytosolic calcium in modulating APP processing,
although further studies are required to elucidate the
precise mechanism.

CAPACITATIVE CALCIUM ENTRY

Calcium influx that occurs in
response to the depletion of
intracellular calcium stores.
Calcium enters the cell through
specialized store-operated
channels in the plasma
membrane, allowing depleted
calcium stores in the
endoplasmic reticulum to be
replenished.

IONOPHORE

A substance (natural or
synthetic, cyclic or linear) that
can bind metal ions in solution
and transport them across lipid
barriers in natural or artificial
membranes.

SERCA PUMP

The sarco-/endoplasmic
reticulum calcium ATPase — 
a pump in the membrane of
the endoplasmic reticulum that
replenishes calcium stores.

POLYTOPIC

Existing in more than one
geographical region.

TYPE 1 TRANSMEMBRANE

PROTEIN

An integral membrane
polypeptide that extends across
the lipid bilayer once, as a single
α-helix.

Table 1 | Different presenilin mutations affecting calcium homeostasis

Gene Mutation Experimental system Selected references

Presenilin 1 M146V Xenopus oocytes 78

PC12 cells 86,129

Transgenic mice 130

Knock-in mice 7,8,131

M146L Transgenic mice 83,130

H163R Transgenic mice 12

A246Q FAD fibroblasts 5,132–140

A246E Transgenic mice 81

L286V PC12 cells 86,129,141–143

Transgenic mice 12

ΔE9 SH-SY5Y cells 79,85,144

Null Knockout mice 11,13,76

Presenilin 2 N141I Xenopus oocytes 95

Transgenic mice 145

M239V Xenopus oocytes 95

Null Knockout mice 13

FAD, familial Alzheimer’s disease.



NATURE REVIEWS | NEUROSCIENCE VOLUME 3 | NOVEMBER 2002 | 867

R E V I EW S

Likewise, the release of calcium from ER stores after
treatment with thapsigargin, an irreversible inhibitor
of the SERCA pump, was also elevated in cells that
expressed physiological levels of mutant PS1 (REF. 8).
Overexpression of the PS1 ΔE9 mutant in neuroblastoma
cells also increases calcium stores79. Conversely, calcium
stores are diminished in presenilin-deficient cells, indi-
cating that presenilins are involved in regulating calcium
homeostasis in the ER13.

Overload of calcium stores in the ER seems to be a
primary manifestation of clinical mutations in the pre-
senilins. This has important implications for the patho-
genesis of Alzheimer’s disease, as destabilization of
calcium in the ER could cause neurodegeneration and
memory impairments by affecting synaptic plasticity.
Long-term potentiation (LTP) is an activity-dependent
and long-lasting increase in synaptic efficacy that is
widely regarded as a molecular correlate of learning and
memory. Raymond and Redman80 showed that calcium
sources modulate different forms of LTP. So, changes in
internal calcium stores might affect the induction of
LTP. Enhanced LTP81,82, and increased medium and late
AFTERHYPERPOLARIZATIONS, which are mediated by calcium-
sensitive potassium channels, have been reported in
hippocampal slices isolated from mutant PS1 transgenic
mice83. This synaptic dysfunction might be the cause of
the initial cognitive deficits in Alzheimer’s disease, and
might ultimately contribute to the cell loss that develops
in later stages of the disease.

Other lines of evidence in support of calcium over-
load in presenilin mutant cells are less direct.Apart from
Ins(1,4,5)P3-sensitive pools,PS1 mutations also seem to
increase ryanodine-sensitive pools of calcium84.Over-
loaded calcium stores have been linked to increased
susceptibility to apoptosis. The treatment of PS1 mutant
cells with inhibitors of ER calcium channels — such as
dantrolene, which blocks RyRs,or xestospongin, which
inhibits the Ins(1,4,5)P3 receptor (InsP3R) — protects
cells from toxic insults, including Aβ84,85. The overexpres-
sion of calcium-binding proteins, such as calbindin-D,
markedly attenuates Aβ-induced elevations in intra-
cellular calcium, and completely blocks the enhanced
calcium response in mutant PS1 cells86. The enhance-
ment of calcium release can also be suppressed by
overexpressing the calcium-binding protein calsenilin,
which interacts with both PS1 and PS2 (REFS 87,88).

Even before the PS1 gene was identified by posi-
tional cloning and found to reside on chromosome 14,
it was already apparent that it was likely to be involved
in modulating calcium signalling. Ito et a l.77 showed
that exposing skin fibroblasts from human patients of a
chromosome-14-linked kindred (later shown to har-
bour the A246Q mutation in PS1) to agonists of the
Ins(1,4,5)P3 pathway, such as bombesin and bradykinin,
evoked enhanced calcium release compared with con-
trols. The altered calcium transients induced by disease-
causing mutations in PS1 precede the development of
overt clinical features, indicating that calcium disrup-
tions represent an early manifestation of Alzheimer’s
disease. These altered calcium responses were apparent
in a large proportion of individuals with PS1 FAD
mutations before the presentation of overt neurological
symptoms, whereas ‘escapees’ from the same families,
who were symptom-free, had ‘normal-like’ calcium
responses5.

After the identification and cloning of the presenilins,
it became possible to dissect out the mechanisms by
which these proteins affect calcium signalling. A patho-
physiological role for mutant PS1 in modulating
Ins(1,4,5)P3-evoked calcium signals was shown by sev-
eral groups in a variety of systems, including Xenopus
oocytes,neural and non-neural cell lines,primary neu-
rons and transgenic mice (TABLE 1). Clinical mutations in
the PS2 gene also enhance Ins(1,4,5)P3-evoked calcium
release from the ER78. This finding reveals that a patho-
genic pathway involving the destabilization of calcium
homeostasis is common to both PS1 and PS2.

Calcium-store overload. Many mechanisms might
account for the potentiation of the Ins(1,4,5)P3 pathway
by presenilin mutations, although extensive evidence
supports the most parsimonious explanation: increased
calcium in the ER of the mutant-expressing cells, which
would generate a greater driving force to allow more cal-
cium efflux once the Ins(1,4,5)P3-sensitive ion channels
open8. This has been shown directly using complemen-
tary approaches. Advances in imaging technology have
rendered it possible to study elementary calcium-release
events (FIG. 1). In Xenopus oocytes that overexpress com-
parable levels of either wild-type or mutant (M146V)
PS1, calcium puffs were significantly larger and resulted
in greater calcium release in the mutant cells (FIG. 2).

AFTERHYPERPOLARIZATION

The hyperpolarization that
ensues after strong
depolarization of the
membrane.

Intermediate [Ins(1,4,5)P3]

Puff

Low [Ins(1,4,5)P3]

Ins(1,4,5)P3 Blip
Cytoplasm

LumenCa2+

High [Ins(1,4,5)P3]

Wave

Endoplasmic reticulum

Figure 1 | Blips, puffs and waves. Blips represent calcium release from the activation of a single inositol-1,4,5-trisphosphate
(Ins(1,4,5)P3) receptor (InsP3R); they occur spontaneously or in the presence of low Ins(1,4,5)P3 levels (left panel). Intermediate
Ins(1,4,5)P3 levels trigger puffs, which ensue from the activation of functionally associated groups of InsP3R (middle panel). 
High Ins(1,4,5)P3 levels cause neighbouring puffs to propagate along the endoplasmic reticulum as a calcium wave.
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calsenilin, which binds both PS1 and PS2, the remaining
binding partners associate preferentially with PS2.
Clinical mutations in PS2 potentiate InsP3R-mediated
calcium responses95; however,on the basis of some of its
binding partners, it is likely that mutant PS2 will also
modulate RyR-mediated calcium release.

Summary. It is now irrefutable that the presenilins have
an important role in regulating ER calcium signalling.
Moreover, whereas there has been much debate about
the spatial paradox that might exist with regard to pre-
senilin’s role in APP proteolysis (as presenilin is localized
predominantly at the ER, whereas APP is believed to be
cleaved at the cell surface), there is no spatial paradox to
overcome regarding its role in modulating ER calcium
homeostasis. The InsP3R and the RyR — the two princi-
pal intracellular calcium release channels — are both
found in microdomains of the ER membrane, the main
compartment in which the presenilins are also localized.

The intracellular fragment of APP
Similarities in the processing of Notch and APP have
prompted speculation that APP might have a signalling
function analogous to that of Notch.Once considered
as nothing more than a throw-away fragment that
borders the Aβ sequence, the γ-secretase-generated
carboxy-terminal sequence of APP has emerged as a
potential nuclear signalling molecule. This fragment,
the AICD, consists of the last 50 carboxy-terminal
residues of the APP protein. AICD was initially
described by Passer et al.96, who showed that AICD-like
peptides occur both in healthy brains and in the brains
of patients with Alzheimer’s disease.

Surprisingly, AICD does not represent the entire
sequence downstream of the γ-secretase site, which
would have led to an AICD species containing either 57
or 59 residues,depending on whether cleavage occurred
at the Aβ42 or the Aβ40 site, respectively. A further cleav-
age occurs at a conserved valine downstream of the
canonical γ-secretase cleavage sites, producing a 
carboxy-terminal fragment of 50 amino acids97–99.
AICD fragments that contain 50 or 49 residues have
also been detected in homogenates of rat brain100.
Intuitively, cleavage at either C83 or C99 could lead to
the generation of AICD (BOX 1), although it seems that
C99 is a much better γ-secretase substrate96. AICD is
unstable and is rapidly removed by insulin-degrading
enzyme, one of the proteases that is implicated in the
removal of extracellular Aβ101.

AICD is stabilized by the nuclear ADAPTOR PROTEIN Fe65
and translocates to the nucleus, in a similar way to the
Notch intracellular domain (NICD)102. Fe65 interacts
with the transcription factor CP2/LSF/LBP1 (REFS 103,104)

and with Tip60 (TAT-interactive protein, 60 kD), a his-
tone acetyltransferase. Cao and Sudhof 25 showed that
AICD forms a transcriptionally active complex with
Fe65 and Tip60 that potently regulates the expression of
artificial MINIGENES in transfected cells. In addition to
Fe65 and Tip60, the cytoplasmic domain of APP inter-
acts with other adaptor proteins, including X11, BP1
(APP-binding protein 1), ShcA (SH2-domain-containing

Capacitative calcium entry. One consequence of over-
filled stores is that they do not need to be replenished as
much as normal stores.One process that is linked to the
replenishment of depleted ER calcium stores is CCE89,
which is attenuated by diverse FAD PS1 mutations8,11,79,90.
By contrast, PS1 deficiency or overexpression of a 
DOMINANT NEGATIVE PS1 variant potentiates CCE11. The
effect of clinical PS1 mutations on CCE is not depen-
dent on APP, as crossing mutant PS1-overexpressing
mice to APP-deficient mice suppresses CCE90.However,
changes in CCE might modulate Aβ production, as
inhibiting CCE tends to decrease total Aβ production11.

Calcium-binding partners. PS1 and PS2 interact with a
number of cellular proteins91. Some of these, such as
nicastrin, interact with presenilins in high-molecular-
weight complexes that are crucial for γ-secretase
activity72.Other proteins interact directly with the pre-
senilins,binding to a particular domain; for example, in
the loop region or the carboxyl terminus. It is conve-
nient to divide the presenilin-binding partners into two
broad categories: calcium-related and non-calcium-
related proteins. Apart from calsenilin, other calcium-
related proteins that physically interact with the 
presenilins include calmyrin, which is a myristoylated
calcium-binding protein92,µ-calpain, which is a calcium-
dependent thiol protease93, sorcin, which modulates
RyRs94, and the RyR itself 84. With the exception of

DOMINANT NEGATIVE

Describes a defective protein
that retains interaction
capabilities and so distorts or
competes with normal proteins.

ADAPTOR PROTEIN

A protein that augments cellular
responses by recruiting other
proteins to a complex. Adaptor
proteins usually contain several
protein–protein-interaction
domains.

MINIGENE

A sequence that contains all of
the elements — such as the
alternative exons and the
surrounding introns — that are
necessary to show the same
splicing pattern as the
endogenous gene.
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Figure 2 | Calcium release is potentiated by PS1 mutations. Puffs, which are the fundamental
units of calcium release, are potentiated in presenilin 1 (PS1) mutant cells. a | Averaged linescan
images of calcium puffs in Xenopus oocytes that express vehicle only (control), wild-type PS1
(wtPS1) or PS1M146V (12–14 images per condition are shown). The effects of PS1 mutations on
calcium signalling are attributable to changes in puffs that comprise global calcium signals. The
potentiated puffs in the mutant cells are probably due to elevated calcium levels in the
endoplasmic reticulum. b | The signal-mass time courses derived from the images in panel a.
Because calcium release during puffs is much faster than its subsequent removal from the
cytosol, the signal mass reflects the accumulation of calcium in the cytosol over time, and the
peak approximates to the amount of total calcium released. One signal-mass unit (SMU)
corresponds to ~2 × 10–20 moles of calcium, equivalent to a calcium current of ~4 pA for 1 ms.
Reproduced, with permission, from REF. 128 © 2001 Elsevier Science.
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activity when released by APP. This indicates that 
γ-secretase might have opposing effects on Notch sig-
nalling: positive effects by cleaving Notch and generat-
ing NICD, and negative effects by processing APP and
generating AICD. In addition, ectopic overexpression of
the carboxy-terminal 58 amino acids of APP, which
include AICD, induces apoptosis in diverse cell types96,117.

Conclusions
Insights into the genetics of Alzheimer’s disease have
helped to delineate the molecular mechanisms that
underlie this complex disorder. Every major gene that
directly causes or increases susceptibility to Alzheimer’s
disease modulates some aspect of Aβ biology and also
alters intracellular calcium signalling; even the APO E
gene is not exempt. Veinbergs et a l.118 showed that
APOE4-treated cells, as opposed to APOE3-treated cells,
showed increased levels of cytosolic calcium that were
associated with cell death in a dose-dependent manner.
In addition, APOE dose-dependently and specifically
increases free intraneuronal calcium levels in the order
APOE4 > APOE3 > APOE2, and this effect is amplified
in the presence of Aβ119.

Converging evidence from a variety of experimental
and human systems supports an important and proxi-
mal pathological role for calcium dyshomeostasis in
Alzheimer’s disease (FIG. 3). Curiously, unlike the two
histopathological hallmarks (plaques and tangles),
which are confined to the brain, calcium dyshomeo-
stasis is not restricted to neurons: it has been extensively
documented in peripheral cells, such as fibroblasts from
patients with Alzheimer’s disease. The implications of
this finding are not understood,but it indicates that sys-
temic changes accompany the brain pathology that is
observed in Alzheimer’s disease.

Much work remains to be completed before a clearer
understanding of the role of calcium dysregulation in
the pathogenesis of Alzheimer’s disease emerges. As with
other areas of Alzheimer’s disease research, technical dif-
ferences, including the use of different cell types,differ-
ent isoforms of Aβ (for example, Aβ25–35 versus Aβ1–42)
or different pharmacological compounds (such as
reversible versus irreversible inhibitors), often underlie
conflicting results. In addition, despite two decades of
research on the calcium connection, certain key ques-
tions remain unresolved, including the precise mecha-
nisms by which Aβ causes neurotoxicity, and whether
Aβ40 and Aβ42 have different effects on calcium sig-
nalling pathways.Other findings remain to be indepen-
dently reproduced by several laboratories,particularly
those relating to the interactions between APP/Aβ and
calcium pathways (and vice versa), and to the connec-
tion between calcium and TAU hyperphosphorylation.
These issues are important not only for academic rea-
sons, but also because processes that stabilize calcium
signals might represent a therapeutic target for treating
Alzheimer’s disease.

Finally, there is strong corroborating evidence from
many research groups showing that the presenilins have
a crucial role in modulating intracellular calcium sig-
nalling. Four groups, for instance,have shown that the

transforming protein 1), ShcC, PAT1 (protein that
interacts with APP tail 1), JNK-interacting protein and
disabled 1, which might link APP to intracellular sig-
nalling pathways103,105–114. Like APP, APLP1 and APLP2
are processed by γ-secretase in a PS1-dependent man-
ner to generate an AICD-like domain that enhances
Fe65-dependent gene activation115.

In investigating the mechanism by which presenilins
modulate calcium signalling, my laboratory addressed
the question of whether the alterations in calcium sig-
nalling are mediated as part of the presenilin-dependent
γ-secretase activity or as an independent function that
is unrelated to its putative protease activity. Leissring 
et al.13 showed that genetic ablation of the presenilins or
pharmacological inhibition of γ-secretase activity atten-
uated phosphoinositide-mediated calcium signalling.
Surprisingly, similar calcium deficits were observed in
cells deficient in APP, and these deficits could be rescued
by adding back various fragments,provided that AICD
was intact. These data showed that the AICD regulates
phosphoinositide-mediated calcium signalling,provid-
ing a new physiological signalling role for APP.
Moreover, this study provided evidence that at least
some of presenilin’s effects on calcium signalling are due
to the γ-secretase-dependent signalling pathway.
However, not all of the presenilin-mediated calcium
signalling effects can be accounted for by γ-secretase
activity,because the PS1-mediated effects on CCE occur
independently of APP90.

Although AICD is a highly labile molecule, it seems
to be PLEIOTROPIC. It can inhibit the function of NICD116,
and it binds to the cytosolic Notch inhibitors Numb and
Numb-like in mouse brain lysates, and represses Notch

PLEIOTROPIC

Able to produce two or more
unrelated effects.
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• PS1 mutations
• PS2 mutations
• APP mutations (?)

Altered APP processing

• Increased Aβ1–42
• Decreased APPs
• Increased AICD

Destabilization of ER calcium homeostasis

• Calcium-store levels increased
• Attenuated capacitative calcium entry
• Altered  interactions with other proteins
  (e.g. calsenilin, calmyrin, ryanodine receptor)

• Decreased Aβ clearance
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• Altered APP processing
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• Oxidative damage
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Calpain
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Figure 3 | Calcium homeostasis and Alzheimer’s disease neuropathology. Schematic
diagram showing the mechanisms that might lead to perturbed neuronal calcium homeostasis,
and how perturbed calcium homeostasis might result in enhanced plaque formation and
neurofibrillary degeneration and apoptosis. Aβ, amyloid-β peptide; AD, Alzheimer’s disease; 
AICD, APP intracellular domain; APOE4, apolipoprotein E4; APP, amyloid precursor protein;
APPs, secreted APP; Cdk5, cyclin-dependent kinase 5; ER, endoplasmic reticulum; PS, presenilin.
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FAD mutations. Although the precise mechanisms by
which presenilin mediates these effects require elucida-
tion, it is now clear that some of these calcium signalling
processes are regulated by a γ-secretase-derived product,
reconciling this effect with presenilin’s putative role as 
γ-secretase13.

presenilins modulate CCE, a process that is closely 
connected to calcium release from ER pools8,11,79,90.
Likewise, there is validating evidence from human
patients, and from experimental systems ranging from
Xenopus oocytes to brain neurons, to show that ER cal-
cium stores are overfilled as a consequence of presenilin
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