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Abstract
Alzheimer’s disease is a progressive and irreversible neurodegenerative disorder that leads to cognitive, memory and behavioural impairments. Two decades of research have implicated disturbances of intracellular calcium homeostasis as playing a proximal pathological role
in the neurodegeneration associated with Alzheimer’s disease. A large preponderance of evidence has been gained from the use of a diverse
range of cell lines. Whilst useful in understanding the principal mechanism of neurotoxicity associated with Alzheimer’s disease, technical
differences, such as cell type or even the form of amyloid-beta used often underlie conflicting results. In this review, we discuss recent
contributions that transgenic technology has brought to this field. For example, the triple transgenic mouse model of Alzheimer’s disease has
implicated intraneuronal accumulation of the amyloid-beta peptide as an initiating factor in synaptic dysfunction and behavioural deficits.
Importantly, this synaptic dysfunction occurs prior to cell loss or extracellular amyloid plaque accumulation. The cause of synaptic dysfunction is unknown but it is likely that amyloid-beta and its ability to disrupt intracellular calcium homeostasis plays a key role in this
process.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Alzheimer’s disease (AD) is the most common form of
age-related dementia in the elderly. Unfortunately, as the
average age of our population continues to increase, there is
also a concomitant rise in the number of people afflicted with
this debilitating disorder. Currently, it is estimated that one in
10 persons over 65, and more than a third of all people over
80 have AD. According to United Nations population projections, it is estimated that 370 million people will be older than
80 years by 2050 [1]. The aging of the world’s population,
therefore, will potentially pose an immense social and economic burden on future societies as this susceptible cohort
continues to rapidly expand. Thus, a better understanding
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of the molecular events underlying AD will no doubt prove
invaluable for combating this affliction.
Alois Alzheimer first described the pathological hallmarks
of this disorder in 1906, observing strange alterations of the
neurofibrils and foci, which were built up by a “peculiar substance” [2]. Our understanding of the molecular signatures
of these hallmark lesions have been refined since his initial description. We now appreciate that neuritic and diffuse
senile plaques are composed primarily of a small peptide
called ␤-amyloid (A␤), whereas the intracellular neurofibrillary tangles are composed of aggregates of hyperphosphorylated tau protein. The neuritic (or senile) plaques are
dense deposits of A␤ around which dystrophic neuronal cell
processes are observed. Plaques are generally noted within
various parts of the brain but are especially abundant within
the cerebral cortex, hippocampus and amygdala [3]. It is the
gradual build-up of A␤ that is generally believed to account
for the onset of this form of dementia [4]. Strong support
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for this hypothesis comes from human genetic data although
recent advances in transgenic models have also provided
critical corroborating evidence [5–7]. The preponderance of
evidence supports a role for A␤ as the initial trigger of this
disease in a process known as the amyloid cascade hypothesis. However, even though A␤ may trigger all forms of
this disease, it should not preclude investigating and understanding other molecular and cellular aspects of AD even if
they lie downstream of A␤. In this regard calcium dysregulation, for example, represents a critical molecular defect
that potentially can be attenuated with appropriate therapies.
Moreover, it is interesting to note that A␤ and tau can both
be influenced by calcium dysregulation, and alternatively the
accumulation of these lesions can perturb calcium regulation. The point of this article is not to exhaustively review
the entire body of literature concerned with calcium and AD
but to focus on recent data generated using in vivo models. Here, we discuss advances in understanding the role
of calcium dysregulation in AD with particular emphasis
on the contribution of genetically modified animals. For a
more comprehensive review we refer the reader to a recent
review [8].

2. APP processing
Before we describe the evidence for calcium dysregulation
in AD, it is critical to understand the process by which A␤ is
generated and the influence that mutations have on the processing of amyloid precursor protein (APP). A␤ is generated
by the sequential cleavage of APP, a type I integral membrane protein anchored to the plasma membrane and internal
membranes of the ER, Golgi and trans-Golgi apparatus. A␤
is generated in very small quantities in normal healthy individuals and does not typically build up to very high levels
[9]. However, in individuals afflicted with AD, differential
processing of APP or the failure to degrade A␤ leads to its
excessive accumulation.
Endoproteolysis of APP is achieved by the sequential
cleavage by groups of enzymes or enzyme complexes termed
␣-, ␤-, and ␥-secretases. For ␣-secretase there are currently two members of the ADAM family (a disintegrin
and metalloproteinase-family) of proteases, ADAM-10, and
ADAM-17, the latter of which is also referred to as tumour
necrosis factor ␣ converting enzyme (or TACE), that have
been suggested as likely candidiates [10,11]. Several groups

Fig. 1. Proteolytic processing of the amyloid precursor protein (APP). (A) Amyloidogenic processing of APP leads to the liberation of the 4 kDa A␤ peptide. For
this to occur, APP must first be cleaved by BACE which releases a large ectodomain called sAPP␤ whereas the remaining 99 amino acid carboxy terminal (C99)
is retained within the membrane. Subsequent cleavage of C99 by the ␥-secretase complex leads to the liberation of the A␤ peptide. (B) Non-amyloidogenic
processing of APP precludes A␤ formation. Enzymatic cleavage of APP by ␣-secretase cleaves APP within the A␤ region of APP and thus precludes its
formation. ␣-secretase cleavage liberates a large ectodomain called sAPP␣, which is released into the extracellular space, whereas an 83 amino acid stub, C83,
is retained within the membrane and can be further processed by ␥-secretase (not shown). The vast majority of APP is processed in the non-amyloidogenic
pathway.
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have identified the ␤-secretase (␤-site APP cleaving enzyme
or BACE) as a type I integral membrane protein belonging
to the pepsin family of aspartyl proteases [12–14]. The identity of the ␥-secretase has been proposed to be a complex
of enzymes composed of presenilin-1 or -2, (PS1 and PS2),
nicastrin, aph-1 and pen-2 [15–18].
The cleavage and processing of APP can be divided into
two classes: a non-amyloidogenic pathway and an amyloidogenic pathway (Fig. 1). In the non-amyloidogenic pathway, a
large proportion of APP is cleaved by ␣-secretase producing an N-terminal fragment (sAPP␣) that is secreted into
the extracellular medium [1]. The resulting C-terminal fragment (C83) in the membrane is retained within cells and
subsequently cleaved by the ␥-secretase producing a short
fragment termed p3 [19]. Importantly, cleavage by the ␣secretase occurs within the A␤ region, thereby precluding its
formation.
Alternative cleavage of APP can also occur under physiological conditions via the amyloidogenic pathway, with
cleavage by the ␤-secretase resulting in the production of
a slightly smaller form of APP (sAPP␤) and a slightly larger
C-terminal fragment (C99), retained within the membrane
[1]. Subsequent cleavage of this fragment (between residues
39–43) by ␥-secretase liberates an intact A␤ species. Most of
the full length A␤ species terminates at residue 40 (A␤1–40 ),
whereas a small proportion (approximately 10%) are the
42 residue variant (A␤1–42 ). The A␤1–42 variant is more
hydrophobic and is thus much more prone to fibril formation than A␤1–40 ; it is also the predominant species found
in cerebral plaques [20]. A␤ can exist in a variety of forms,
including monomers, oligomers, and fibrils [21].
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4. Calcium homeostasis and knowledge gained from
in vivo studies
In addition to direct effects on A␤ formation, presenilin
mutations have profound effects on cellular calcium homeostasis [26]. This feature of presenilins has received a great
deal of attention over the past 10 years because of its potential role in contributing to the neurodegenerative phenotype.
Along these lines, it is notable that every clinical mutation
investigated appears to disrupt calcium signalling (Table 1).
Initial observations regarding the role of the presenilins in
calcium signalling were identified using in vitro expression
studies, with a consistent finding being an upregulation of
calcium release resulting from overexpression of mutant PS1
[26–29]. Soon thereafter it was realized that PS2 mutations
also resulted in a similar enhanced release of calcium from
intracellular stores [30]. Likewise, knocking out PS1 also
disrupts calcium signalling [31]. This molecular defect that
is exerted by both PS1 and PS2 mutations is unlikely to be
an epiphenomenon but rather likely highlights a shared pathway that can cause neurodegeneration. Thus, caution needs
to be exercised when considering the therapeutic efficacy
of ␥-secretase inhibitors, not only because of the potential
for adverse side-effects due to the large number of substrates that undergo presenilin-mediated proteolysis, but also
because of their potential for untoward effects on calcium
signalling.
The overwhelming majority of these initial studies examining the effects of PS1 and PS2 mutations were performed
using overexpression systems in diverse cell lines such as
Xenopus oocytes or PC12 cells. These studies have helped
to elucidate the principal pathophysiological roles for presenilins in modulating the intracellular calcium environment. A

3. Genetics and AD
Most cases of AD are not caused by a specific genetic
defect but are sporadic in nature and are typically characterized by a later age of onset. However, there are a significant
number of cases that are inherited in an autosomal dominant manner, and generally these forms manifest at an earlier
age of onset. Several such mutations occur within the APP
gene and cluster around the various secretase sites [1] Surprisingly, APP mutations account for a small percentage
of FAD cases. Mutations in the genes encoding PS1 and
PS2, found on chromosomes 14 and 1, respectively, serve
as the major loci for FAD [22,23]. Whilst over 135 individual mutations have been linked with PS1, only 10 have
thus far been linked with PS2 [24]. PS1 mutations cause an
aggressive form of FAD with a particularly early age of onset,
whilst PS2 mutations result in a form of FAD that is more
akin to sporadic AD, bearing a later age of onset [24]. A
key feature of the identified clinical mutations is that they
all cause elevated production of A␤1–42 . Indeed biochemical assays in plasma and cultured human skin fibroblasts
revealed a selective elevation of A␤1–42 in these patients
[25].

Table 1
Different presenilin mutations affecting calcium homeostasis
Gene

Mutation

Experimental system

Selected References

PS1

M146V

Xenopus oocytes
PC12 cells
Transgenic mice
“Knock-in” mice
Transgenic mice
Transgenic mice
FAD fibroblasts
Transgenic mice
PC12 cells
Transgenic mice
SH-SY5Y cells
Knock-out mice

[29]
[26,27]
[39,87]
[28,32,88]
[36,87]
[89]
[40,90–98]
[37]
[26,27,99–101]
[89]
[102–104]
[31,105,106]

Xenopus oocytes
Transgenic mice
HEK293
Xenopus oocytes
HEK293
Xenopus oocytes
FAD fibroblasts
HEK293
Knockout mice

[30,107]
[108]
[107]
[30]
[107]
[30]
[109]
[109]
[31]

M146L
H163R
A246Q
A246E
L286V
E9
Null
PS2

N141I

M239V
M239V
M239I
Null
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complication with this approach, however, is that in addition
to the difficulties of comparing effects between diverse cell
lines, an inherent problem is the inability to accurately control
expression of foreign proteins often resulting in the analysis
of systems in which there is supraphysiological levels of the
protein of interest.
In 1999, George Martin’s group generated geneticallymodified mice where the human PS1M146V mutation was
‘knocked-in’ to the endogenous locus, leading to the exclusive production of the mutant protein in the absence of the
endogenous wild-type protein [32]. This knock-in mouse presented researchers with an opportunity to study the in vivo
effects of mutant PS1 on calcium homeostasis in diseaserelevant cell types. Notably, the majority of the experiments
focused on the role for mutant PS1 altering intracellular calcium homeostasis have proven remarkably consistent with
earlier expression studies in a diverse range of cell lines.
Again, the recurrent observation supports a role for mutant
PS1 causing exaggerated intracellular calcium signalling.
The treatment of PS1 mutant cells with ER calcium channel
inhibitors such as dantrolene or xestospongin, which inhibits
the IP3 or the ryanodine receptor respectively, protects cells
from toxic insults, including A␤ [26,33].
Our research team here at UCI was among the first groups
to investigate calcium signalling in brain slices. Using flash
photolysis and two-photon imaging of brain slices from 4–5
week old mice, we found that IP3 -mediated calcium release
was more than threefold greater in the PS1 mutant mice relative to age matched NonTg controls [34]. Not only was
the overall amplitude different, but the breakdown of group
responses was also altered. Whereas the NonTg samples
broke down into 20% non-responders, 33% weak responders and 47% strong responders, the corresponding mutant
PS1 group consisted predominantly (93%) of strong responders. Therefore, the clinical mutation in PS1 served not only
to exaggerate IP3 -mediated calcium responses but also to
increase the relative number of neurons that produce a strong
calcium elevation rather than a weaker one. It was concluded
that the enhanced response observed in mutant PS1 mice was
attributable to an increase in the size of intracellular calcium
stores. This overload of calcium stores has implications for
the pathogenesis of AD as destabilization of intracellular calcium signalling could cause neurodegeneration and memory
impairments by affecting synaptic plasticity. For a more comprehensive discussion of the role for intracellular calcium
stores modulating synaptic plasticity we refer the reader to a
recent review [35].
Changes in internal calcium stores might have potent consequences for both short and long-term plasticity, such as the
induction of long-term potentiation (LTP). Indeed we and others have shown enhanced LTP and increased medium and late
afterhyperpolarizations (which are mediated by calcium sensitive potassium channels) in mutant PS1 mice [34,36–38].
The underlying molecular mechanisms accounting for these
findings are still not fully understood and may be due to an
enhancement of the total amount of stored calcium within the

ER or it may also be due to alterations in the release kinetics
of stored calcium.
To investigate the relationship between the pathogenesis of AD plaque and tangle pathology, we developed a
triple-transgenic mouse model (3xTg-AD) by introducing
two transgenes (APPswe and tauP301L ) into the germline of
the PS1 mutant knock-in mouse [38]. These transgenes are
expressed under the transcriptional control of the Thy1.2
cassette and develop an age-related neuropathological phenotype that includes both plaque and tangle pathology. Animal
models have proven useful in studying the impact of mutant
AD-related genes on cellular signaling pathways such as
calcium signaling. Along these lines, microfluorimetric measurements were used to investigate disturbances in calcium
homeostasis in Fura-2AM-loaded primary cortical neurons
from NonTg, PS1KI and 3xTg-AD embryonic mice [39].
Voltage-gated calcium entry was not significantly altered by
the expression of any of the transgenes (Fig. 2E). Application of caffeine to PS1KI neurons and 3xTg-AD neurons
evoked a peak rise of [Ca2+ ]i that was significantly greater
than those observed in NonTg neurons (Fig. 2G), although
all groups had similar decay rates of their Ca2+ transient
(Fig. 2E). This finding suggests that Ca2+ stores are greater in
both PS1KI and 3xTg-AD neurons as calculated by the integral of the caffeine-induced Ca2+ transient signal (Fig. 2H).
Western blot analysis indicated that the levels of several
Ca2+ binding proteins (SERCA-2B, calbindin, calsenilin and
calreticulin) that regulate intracellular calcium storage and
cytosolic calcium elevations were unaltered among the various groups. However, steady state levels of the RyR were
significantly increased in the cortex of both PS1KI and 3xTgAD cortex. Based on these findings, we suggest that the
enhanced response to caffeine observed in both the PS1KI
and 3xTg-AD neurons may be attributable to increased levels of the RyR facilitating the release of stored Ca2+ , although
we cannot exclude the possibility that the store size is also
enhanced.
How does the expression of mutant PS1 result in these
exaggerated responses to IP3 ? The endoplasmic reticulum
(ER) contains two main type of calcium release channels,
the inositol 1,4,5-trisphosphate receptor (IP3 R) and the RyR.
Whereas IP3 stimulates calcium release from the IP3 R, calcium ions stimulate the release of calcium through the RyR.
One molecular consequence of PS1 mutations is an upregulation in the levels of the RyR [33,39]. Calcium liberated from
IP3 sensitive calcium stores can initiate a process known as
calcium-induced calcium release (CICR) effectively recruiting RyR-sensitive stores. We and others have shown an
increase in calcium liberated from the RyR-senstive pool
in cortical neurons islolated from these mice [33,39]. Is the
enhanced response observed simply due to the recruitment
of the RyR-sensitive calcium pool that is releasing its stored
calcium at a faster rate? Ongoing experiments in the lab are
designed to address this question using RyR antagonists in
order to determine if the exaggerated IP3 response can be
restored to NonTg levels.
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Fig. 2. Caffeine-sensitive calcium signals are enhanced in neurons isolated from PS1KI and 3xTg-AD neurons. When depolarized briefly by a 50 mM KCl
pre-pulse in a calcium containing medium, multiple responses to caffeine could be produced. Whilst voltage gated calcium entry was unaltered in 3xTg-AD
and PS1KI cells with respect to NonTg cells, caffeine-induced rises in intracellular calcium was significantly increased in 3xTg-AD and PS1KI compared to
NonTg neurons. Representative rise in intracellular calcium evoked by repetitive stimulation by bath application of 50 mM KCl followed by 25 mM caffeine
in NonTg (A), PS1KI (B) and 3xTg-AD neurons (C). (B) Bar graphs (open bar: NonTG, hatched: PS1KI , solid bar: 3xTg-AD) indicating mean values from
parameters measured from recordings in (A, B and C): basal calcium prior to 50 mM KCl (D), peak rise to 50 mM KCl (E), basal calcium prior to caffeine
application (F), peak rise to 25 mM caffeine (G), decay rate (H) and transient integral of 25 mM caffeine induced rise in calcium (I). n = 21 non-TG, n = 18 for
PS1KI and n = 25 for 3xTg-AD.

The key question that remains to be resolved is the pathophysiological relevance of these findings and how they affect
the onset and progression of neurodegeneration in AD. Certainly, dysregulated intracellular calcium stores have been
shown to play a role in A␤-induced toxicity in mutant PS1expressing neurons, and disturbances of intracellular calcium
homeostasis have been shown to reliably predict the development of AD years prior to the development of an overt
clinical phenotype [40]. However, a role for disturbances of
intracellular calcium homeostasis in synaptic dysfunction is
still less clear. For example, we have shown that paired pulse
facilitation, a measure of short term plasticity was unaltered
between NonTg, PS1KI and 3xTg-AD mice at 1 month of
age. At 6 months of age, there was no difference in facilitation between NonTg and 3xTg-AD mice; however the PS1KI
mice exhibited slightly enhanced PPF compared to NonTg
[38]. Thus the accumulation of APP proteolytic fragments
downregulates the enhanced facilitation imparted by mutant
PS1. It is unlikely that tau plays a major role in this process, as

transgenic mice containing the same PS1 mutation and that
overexpress mutant tau to the same level as the 3xTg-AD
mice continue to show facilitation [38].
The mechanisms underlying PPF are thought to be presynaptic [41] and probably involve residual calcium in the
nerve terminal after the first stimulus, leading to increased
neurotransmitter release during the second stimulus [42].
The nature of the facilitation of PPF observed in the PS1KI
remains to be determined yet may be due to alterations of
intracellular calcium handling [8,28] that is negated by the
overexpression of APP in the 3xTg-AD mice.
In addition to the age-related deficits in short term plasticity, the 3xTg-AD mice also show deficits in LTP, a form of
plasticity thought to underlie learning and memory [43]. At
one month of age, the 3xTg-AD showed no impairment, however, at 6 months of age, LTP was severely impaired. There
was again a disparity with the PS1KI mice showing significantly higher potentiation during the first 10 min after HFS
compared to the other groups. The LTP response in the dou-
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ble transgenic mice with the mutant PS1KI and the TauP301L
transgene was comparable to those observed in NonTg mice;
this was an important observation and confirmed that overexpression of mutant tau did not affect the facilitation mediated
by the PS1KI . This finding suggests further that the pronounced deficits in LTP observed in the 3xTg-AD mice are
most likely due to the overexpression of APP, being either as a
result of APP expression itself or more likely due to the intraneuronal accumulation of A␤. Notably, these LTP deficits
also correspond to the time point when the impairments in
learning and memory become evident, a phenomenon that
can be reversed by the A␤ immunotherapy [5].
The precise mechanisms and cause of the adverse effects
of LTP remain to be determined yet is seems likely that A␤
plays a pivotal role. It has also been demonstrated that neuronal activity modulates the formation and secretion of A␤
peptides in hippocampal slice neurons overexpressing APP,
and, likewise that increased production of A␤ leads to synaptic dysfunction in these mice [44]. It is as yet unknown what
form of A␤ is responsible for this synaptic dysfunction. There
is evidence to suggest that oligomeric forms of A␤ may be
responsible. For example, acute application of extracellular
A␤ oligomers, in the absence of monomers and fibrils have
been shown to inhibit hippocampal LTP in rats in vivo with
immunodepletion of all A␤ species in the preparation abrogating this effect [45]. This study was later refined to show
that A␤ oligomers, but not monomers or fibrils were responsible for inhibiting LTP, and an antibody against A␤ prevented
such inhibition [46]. This finding relates well to our own studies in 6 month old 3xTg-AD mice where there is no apparent
extracellular A␤, suggesting that intraneuronal accumulation
is most likely responsible for the deficits in LTP observed.
Preliminary data suggest that much of the intracellular A␤
appears to be oligomeric in agreement with these other studies.
In addition to the neurotoxic effects mediated by A␤, the
␥-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 and was initially showed that
AICD-like peptides occur in both healthy brains and in the
brains of AD patients [47]. Whilst addressing the mechanism through which presenilins modulate calcium signalling,
we addressed whether alterations in calcium signalling are
mediated as part of the presenilin-dependent ␥-secretase acitivity or as an independent function that is unrelated to its
putative protease activity. Genetic ablation of the presenilins
attenuated IP3 -mediated calcium signalling. These calcium
deficits were also observed in cells deficient in APP, and
could be rescued by adding back various fragments, provided that APP was intact [31]. These data showed a role
for AICD regulating IP3 -mediated calcium signalling suggesting a new physiological signalling role for APP. Moreover, this study provided evidence that at least some of
presenilins effect’s on calcium signalling are due to the ␥secretase-dependent signalling pathway. However, not all of

the presenilin-mediated calcium signalling effects can be
accounted for ␥-secretase activity, because the PS1-mediated
effects on capacitative calcium entry occur independently of
APP [48,49]

5. Calcium dysregulation as a mechanism underlying
A␤-mediated toxicity
The precise mechanism through which A␤ exerts its influence on LTP and hence learning and memory is still not
understood but is proposed to involve disruption of intracellular calcium homeostasis [50]. Indeed, the role for alterations
of intracellular calcium dynamics in modulating LTP was
first reported by Bliss and Lomo who showed that intracellular injection of the calcium chelator EGTA reversed
the enhancement of LTP reported in hippocampal neurons
[51]. More recent evidence has indicated a direct role for
the generation of ER calcium elevations in the induction of
synaptic plasticity [52]. With these findings in mind, it is
interesting to note the substantial body of evidence suggesting that A␤ plays a pivotal role in disrupting intracellular
calcium homeostasis. For example a number of studies have
shown that A␤ can alter the activity of a number calciumconducting ion channels such as voltage-gated calcium channels (VGCCs; [53]), NMDA receptors [54] and nicotinic
receptors [55]. It is also well documented that A␤ can form
a novel a calcium-conducting pore in lipid bilayers providing a route through which uncontrolled calcium entry may
perturb the tightly regulated intracellular calcium environment [56]. In addition to the ability of A␤ to form these
calcium-conducting pores in the plasma membrane, extracellular application of A␤ has been shown to cause a dramatic
increase in IP3 -mediated calcium release in SH-SY5Y cells
[57]. The underlying molecular mechanisms responsible for
this enhancement in calcium release from the ER remain to be
determined but may be due to a combination of an enhanced
intracellular calcium store and/or a failure by the cell,
caused by the pathogenic actions of A␤, to regulate calcium
elevations.
One pathogenic mechanism through which A␤ has been
shown to mediate its effects is via the production of reactive
oxygen species (ROS). During the process of A␤ aggregation, hydrogen peroxide and hydroxyl radicals are generated
that can result in lipid peroxidation with a subsequent disruption in the activity of ion motive ATPases that are intimately
involved in regulating intracellular calcium elevations (such
as the calcium-ATPase) [58]. However, the neurotoxic actions
of A␤ are not just limited to plasma membrane structures.
Studies using PC12 cells have demonstrated that A␤ can
cause inhibition of respiratory chain complexes with a concomitant reduction in cellular ATP levels [59]. The calcium
ATPase on the mitochondrial membrane has been shown to
be implicitly involved in regulating calcium elevations, any
perturbation in mitochondrial function, for example arising
from A␤-mediated inhibition of the respiratory chain will
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result in a dramatic alteration in intracellular calcium handling [60,61].

6. Voltage-gated calcium channels
It has previously been shown that exogenously applied
A␤ can be neurotoxic, yet this effect is abrogated when
cell cultures are incubated in calcium-free solutions [58,62].
These findings suggest that extracellular calcium plays a
key role in A␤-mediated cell death. Furthermore, Brorson
and colleagues have demonstrated that micromolar concentrations of A␤ fragments induce a rapid increase in intracellular calcium levels that can be attenuated by the addition of L-type VGCC antagonists [63]. Since these initial
findings, numerous groups have reported that incubation
with low concentrations of A␤ peptides enhance whole
cell calcium currents in a variety of cell lines and primary neurons, as measured by whole cell patch clamping
[53,64,65]
L-, P- and N-type calcium channel activity can be modulated by A␤ application [53,66–68], which appears to
be mediated primarily by A␤-induced production of ROS.
Interestingly, post-mortem analysis of AD brain sections
reveals evidence of wide-spread oxidative damage, particularly increased levels of lipid peroxidation, and these levels increase further in areas of extensive neurodegeneration
[69]. Membrane phospholipids in the brain are composed
of polyunsaturated fatty acids, and as a result of this they
are particularly susceptible to free radical attack as their
double bonds allow for easy removal of hydrogen atoms.
When oxidized, these polyunsaturated fatty acids form aldehydes, particularly 4-hydroxynonenal (HNE), a highly cytotoxic aldehyde which inhibits glycolysis, protein and nucleic
acid synthesis leading to apoptosis [70]. Expression of HNE
is markedly increased in the AD brain. In addition, when
cultured neurons are incubated with A␤, both ROS and
HNE levels increase [71]. HNE has been shown to specifically enhance L-type VGCC currents through a mechanism
involving increased tyrosine phosphorylation [72]. In addition Peers and colleagues have demonstrated that A␤ can
act post-transcriptionally to promote the L-type ␣1C subunit insertion (or stabilization) into the plasma membrane
[73]. Here, these authors used co-immunoprecipitation and
co-localisation studies to show that A␤ associates physically
with the ion channel, supporting a physiological role for A␤
in ion channel regulation.
In addition to the effects that A␤ has on L-type VGCC,
A␤ has also been shown to enhance Ca2+ current through the
N- and L- type VGCCs in synaptosomes and the N- and Ptype VGCCs in cortical neurons [74]. Furthermore, Pearson
and colleagues highlighted the importance of the solubility
state of A␤, revealing that monomeric, unaggregated A␤1–40
enhanced calcium currents whereas aggregated A␤ had no
effect, suggesting a physiological role for A␤ in ion channel
regulation in the CNS [75].
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7. A␤ and its role in forming a novel
calcium-conducting channel
In addition to modulating the activity of existing calcium channels, studies indicate that A␤ can also form novel
channels. The first such report described the formation of
rudimentary A␤ ion channels in lipid bilayers, alongside
similar hydrophobic peptides such as the prion protein associated with Creutzfeldt-Jakob disease [76]. This ‘A␤ channel’
has been widely investigated in lipid bilayers, allowing for
the biophysical and pharmacological characterization of the
channel. A␤ has been shown to spontaneously form voltagedependent cation selective channels in lipid bilayers that
can conduct calcium [56]. These channels could be blocked
by Zn2+ [77,78], by tromethamine and Al3+ [79], and by
antibodies against the A␤ peptide itself [80]. It is plausible that A␤ could lead to the formation of novel channels
in the plasma membrane and subcellular organelle membranes, thereby causing an unregulated influx of calcium (or
other ions) that may contribute to neurodegeneration [81,82].
Insertion of these channels into the plasma membranes could
slowly cause changes in neuronal membrane potentials leading to alterations in neuronal firing. Furthermore, caspase
activation and apoptosis may be initiated following insertion
of such channels into specific neuronal organelles such as the
ER or mitochondria. Undue stress in the ER has been shown
to lead to activation of caspase 12—a caspase implicated in
the pathogenesis of AD [83]. Likewise, formation of these ion
channels in the mitochondrial membranes may disrupt mitochondrial membrane potential impairing energy production
and leading to apoptosis.
Although the formation of these A␤ channels has been
demonstrated in lipid bilayers, the identification of such channels in cell lines has proven difficult. A number of groups have
shown that bath application of high concentrations of A␤1–40
(1–10 M) causes a rapid increase in intracellular calcium
in human fibroblasts [62] and GT1-7 hypothalamic neurons
[76]; both responses were attributed to the formation of A␤
channels. Conclusive evidence for such a channel occurring
in a cell line as opposed to a lipid bilayer came from Peers
and colleagues who found that periods of chronic hypoxia led
to the appearance of novel calcium-conducting channels in
PC12 cells [84]. These channels were tightly coupled to the
secretion of catecholamine-containing vesicles with secretion blocked not by Cd2+ but instead inhibited by Congo red or
an antibody raised against the N-terminal region of A␤. The
formation of these channels could be mimicked by exogenous application of 100 nM A␤ peptides with further analyses
demonstrating that whole cell currents through these calcium
channels were voltage dependent and very small—less than
1 pA/pF [85].
There is now an increasing number of reports indicating that A␤ peptides primarily exert their neurotoxic effects
whilst in their intermediate oligomeric state, rather than as
monomers or fibrils. Demuro et al. have recently highlighted
this in SH-SY5Y cells. Bath application of oligomers caused

434

I.F. Smith et al. / Cell Calcium 38 (2005) 427–437

a rapid increase in intracellular calcium in SH-SY5Y cells,
whereas the monomeric form had no effect [86]. Rather than
attributing these increases to the formation of A␤ channels,
they suggested that the membrane permeability to calcium
ions was altered. The reason for the lack of effect of the
monomeric form of the peptide, even amongst a multitude of
reports suggesting a role for monomers in forming these A␤
channels and modulating ion channel function, remains to be
determined. It is not inconceivable that a small percentage
of monomeric A␤ may have formed oligomers to mediate
the results these previous researchers observed. The existence of these channels, at least in the laboratory, provides
a compelling and intriguing line of research into calcium
dyshomeostasis in AD.

pathology. This is important as processes that stabilize calcium signals might represent a therapeutic target for treating
AD throughout its course.
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8. Concluding remarks
Converging evidence from a variety of experimental systems supports an important and proximal pathological role
for calcium dyshomeostasis in AD. Despite two decades of
research, the precise contribution of dysfunctions in calcium
signalling to the pathogenesis of this disease remains unclear.
It is well established that A␤ is neurotoxic, and through the
advent of transgenic technology there is growing evidence
that cognitive dysfunction occurs prior to neuronal cell loss
yet correlates with the emergence of intraneuronal A␤ accumulation. This implicates cell dysfunction and not cell loss
as the principal cause of learning and memory deficits. One
mechanism that may be causing cell dysfunction is alterations
in calcium homeostasis produced as a result of intraneuronal
A␤ accumulation. It is well established that cytosolic calcium levels can impact the formation of synaptic plasticity,
necessitating a thorough understanding of the role for A␤
in mediating disturbances in intracellular calcium homeostasis. This, however, is further complicated by the ability of
A␤ to exist in various aggregation states, be it as monomers,
oligomers or fibrils, with each state appearing to differentially
influence not only calcium signaling but also neurotoxicity.
To fully elucidate the pathological mechanisms underlying
deficits in LTP and learning and memory reported, it is vital
to understand the role that each A␤ species (and its aggregation state) plays either in normal cell physiology or the
pathophysiology of AD.
The advent of transgenic technology has given researchers
the ability to model human diseases in animals. The majority of the experimental data concerning a role for calcium
dyshomeostasis, including our own has been gained using
either young (less than a month old) or embryonic neurons,
primarily due to technical reasons. With advances in optical imaging and cell culture technology, defects in calcium
signalling need to be examined in older animals. A key experiment with regards to the 3xTg-AD mice is to chart alterations
in calcium signalling with the development of plaque and tangle pathology. This will enable a better understanding of the
role for calcium dysregulation in the emergence of A␤ and tau
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