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Alzheimer’s disease (AD) is the most common agerelated neurodegenerative disorder worldwide, accounting
for 60–80% of all dementias. Patients experience progressive decline of short-term and working memory, apathy,
depression, impaired judgement, disorientation, confusion,
changes in behaviour, loss of motor co-ordination, and
difﬁculty speaking. Approximately 5.4 million people in
the United States are living with AD now (Alzheimer’s
Association, 2012) and it is projected that 115 million
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people worldwide will be affected by 2050 (Alzheimer
Disease International, 2011). Current knowledge of the
underlying molecular changes leading to AD pathology
has resulted from signiﬁcant scientiﬁc advances over the
last 30 years. However, effective disease-modifying therapies remain elusive. Given that the greatest risk factor for
developing AD is increasing age and the large population
of aging baby boomers, the economic toll of AD worldwide is and will continue to be overwhelming. Studies are
urgently on-going to develop therapies that can slow, stop,
and ultimately prevent AD.
The most prevalent type of AD is sporadic (SAD),
with late-onset of symptoms at approximately 60 years
old (∼95% of cases). A rare form of AD (∼1–2%) is
genetically inherited, called familial AD (FAD), with an
early-onset of 40–50 years of age (Hardy and Selkoe,
2002). More than 50% of autosomal-dominant FAD cases
are caused by mutations in the genes encoding presenilin1 (PSEN1), presenilin-2 (PSEN2) and amyloid precursor protein (APP) (Bergmans and De Strooper, 2010;
Hardy, 2009; Hardy and Selkoe, 2002). Both SAD and
FAD display the classic pathological hallmarks: extensive atrophy of the median temporal lobe (especially the
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Alzheimer’s disease (AD) is the most common age-related neurodegenerative disorder affecting millions of people.
Synaptic dysfunction and physical loss of synapses are responsible for memory impairments in AD. The molecular mechanisms responsible for synaptic loss in AD are not understood. The main risk factor for sporadic AD
(SAD) is advanced age. Missense mutations in presenilin (PS) proteins and in amyloid precursor protein (APP)
are responsible for majority of rare familial AD (FAD) cases. Increased production of A42 amyloidogenic peptide occurs in SAD and FAD. Synaptotoxic effects of A42 may be linked to synaptic loss in AD. FAD mutations
in PS proteins disrupt endoplasmic reticulum (ER) calcium (Ca2+ ) leak function of PSs and result in increased
Ca2+ levels in neuronal ER. Similar increases in neuronal ER Ca2+ levels occur in aging neurons. Increased neuronal ER Ca2+ levels lead to a compensatory upregulation of ER Ca2+ release channels, the ryanodine receptors
(RyanR), and downregulation of the synaptic store-operated Ca2+ entry (SOC) pathway. In this review we propose
a hypothesis that excessive Ca2+ release from the ER and insufﬁcient SOC Ca2+ entry lead to destabilization and
eventual elimination of mature mushroom spines in PS-FAD neurons and in aging SAD neurons. The proposed
Ca2+ -dependent spine destabilization mechanism may act in parallel or synergistically with A42 synaptotoxicity
mechanisms. The proposed model may help to establish a cause-and-effect connection between abnormal Ca2+
and amyloid homeostasis and synaptic loss in AD.
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hippocampus), parietal lobe, select regions of the frontal
cortex, and cingulate gyrus (Giannakopoulos et al., 2009;
Wenk, 2003); extracellular senile plaques composed of
dense-core deposits of amyloid- (A) peptide, dystrophic
neurites, and activated microglia (Hardy, 2009; Hardy
and Selkoe, 2002); and intracellular neuroﬁbrillary tangles
(NFTs) comprised of hyper-phosphorylated microtubuleassociated protein tau (MAPT) (Small and Duff, 2008). All
FAD mutations affect the cleavage of APP which leads to
either an increase in the overall production of A peptide
(Citron et al., 1992; Haass et al., 1995) or an increase in
A42/40 ratio (Borchelt et al., 1996; Hardy, 1997). The
overproduction of the aggregation prone A42 ultimately
triggers the formation of A plaques, synaptic loss, and
neurotoxicity (Hardy and Selkoe, 2002), and is the basis
for the “amyloid cascade hypothesis of AD.” Most past
and current efforts to develop AD therapies are based on
this hypothesis and agents have been developed to reduce
A production or eliminate A from the brain. However,
so far all amyloid-based approaches have failed to provide

beneﬁt to patients in clinical trials (Hardy, 2009; Karran
et al., 2011).
Clearly there is a need to look beyond A to develop
effective AD therapies (Seabrook et al., 2007). A number
of studies point to dysfunctional endoplasmic reticulum
(ER) calcium (Ca2+ ) homeostasis in AD, particularly
in FAD cases that involve PS mutations (Bezprozvanny
and Mattson, 2008; Stutzmann, 2007). Preservation of
intracellular Ca2+ homeostasis is essential for neuronal
function and survival, and is a fundamental component of
synaptic transmission (Berridge, 1998). Sustained changes
in Ca2+ homeostasis could provide the common pathway
for aging and the neuropathological changes associated
with AD, termed the “Ca2+ hypothesis of brain aging and
Alzheimer’s disease” (Khachaturian, 1989). Early changes
to intraneuronal Ca2+ regulation is a common observation in AD models and patients (Bezprozvanny and
Mattson, 2008; Emilsson et al., 2006; Stutzmann, 2007).
Increased intracellular Ca2+ levels are functionally linked
to PS mutations, apoliprotein 4 (APOE 4) expression (a
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The synapse is essential for neurotransmission or the
transport of electrochemical signals from the presynaptic neuron to the postsynaptic partner. Synaptic plasticity, or molecular and structural changes to the synapse
to strengthen or weaken neurotransmission in response
to neuronal activity, plays a major role in the formation
and storage of memories. Changes to postsynaptic dendrites are maintained structurally at the tips of dendritic
protrusions called spines, thought to be a structural basis
for learning and memory processes. Although the relationship between spine density, spine shape and memory
formation is not fully elucidated, there is evidence that
spine loss often contributes to deﬁcits in learning and
memory (Alvarez and Sabatini, 2007; Fiala et al., 2002;
Harris and Kater, 1994; Segal and Andersen, 2000). It
follows then that changes to spine structure, spine dysfunction and spine loss may lead to the development of
cognitive decline (Nimmrich and Ebert, 2009). In fact,
synapses are lost during AD, correlating strongly with
cognitive decline, which demonstrates the importance of
this process in dementia (Katzman, 1986; Terry et al.,
1991). However, the exact mechanisms responsible for
synaptic dysfunction and loss in AD are still poorly
understood.
Synapses undergo a constant process of formation and
elimination, and the stabilization of spines and their presynaptic counterparts are mechanisms of the learning process
(Bourne and Harris, 2007, 2008). The accepted neurophysiological correlate to learning and memory are long-term
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Presenilins are aspartyl proteases that mainly reside
in the endoplasmic reticulum (ER) membrane (Annaert
et al., 1999). Presenilin-1 (PS1) and presenilin-2 (PS2)
are structurally and functionally related transmembrane
holoproteins with 80% homology and are the catalytic
subunit of -secretase complex, which is comprised
of cleaved PS, nicastrin, anterior pharynx defective 1
(Aph-1), and presenilins enhancer 2 (Pen-2) (De Strooper,
2003). The -secretase complex cleaves type-1 transmembrane proteins, including Notch and APP. The majority of
genetically-linked FAD is caused by missense mutations
in the PSEN1 and PSEN2 genes.
In addition to contributing to altered -secretase function in AD pathogenesis, FAD PS mutations result
in disturbed Ca2+ signaling in neurons (reviewed
in (Bezprozvanny and Mattson, 2008; Supnet and
Bezprozvanny, 2010a, b)). The ﬁrst observation that presenilins contribute to abnormal Ca2+ signaling in AD was
demonstrated in Ca2+ imaging experiments with ﬁbroblast from patients expressing PSEN1-A246E, where cells
displayed augmented intracellular Ca2+ responses to both
bombesin and bradykinin (Ito et al., 1994). In vitro studies showed that cells expressing FAD PS1 mutations
display increased release of inositol 1,4,5-trisphosphate
(InsP3 )-mediated Ca2+ from the ER (Leissring et al., 1999;
Stutzmann et al., 2004; Tu et al., 2006). Multiple studies followed and reported that altered InsP3 Ca2+ signaling caused by PS-M146V and PS2-N141I mutations are
linked to increased ryanodine receptor (RyanR) expression, recruitment, and channel function (Chan et al., 2000;
Lee et al., 2006; Smith et al., 2005; Stutzmann et al.,
2006; Zhang et al., 2010b). Presenilin mutations or genetic
deletion attenuate capacitative Ca2+ entry (CCE), a reﬁlling mechanism for ER stores (Giacomello et al., 2005;
Leissring et al., 2000; Yoo et al., 2000; Zhang et al.,
2010b). The gating of InsP3 R can be directly modulated by
PS1-M146L and several other PS1-FAD mutants (Cheung
et al., 2010, 2008). Xenopus laevis oocytes expressing

PS1-M146V have increased sarco-/endoplasmic reticulum
Ca2+ ATPase (SERCA) activity compared to those with
WT PS1 (Green et al., 2008), a mechanism that could contribute to the overﬁlling of ER Ca2+ store. It is clear that
mutations in PS may greatly alter neuronal ER Ca2+ handling in AD.
How do presenilins contribute to the dysregulated ER
Ca2+ signaling observed in these studies? We recently provided a mechanistic explanation for most of these ﬁndings by demonstrating that wild type PSs function as
ER Ca2+ leak channels (Tu et al., 2006), which functions to maintain ER Ca2+ homeostasis by releasing Ca2+
into the cytosol and balancing SERCA activity. We found
that some FAD PS mutations disrupt Ca2+ leak function (Nelson et al., 2010, 2007; Tu et al., 2006), leading to the overﬁlling of ER with Ca2+ and exaggerated
ER Ca2+ release observed in PS1/PS2 double knock-out
(DKO) ﬁbroblasts (Nelson et al., 2010, 2007; Tu et al.,
2006), cultured hippocampal neurons from PS DKO and
PS1-M146V neurons (Zhang et al., 2010b), and primary
lymphoblasts from FAD patients (Nelson et al., 2010).
These data suggest that presenilins play a critical role in
deranged Ca2+ signaling and neuronal dysfunction in AD.
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susceptibility gene associated with sporadic AD), amyloid
plaques, neuroﬁbrillary tangles, and synaptic dysfunction.
It is also thought that loss of synapses and synaptic
plasticity are likely to contribute to the disruption of cognition observed in AD. Synapses are lost during AD, which
correlates strongly with cognitive decline and illustrates
the importance of this process as causative to dementia (Spires and Hyman, 2004; Terry et al., 1991). Are
these seemingly independent phenomena somehow interrelated? Could their convergence result in the extensive
synaptic damage and cognitive decline in AD? The goal of
this review is to highlight how these processes may work
together to give rise to AD.
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potentiation (LTP) and long-term depression (LTD). Induction of LTP, the persistent increase in synaptic strength in
response to neuronal activity, is thought to be the physiological substrate of information storage in the hippocampus, and causes an increase in spine number and spine
size (Bliss and Collingridge, 1993; Popov et al., 2004;
Trommald et al., 1996). Induction of LTD, the persistent
disruption of synaptic transmission in response to stimulation, results in the shrinkage of spine heads (Matsuzaki,
2007; Zhou et al., 2004). Both LTP and LTD are important in AD pathogenesis (recently reviewed in (Palop
and Mucke, 2010)). Spines undergo experience-dependent
morphological changes in live animals (Holtmaat and
Svoboda, 2009) and even subtle changes in dendritic
spines may have signiﬁcant effects on synaptic function,
plasticity and patterns of connectivity in neuronal circuits.
Spines can be classiﬁed according to their morphological structure. The most commonly used nomenclature was introduced by Peters and Kaiserman-Abramof
in 1970. Thus, spine shapes can be separated in three
groups based on the size of spine’s head and neck (Peters
and Kaiserman-Abramof, 1970). Mushroom spines have
a large head and a ﬁne neck, thin spines have a smaller
head and a narrow neck, and stubby spines have no obvious distinction between the head size and the attachment to the dendritic shaft. Due to their large head size,
mushroom spines have larger post-synaptic density (PSD),
a membrane-associated disc of electron dense material
which consists of the receptors, channels, and signaling
systems involved in synaptic transmission and the coupling of synaptic activity to postsynaptic bio-chemistry
(Nimchinsky et al., 2002). It has been shown that the density of AMPA and NMDA receptors is constant within the
PSD, thus the number of receptors per synapse is proportional to the PSD area and spine volume (Nimchinsky
et al., 2002; Racca et al., 2000; Takumi et al., 1999).
Therefore, large (mushroom) spines are the sites of strong
synaptic connections likely to be involved in storage of
memories. Hence, it is expected that the mushroom spines
are those that excessively eliminated during the AD pathogenesis since the memory loss is a hallmark of the disease. This hypothesis is supported by in vivo imaging
data. It has been demonstrated that dendrites surrounding
amyloid plaques in the brain of APPswe/PS1delta9xYFP
(B6C3-YFP) transgenic mice showed abnormal curvature
and dystrophic swelling (Meyer-Luehmann et al., 2008).
Furthermore, spine loss around plaques was due to spine
instability, with more spine elimination as compared to
control, which reﬂects defective structural (Spires-Jones
et al., 2007) and functional plasticity (Meyer-Luehmann
et al., 2009). Simpliﬁcation of the dendritic arbor has been
observed in other models of AD expressing mutant APP
(Alpar et al., 2006).
What are the molecular and signaling mechanisms
responsible for loss of mature synaptic spines in AD?
56
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There is evidence that APP is transported to the presynaptic endings where its function is still under the debate.
However, APP may affect dendritic spine formation in
mouse brain (reviewed in (Jung and Herms, 2012)). Studies show that lack of APP leads to increased dendritic
spine density (Bittner et al., 2009; Priller et al., 2006) and
overexpression of human APP sometimes causes decreased
formation of dendritic spines (Belichenko et al., 2004;
Mucke et al., 2000; Perez-Cruz et al., 2011; Simon et al.,
2009; Villar et al., 2005). These data appear to be contradictory. The major affects of APP in the formation of
spines appeared at the early stages of the disease, depending on the model used and the region of the brain studied
(Belichenko et al., 2004; Bittner et al., 2009; Mucke et al.,
2000; Perez-Cruz et al., 2011; Priller et al., 2006; Simon
et al., 2009; Villar et al., 2005). Nevertheless, when APP
expression is either eliminated or augmented in aged animals, spine density decreases in the hippocampus (Jung
and Herms, 2012). The latter observation is in agreement
with clinical data showing that in brains of patients suffering from AD, the number of synapses is decreased and
synapse loss is a major hallmark of the disease (DeKosky
and Scheff, 1990; Terry et al., 1991).
A is produced and accumulated in synaptic regions
in activity-dependent manner (Kamenetz et al., 2003;
Lazarov et al., 2002; Wei et al., 2010) and itself may
contribute to synaptic loss. A induces morphological
changes in cultured neurons through the activation of calcineurin (CaN), a Ca2+ -activated phosphatase known to
affect synaptic plasticity (Celsi et al., 2007; Wu et al.,
2010). Furthermore, when AD mice expressed a genetically coded inhibitor of CaN, the plaque-induced changes
to dendrites and spines were reversed (Wu et al., 2010).
The A-mediated degeneration of spines could be prevented by the application of an NMDA receptor antagonist
(Wei et al., 2010). A also causes synaptic clustering and
activation of mGluR5 receptors (Lacor et al., 2007; Renner
et al., 2010), resulting in excessive Ca2+ signals and synaptic loss. Taken together, these data indicate a major role
for Ca2+ signaling in the A-induced changes to dendritic
spine morphology and function.
Synaptic terminals are particularly sensitive to intracellular Ca2+ alterations in neurons since they are repeatedly
exposed to Ca2+ inﬂux and require high levels of energy
output to support neuronal homeostasis. In fact, resting
intraneuronal Ca2+ levels are disrupted around A plaques
in AD mice in vivo, indicating dysfunctional Ca2+ regulation (Kuchibhotla et al., 2008). It is clear that synaptic loss
in neurodegenerative diseases such as AD is accompanied
or even preceded by altered Ca2+ signaling. Presenilins
are important regulators of intracellular Ca2+ homeostasis
(discussed above) and can directly inﬂuence the intraneuronal Ca2+ signaling. Therefore we will discuss the role of
PSs and FAD mutant PSs in synapse function in greater
details in the next section.
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Can PSs directly affect dendritic spine formation, morphology and subsequently, synaptic plasticity in AD?
A recent study demonstrated that cortical neurons in mice
overexpresssing FAD PS1-A246E or wild type human PS1
(hPS1) displayed enhanced dendritic spine density (Jung
et al., 2011). Interestingly, the changes in spine density
were layer speciﬁc. In the 5th layer of cortical dendrites
the authors did not ﬁnd any difference in spine density
between mice overexpressing FAD PS1-A246E and hPS1,
whereas on 2nd basal layer the overexpression of FAD
PS1-A246E increased spine density compared to hPS1
(Jung et al., 2011). After analyzing the shape of the spines,
the authors did not observe any signiﬁcant differences
in the relative proportion of mushroom, stubby or thin
spines in FAD PS1-A246E or hPS1 mice. However, they
reported that the effect on spine density was -secretaseindependent because they did not observe that FAD PS1A246E or hPS1 overexpression affected the production of
-secretase substrates, such as N -cadherin, Eph4A-CTF,
APP/-CTF (Jung et al., 2011). The authors speculate
that the effect on spine density they observe is rather
related to altered Ca2+ -homeostasis, because of the upregulation of RyanR expression (Jung et al., 2011).
One long-term form of synaptic plasticity, called homeostatic synaptic scaling, is a compensatory type of plasticity that maintains synaptic strength to compensate for
the perturbation in activity in both young and adult neurons (Pozo and Goda, 2010; Turrigiano, 2008). Interestingly, this type of plasticity is triggered by changes in
intracellular Ca2+ levels (Ibata et al., 2008). Recently,
it has been shown that homeostatic scaling of excitatory synapses is impaired in primary hippocampal neurons
derived from mice either lacking PS1 or expressing
PS-M146V (Pratt et al., 2011). Moreover, the authors
demonstrate that the impairment of homeostatic synaptic
scaling is -secretase-independent and is regulated through
PI3K/Akt signaling pathway (Pratt et al., 2011).
Can PSs regulate synaptic plasticity and hippocamal
LTP in AD mice? There are a limited number of electrophysiological studies in PS-FAD mouse models. One study
demonstrated altered contribution of RyanR to synaptic plasticity mechanisms in PS1-M146V mouse model
(Chakroborty et al., 2009). Speciﬁcally, these authors
demonstrated that although hippocampal LTP is induced
normally in PS1-M146V mice, the induction of LTP in
these mice becomes sensitive to RyanR inhibitor danrolene and RyanR activator caffeine. In contrast, induction
of LTP in wild type mice is not affected by dantrolene or
caffeine (Chakroborty et al., 2009). In the follow up study
the same group reported NMDAR-mediated Ca2+ inﬂux
triggers supranormal Ca2+ responses via RyanR in postsynaptic spines of PS1-M146V mice, suggesting a possible

mechanism for altered postsynaptic Ca2+ handling and
synaptic plasticity in these mice (Goussakov et al., 2010).
Another group focused primarily on studies of presynaptic Ca2+ signaling mechanisms (Zhang et al., 2009,
2010a). Using a genetic approach, these authors performed
conditional knockout of presenilins in either presynaptic
(CA3) or postsynaptic (CA1) neurons of the hippocampal Schaeffer-collateral pathway. They discovered that LTP
is impaired after presynaptic but not after postsynaptic
deletion of presenilins. They further found that short-term
plasticity and presynaptic facilitation mechanisms are also
altered by genetic deletion of presenlins. In a series of
pharmacological experiments, they demonstrated that these
long-term and short-term synaptic plasticity alterations are
due to deranged ER Ca2+ signaling in presenilin knockout
neurons (Zhang et al., 2009; 2010a). The studies by these
two groups suggest that presenilins play an important role
in control of ER Ca2+ signaling and synaptic plasticity
mechanisms on both “pre” and “post” sides of the synapse.
The functional studies described in above were focused
on relatively short-term synaptic plasticity mechanisms.
Hippocampal LTP can be categorized into two functionally
and mechanistically distinct forms (Bliss and Collingridge,
1993). Short-lasting or early LTP (E-LTP) can be induced
by a single high frequency stimulation (HFS), lasts up to
1 h in vitro (Huang and Kandel, 1994), and is mediated by
the phosphorylation of existing proteins without de novo
synthesis (Nicoll and Malenka, 1999). Long-lasting (LLTP) is induced by multiple HFS, lasts at least 4 h, and
requires transcription and protein synthesis (Osten et al.,
1996; Otani and Abraham, 1989). Early LTP has been
extensively studied in various mouse models of AD. Surprisingly, while E-LTP is impaired in APP mutant mice
or by A application (Chapman et al., 1999; Walsh et al.,
2002), it is increased in mice expressing different mutations of PS1 (Auffret et al., 2009; Dewachter et al., 2008;
Parent et al., 1999; Schneider et al., 2001; Zaman et al.,
2000). This observation has been problematic and is a consistent criticism when validating the utility of PS1 mice to
study AD, implying that they lack the synaptic dysfunction apparent in AD. Nevertheless, PS1 mutant knock-in
mice that express the M146V mutation (PS1-M146V) are
particularly interesting since they display both exaggerated
Ca2+ signaling (Chakroborty et al., 2009; Goussakov et al.,
2010; Stutzmann et al., 2004) and memory impairment
in spatial learning tasks (Sun et al., 2005). Auffret and
co-authors showed a transient increase in E-LTP in PS1M146V and that E-LTP was decreased at 12 month of age
(Auffret et al., 2010). Furthermore, they demonstrated for
the ﬁrst time that PS1-M146V induces the early impairment of L-LTP, which is consistent with data showing that
PS1-M146V mice display a decline of hippocampal spatial
memory as early as 3 month of age (Auffret et al., 2010).
It is clear that L-LTP has to be considered when interpreting data obtained from PS1-M146V mice because L-LTP
is believed to be critical for the long-term memory storage.
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Figure 1. Hypothesis: ER Ca2+ signaling changes induced by aging and/or PS-FAD mutations result in destabilization and loss
of mushroom spines, causing memory impairment in AD. (A) Cartoon represents mushroom spine shape of healthy “mushroom-like”
dendrite. Ca2+ channels are present and support intracellular calcium homeostasis. (B) The AD affected spine. FAD mutations in PSs
disrupt PS-mediated ER Ca2+ leak function. That results in Ca2+ overﬁlling of ER store, as a compensate mechanism neurons upregulate
RyanR expression and downregulate SOC Ca2+ entry pwathway. These events induce spine head shrinkage and eventual spine elimination
in AD brain. Abbreviations: PSs—presenilins; SOC—store-operated channels; RyanR—ryanodine receptors; IP3R—inositol triphosphate
receptor; VGCC—voltage gated calcium channels; SERCA—sarco/endoplasmic reticulum calcium ATPase; ER—endoplasmatic
reticulum.

We have demonstrated that some FAD PS1 mutations enhance Ca2+ accumulation in the ER. Could
these disturbances in Ca2+ signaling explain synaptic loss
and L-LTP defects in aging PS1-M146V mice? Presenilin mutations can have local adverse effects on Ca2+ mediated synaptic regulation that may result in mitochondrial dysfunction and delayed synaptic degeneration in AD
(reviewed in (Supnet and Bezprozvanny, 2010b)). Moreover, FAD PS1 and PS cDKO attenuate capacitative Ca2+
entry (Giacomello et al., 2005; Leissring et al., 2000;
Yoo et al., 2000; Zhang et al., 2010b). Overexpression
of TRPC6 channels, which support store-operated Ca2+
entry, resulted in increased density of excitatory spines
in transgenic mouse model (Zhou et al., 2008). Based on
58

these results we propose that excessive Ca2+ release from
the postsynaptic ER and reduced synaptic store-operated
Ca2+ entry lead to destabilization and eventual elimination of mature mushroom spines in PS-FAD neurons and
in aging SAD neurons (Fig. 1). Experimental testing of
this hypothesis is one of the key research directions in our
laboratory. We hope that these studies will help to clarify
the role of deranged neuronal Ca2+ signaling in synaptic
dysfunction and loss in AD.
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