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Alzheimer’s disease (AD) is a neurodegenerative pathology representing a socioeconomic
challenge, however, the complex mechanism behind the disease is not yet fully understood.
AD is commonly defined as a proteinopathy characterized by the accumulation of intracellular
neurofibrillary tangles composed of abnormal hyper-phosphorylated, conformated, and truncated
tau, as well as extracellular deposits of β-amyloid (Aβ) species forming amyloid plaques in different
brain areas [1]. The “amyloidogenic hypothesis” in AD postulates that the accumulation of Aβ

plaques acts as a pathological trigger for a cascade that includes neuritic injury, the formation of
neurofibrillary tangles via tau protein leading to neuronal dysfunction, and cell death [2]. This
hypothesis is supported by genetic, biochemical, and pathological evidence linking familial autosomal
dominant mutations in the amyloid precursor protein (APP) and presenilins (PS1 and PS2) genes,
triggering an imbalance between Aβ peptide production and clearance and causing early-onset
neurodegeneration [3,4]. The main progress in understanding AD pathophysiology was achieved
thanks to the identification of disease-causing mutations [3–5]. Then, the generation of cellular and
mouse models expressing disease-causing genes mimicking the development of familial forms of AD
(FAD) (https://www.alzforum.org/research-models/alzheimers-disease) enabled the formulation of
several interconnected mechanistic theories. Among others, the “calcium hypothesis” emerged as a
key AD pathogenic pathway, impacting most, if not all, cellular components of the nervous system
comprising neurons and glial cells [6–8]. As a second messenger, calcium is critical for proper neuronal
synaptic plasticity, governing learning and memory functions [9,10], and commonly described as
among the major features characterizing AD [8]. The complexity of the “calcium hypothesis” relies
on the fact that disturbances of calcium homeostasis affect different cellular compartments, such
as mitochondria, endoplasmic reticulum (ER), lysosomes, and several microdomains within the
plasma membrane, occurring through broad interventions of calcium signalling “tool-kits” (receptors,
channels, binding protein, etc.). The significance of the “calcium hypothesis” in AD pathogenesis
has been formally approved since calcium dyshomeostasis was reported in presymptomatic FAD
study mice and thus seemed to occur prior to the development of histopathological markers or clinical
symptoms. Noteworthily, disturbances of calcium signalling, largely reported in FAD study models
(in vitro and in vivo) [8,11–16], were also observed in human-derived post-mortem brains [17] and
fibroblasts [18–20], as well as recently in human-induced neurons [21,22].

In this Special Issue in Cells, six reviews address the newest results and advances in calcium
signalling deregulation mechanisms in AD, how they are linked to other molecular players involved
in AD pathogenesis, and the potential therapeutic approaches to correct calcium alterations to treat
AD [23–28].

In the review by John McDaid et al. [26], the authors describe the role of calcium dysregulation
in synaptic network dysfunctions in AD. The review focuses on the mechanisms impacting plasma
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membrane N-methyl-D-aspartate receptor (NMDAR), the L voltage-gated calcium channel (VGCC),
and the nicotinic acetylcholine receptor (α7nAchR) function [26]. The discussed data draw upon
the complexity of calcium-synaptic dysfunction connections observed in AD mice models. The
authors point out the role of extracellular Aβ plaques and toxic soluble Aβ oligomers towards
synaptic hyperactivity and highlight studies demonstrating the contribution of intracellular tau to
synaptic loss and the impairment of synaptic function. They also provide evidence demonstrating
that synaptic plasticity dysfunctions in AD are linked to excessive ER calcium release, mainly
through the ryanodine receptor (RyR) by the process of calcium-induced calcium release (CICR).
In addition, the review by John McDaid et al. provides key elements demonstrating the role of calcium
dyshomeostasis in lysosome-autophagosome-mediated protein degradation in AD [26]. Noteworthily,
enhanced lysosomal calcium efflux is seen as an early event in AD pathology, contributing to defective
lysosome—autophagy degradative function but also to synaptic transmission deficiency [29].

In addition to synaptic plasticity deficits, calcium dyshomeostasis has a profound effect on the
function of cell organelles, including ER and mitochondria, both of which play an important role in
maintaining cellular and synaptic function. These specific items were discussed in our review [23] and
in that by Noemi Esteras and Andrey Y. Abramov [25], respectively.

In our review [23], we describe the main neuronal calcium signalling “tool-kits” and focus on
ER calcium handling molecules alterations in AD and the benefit of targeting the aforementioned to
alleviate AD pathogenesis. Our review describes the tight link between the “calcium hypothesis” and
the amyloidogenic cascade generating Aβ peptides and other APP-derived toxic fragments [30]. ER
calcium mishandling in AD includes alterations of the inositol 1,4,5-trisphosphatereceptors (IP3Rs)
and ryanodine receptors (RyRs) expression and function, the dysfunction of the sarco-endoplasmic
reticulum calcium ATPase (SERCA) activity, and the upregulation of SERCA1 truncated isoform (S1T),
as well as presenilins (PS1, PS2), forming the catalytic core of the γ-secretase enzymatic complex
cleaving APP [23]. We summarize the neuronal expression, structure, and physiological function for
each ER molecular component. The sum of studies discussed offers an outline of the disease-associated
remodelling of ER calcium machinery coupled to specific cellular signalling cascades modulating
the activity (i.e., post-translational modifications, interactions with regulatory proteins) and/or the
expression of ER calcium channels and pump. The depletion of ER calcium content activates the
store-operated calcium entry (SOCE) pathway [31]. We then report studies describing the expression
and function alterations of the molecular bridge linking ER calcium depletion and the activation of
plasma membrane calcium entry implicating STIM and ORAI proteins [23].

The review by Noemi Esteras and Andrey Y. Abramov specifically describes the mechanisms
underlying mitochondrial calcium deregulation linked to Aβ and tau pathologies [25]. They first
depict the basis of physiological mitochondrial calcium homeostasis and then describe the cytosolic
and mitochondrial calcium homeostasis impairments in AD and in tauopathies (neurodegenerative
disorders characterized by the deposition of abnormal tau protein in the brain) [25]. The authors
specifically discuss the molecular mechanisms underlying mitochondrial calcium disturbances and
expose complementary scenarios linking the deleterious mitochondria calcium overload to neuronal
death [25]. These mechanisms include the alteration of the expression of mitochondrial calcium-related
proteins and of ER–mitochondria interactions, and also the impairment of mitochondrial calcium
efflux, and mitochondrial permeability transition pore opening. These mechanisms appear to act in
concert in the process of neurodegeneration in AD and tauopathies [25].

In addition to forming the catalytic core of the γ-secretase enzyme, several studies have
demonstrated a role of PS1 and PS2 in subcellular calcium signalling. Our review [23] and that by John
McDaid et al. [26] extensively highlight the role of PS1 in controlling several aspects of the subcellular
calcium signalling deregulation and in synaptic plasticity. The review by Paola Pizzo et al. [28]
specifically focuses on the role of PS2 in the modulation of ER and Golgi apparatus calcium handling,
calcium entry through the plasma membrane channels, mitochondrial function, ER–mitochondria
communication, and autophagy. The authors overview the alterations of calcium homeostasis observed
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in several cell lines expressing FAD-PS2 mutants, in human-derived fibroblasts, and in PS2 mice and
ex vivo models (primary neurons culture and acute hippocampal slices) [28]. Of most interest, they
discuss the impact of familial PS2 mutations in the control of multiple aspects of cell and tissue
physiology, including cell metabolism and bioenergetic and brain network excitability [28].

The review by Veronika Prikhodko et al. [27] focuses on the TRPC6 (transient receptor potential
channel 6), a non-selective cation plasma membrane channel that is permeable to calcium and
activated by the emptying of the ER calcium store in a SOCE-dependent manner [32]. The review
describes the role of TRPC6 in AD and brain ischemia [33,34]. The authors argue that although the
pathophysiological mechanisms causing AD and cerebral ischemia may differ, cerebral ischemia serves
as a risk factor for AD development, and vice versa. They postulate that both pathologies share a
common mechanism associated with intracellular calcium dyshomeostasis likely implicating TRPC6.
The review describes the contribution of the TRPC6 in neuronal hypo- or hyper-activation in both
pathologies, with a particular focus on calcium entry alteration. The authors then discuss the potential
drug candidates targeting TRPC6 that have shown some beneficial therapeutic effects in different
cellular and animal models [27].

The review by Maria Calvo-Rodriguez et al. [24] describes AD-related calcium disturbances in
neurons, astrocytes, and microglia. The authors discuss studies demonstrating that enhanced cytosolic
calcium levels linked to Aβ and also to APOE4 (a genetic risk factor for sporadic AD forms) likely
contribute to astrogliosis [35]. Importantly, the enhanced frequency of spontaneous calcium waves
and calcium hyperactivity in astrocytes were observed in the intact brain of AD mice. The authors also
report that calcium homeostasis was impaired in microglia isolated from AD mice, likely contributing
to their activation. In a specific section, the authors highlight studies using intravital imaging to directly
monitor the cytosolic calcium content in transgenic AD mice brains [24]. The review is composed of
different chapters describing the contribution and the potential therapeutic effect of distinct calcium
channels of the plasma membrane, endoplasmic reticulum, SOCE, mitochondria, and lysosomes [24].
The authors discuss the available therapeutic strategies targeting Aβ and emphasize the potential
benefits in the genetic and immunomodulation of tau, and review the different strategies for targeting
calcium deregulation, such as therapeutics in AD including human data and those generated from
experimental models.

To conclude, this Special Issue provides recent research insights in the field of calcium signalling
involvement in AD, which may open new research hypotheses and stimulate the development of
therapeutic strategies.

Funding: This work was supported by Fondation Vaincre Alzheimer.
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Abstract: Sustained imbalance in intracellular calcium (Ca2+) entry and clearance alters cellular
integrity, ultimately leading to cellular homeostasis disequilibrium and cell death. Alzheimer’s
disease (AD) is the most common cause of dementia. Beside the major pathological features associated
with AD-linked toxic amyloid beta (Aβ) and hyperphosphorylated tau (p-tau), several studies
suggested the contribution of altered Ca2+ handling in AD development. These studies documented
physical or functional interactions of Aβ with several Ca2+ handling proteins located either at the
plasma membrane or in intracellular organelles including the endoplasmic reticulum (ER), considered
the major intracellular Ca2+ pool. In this review, we describe the cellular components of ER Ca2+

dysregulations likely responsible for AD. These include alterations of the inositol 1,4,5-trisphosphate
receptors’ (IP3Rs) and ryanodine receptors’ (RyRs) expression and function, dysfunction of the
sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) activity and upregulation of its truncated
isoform (S1T), as well as presenilin (PS1, PS2)-mediated ER Ca2+ leak/ER Ca2+ release potentiation.
Finally, we highlight the functional consequences of alterations of these ER Ca2+ components in AD
pathology and unravel the potential benefit of targeting ER Ca2+ homeostasis as a tool to alleviate
AD pathogenesis.

Keywords: calcium; Alzheimer’s disease; endoplasmic reticulum; SERCA; IP3R; RyR; S1T; presenilin

1. Introduction

1.1. Ca2+ Signaling

As a signal transduction molecule, calcium (Ca2+) regulates a large number of neuronal processes
including growth and differentiation, neurotransmitter release and synaptic function, activity-dependent
changes in gene expression and apoptosis [1]. Cytosolic Ca2+ ([Ca2+]cyt) signals are regulated in a
spatiotemporal-dependent manner underlined by an intricate interplay between Ca2+ entry through the
plasma membrane, storage in the internal stores (i.e., the endoplasmic reticulum (ER), considered the
major dynamic Ca2+ intracellular pool), Ca2+ mobilization from the ER and its buffering by Ca2+-binding
proteins (CaBP) (Figure 1). Ca2+ entry through the plasma membrane occurs through ligand-dependent
Ca2+ receptors (i.e., N-methyl-d-aspartate receptor (NMDA) and Alpha7 nicotinic acetylcholine receptors
(nAChRs)) and through voltage-gated Ca2+ channels (VGCC) (Figure 1). Ca2+ mobilization from the ER
occurs through activation of the inositol 1,4,5-trisphosphate receptors (IP3R) downstream of metabotropic
receptors (Figure 1), or through the activation of ryanodine receptors (RyRs) that are activated by a slight
increase in [Ca2+]cyt, a mechanism known as Ca2+-induced Ca2+ release (CICR) (Figure 1). Elevations of
cytosolic Ca2+ signals are “shut down” through the plasma membrane Na+/Ca2+ exchanger (NCX) and
two Ca2+ ATPases which consume ATP to actively extrude Ca2+ out of the cells (i.e., the plasma membrane

Cells 2020, 9, 2577; doi:10.3390/cells9122577 www.mdpi.com/journal/cells7
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Ca2+ ATPase (PMCA)) or to actively sequester Ca2+ into the ER lumen (i.e., the sarco-endoplasmic
reticulum Ca2+ ATPase (SERCA)) (Figure 1). Intriguingly, coupling between ER Ca2+ depletion and
Ca2+ influx through the plasma membrane occurs through a canonical store-operated Ca2+ entry (SOCE)
pathway [2] mainly consisting of a direct physical interaction between the Ca2+-sensing stromal interacting
molecules (STIM1/2) oligomers within the ER membrane and the pore-forming ORAI proteins in the
plasma membrane [3–5] (Figure 1). Several lines of evidence indicate that Ca2+ homeostasis could be
disrupted upon cellular challenges as well as in neurodegenerative conditions.

Figure 1. Elevations of intraneuronal [Ca2+] are the result of an influx across the plasma membrane and
the release from the ER through various channels and receptors. The low intraneuronal Ca2+ level is then
maintained by the activity of Ca2+-binding proteins (CaBP) and involves the sodium-Ca2+ exchanger
(Na+/Ca2+) acting in concert with the ATP-dependent Ca2+ pumps located at the plasma membrane
and the ER. Depletion of ER Ca2+ content activates the store-operated Ca2+ entry (SOCE) pathway.

1.2. Alzheimer’s Disease

Alzheimer’s disease (AD) is an age-associated dementia disorder characterized by the accumulation
of extracellular amyloid-beta (Aβ) peptides in the senile plaques and by the hyperphosphorylation
of tau (pTau) protein, leading to intracellular protein aggregation into bundles or filaments that are
deposited as neurofibrillary tangles [6–8]. Notably, Aβpeptide derives from the sequential processing of
the β-amyloid precursor protein (βAPP referred to as APP hereafter) [9,10] by the β-seceretase (BACE1)
and the γ–secretase complex (composed of presenilins (PSs: PS1 or PS2, the catalytic subunits of the
enzyme), Nicastrin, anterior pharynx-defective-1 (APH-1) and presenilin enhancer-2 (PEN-2) [11,12]))
(Figure 2). Importantly, a significant number of aggressive AD cases generally characterized by early
onset are inherited in an autosomal-dominant manner (FAD: familial AD) and are caused by mutations
on APP and on PS1 and PS2 [13,14] (Figure 2). These mutations either modify the nature of Aβ

peptides and/or affect the levels of their production [15,16]. Besides the canonical disease-associated
intracellular pTau and extracellular Aβ accumulations, recent studies unraveled additional processes
that could contribute to AD progression, including: (i) the intracellular accumulation of Aβ [17,18] and
other APP-derived fragments [18–24], and (ii) the spreading of both extracellular Tau and Aβ between
neurons and between neurons and glial cells [25,26].
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Figure 2. Aβ peptides are derived from the processing of the βAPP (APP) through the amyloidogenic
pathway. APP is first cleaved by β–secretase (β), generating APP C-terminal fragment β (CTF-β),
which is then cleaved by γ–secretase complex (γ) to produce Aβ and APP intracellular domain (AICD).
At the plasma membrane, Aβ form a cation channel and modulate several Ca2+ channels (VGCC,
AMPAR, NMDAR and CALHM1). ER Ca2+ deregulation occurs through presenilin (PS)-associated Ca2+

leak and/or enhanced IP3R- and RyR-mediated Ca2+ release, dysfunctional Sarco-endoplasmic reticulum
Ca2+ ATPase (SERCA) activity, enhanced expression of S1T driven by ER stress response and enhanced
expression and dysfunctional IP3Rs and RyRs. SOCE is also deregulated in AD and implicates STIM,
ORAI and TRPC. RyR2 macromolecular complex destabilization (PKA phosphorylation and calstabin2
(Cal2) dissociation) is linked to β2-adrenergic receptor activation. Pharmacological stabilization of ER
Ca2+ content by S107, Dantrolene (Dant) blocking RyRs-mediated Ca2+ release/leak, Xestospongin C
(XeC) blocking IP3R-mediated Ca2+ release and CD1163 (CD) activating SERCA provided beneficial
effects in reversing several AD-related pathogenic paradigms in vitro and in vivo.

1.3. Physiology of ER Calcium Handling in Neurons

The ER forms a continuous and highly motile network distributed throughout the neuron.
Within dendrites and dendritic spines, ER Ca2+ release is involved in modulating postsynaptic
responses and synaptic plasticity [27]. In presynaptic nerve terminals, as well as in growth cones,
ER is involved in vesicle fusion and neurotransmitter release [28,29]. In the soma, ER Ca2+ handling is
coupled to the activation of Ca2+-sensitive kinases and phosphatases [30]. In the perinuclear space,
ER Ca2+ handling triggers gene transcription [31]. Ca2+ mobilization from the ER has been shown to
be involved in growth cone activity and in the formation of new connections and/or the strengthening
of preexisting connections that occur during learning and memory in the adult brain [32].

1.4. Calcium Deregulation in AD

As stated above, the tight but subtle control of intracellular Ca2+ homeostasis is required for
neuronal health, development and function [29,30,33,34]. Therefore, persistent imbalance in Ca2+
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entry and clearance alters cellular integrity, leading to cellular homeostasis disequilibrium. These Ca2+

deregulations ultimately trigger excessive proliferation or cell death depending on the strength and
the duration of the insult and in a cell-type-specific manner. Ca2+ signaling deregulation has a central
role in AD pathophysiology [35]. The relevance of Ca2+ signaling in AD is supported by the fact
that Ca2+ alterations were reported in both sporadic (SAD) and familial (FAD) forms of AD and that
this can exacerbate Aβ formation and promote tau hyperphosphorylation [35–37]. As first evidence,
in vitro studies have shown that Ca2+ may directly interact and enhance the proteolytic activity of
BACE1 [38] and to stabilize γ–secretase and enhance its activity in reconstituted in vitro assay [39].
Moreover, tau hyperphosphorylation at disease-specific sites has been associated with abnormal
intracellular Ca2+ signaling occurring upstream of Ca2+/calmodulin (CaM)-dependent protein kinase
II (CaMKII) and CDK5 activation [37,40–42]. The bulk of data gathered these last 30 years allows
us to draw up a scenario where Ca2+ deregulation is not only a consequence of the disease but also
participates in a feedback loop to disease progression and amplification [35,36,43–46]. These studies
reported a Ca2+-dependent enhancement of APP processing and the production of toxic APP-derived
fragments, activation of signaling cascades through the modulation of kinases and phosphatases
activities, thus affecting synaptic plasticity and cognitive function [34–36,47–49].

Several studies demonstrated a tight relationship between altered Ca2+ handling and the
amyloidogenic cascade. These studies lead to identifying the physical or functional interaction
of Aβ with several Ca2+ handling proteins in various AD models. At least four lines of evidence have
emerged: (i) at the plasma membrane, Aβ has been shown to form a cation channel [50], or to act as
a channel-modulator for the VGCCs, the nAChRs, the ionotropic glutamatereceptors NMDARs and
AMPARs (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors), the Ca2+ homeostasis
modulator 1 (CALHM1), and more recently the store-operated Ca2+channels (SOCE) (Figure 2) [51–60];
(ii) dysfunctional mitochondria were associated with Aβ-mediated Ca2+ toxicity [61,62] (discussed in
this Special Issue [63]). Importantly, mitochondrial permeability transition pore, mitochondrial Ca2+

uniporter (MCU) dysfunctions and impaired mitochondrial Ca2+ efflux contribute to mitochondrial
alteration in AD [63–65]; (iii) the autophagic failure in AD has been linked to lysosomal degradation
defects [24,66] likely occurring upon lysosomal Ca2+ depletion [67,68]; (iv) a complex scenario of
AD-associated ER Ca2+ dysregulation also emerged, where disturbances were linked to presenilin
(PS1 and PS2)-associated ER Ca2+ leak and/or ER Ca2+ release potentiation functions [69–73],
dysfunctional SERCA activity [74] and the upregulation of the recently described SERCA1 truncated
isoform (S1T) [75], alterations of IP3Rs function [56,69,70,72,76–81] and dysfunctional RyRs [44,80,82–94]
(Figure 2).

Besides APP-derived amyloidogenic products, previous studies described a physiological role of
APP in regulating Ca2+ signaling. Knockdown of endogenous APP increases the frequency and reduces
the amplitude of neuronal Ca2+ oscillations [95]. In addition, a recent study specifically reported that
APP-deficient cells exhibited elevated resting Ca2+ levels in the ER and reduced ER Ca2+ leakage
rates [96]. Pathogenic tau has also been associated with nuclear Ca2+ deregulation [97], with increasing
the ionic current of artificial membranes [98], with inducing spontaneous Ca2+ oscillations in the
neurons [99] and with the inhibition of mitochondrial Ca2+ efflux via the mitochondrial Na+/Ca2+

exchanger [99] (also discussed in this Special Issue [63]).
In this review, we will specifically present an update of the alterations of the molecular components

controlling ER Ca2+ signaling in AD and discuss the potential benefit of targeting ER Ca2+ homeostasis
as a tool to alleviate AD pathogenesis.

2. The Ryanodine Receptors: RyRs

RyRs are a family of three mammalian isoforms, RyR1, RyR2 and RyR3, mainly expressed in the
skeletal muscle, heart and brain. All RyRs isoforms are expressed in the brain, with an abundance range
of order as follows, RyR2 > RyR1 >> RyR3 [100,101]. RyRs activity is influenced on the one hand by
Ca2+, Mg2+ and ATP [102–105] and, on the other hand, by the integrated effects of co-proteins forming
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RyR1 and RyR2 homotetramer macromolecular complexes [106–108]. These include calmodulin
(CaM) [109,110], FKBP12 (12.0 kDa) and FKBP12.6 (12.6 kDa), known as Calstabin1 (Cal1) and
Calstabin2 (Cal2), respectively [111]; PKA anchored to RyR1 and RyR2 via a kinase anchoring protein
(mAKAP) [112,113], and Ca2+/calmodulin-dependent protein kinase II (CaMKII) [114]. Other regulatory
proteins were also described to interact with RYR1, thus controlling the channel gating activity [109].
RyR1/2 macromolecular complexes contain also the requisite molecular machinery allowing channel
dephosphorylation (i.e., PP1 and PP2A) [113,115,116].

Enhanced RyR-mediated Ca2+ release was reported in primary cultured neurons derived
from 3xTg-AD mice (knock in (KI) for the mutated PS1M146V and overexpressing mutated APP
and microtubule-associated tau protein (PS1M146V/APPswe/tauP301L)) [85,87]. This was further
confirmed in cellular models expressing wild-type or mutated APP, PS1 or PS2 [44,80,82–84,86–94,117].
Exacerbated IP3R-evoked Ca2+ signals in AD mice (PS1KI and 3xTg-AD)-derived neurons were shown
to be linked to RYR-associated CICR [85]. These findings were further supported by using the RyR
blocker dantrolene (Dant), shown to reduce enhanced [Ca2+]cyt level [92,93,118]. While some studies
reported that RyR dysfunction in AD-related study models occurs independently of PS mutation or
overexpression, namely in models expressing APP and overproducing Aβ [86,92,119–122], in many
cases, PS mutation-mediated Ca2+ deregulation was associated with the alteration of the activity of
RyRs (discussed beyond in PSs chapter). In addition, it was also reported that exogenous Aβ oligomers
may directly stimulate RyR-mediated Ca2+ release [123] and that the application of soluble Aβ caused
a marked increase in channel open probability [124].

RyR isoform expression is modified throughout AD progression and between different brain
regions [125]. Exogenous application of Aβ peptide was also shown to specifically increase RyR3
isoform expression [86,123]. RyRs mRNAs increase throughout the lifetime of PS1-M146V transgenic
mice and 3xTg-AD mice [84,85,87] as well as in cellular and mice AD models overexpressing wild-type
or mutated APP (bearing the Swedish mutation APPswe) [92]. Conversely, neuronal conditional PS1/2
knockout (KO) (PScDKO) is associated with a downregulation of RyR2 expression, demonstrating that
PS may regulate Ca2+ homeostasis and synaptic function via RyRs [126]. It has been proposed that the
modulation of RyR expression may act as a disease promoter or a compensatory beneficial mechanism.
In fact, while on the one hand, enhanced [Ca2+]cyt response is associated with the increased expression
of RyRs [127], the activation of the ER stress response factor X-box binding protein 1 spliced isoform
(XBP1s) may occur upon Aβ oligomer treatment [128,129], triggering a reduction of [Ca2+]cyt linked
to the down-expression of the RyR3 isoform [130]. Accordingly, a dual role for endogenous RyR3
has been suggested in an AD mouse model. Thus, the deletion of RyR3 in young (≤ 3 mo) APPPS1
mice increased hippocampal neuronal network excitability and accelerated AD pathology, leading to
mushroom spine loss and increased Aβ accumulation. Meanwhile, deletion of RyR3 in older APPPS1
mice (≥6 mo) rescued network excitability and mushroom spine loss, reduced Aβ load and reduced
spontaneous seizure occurrence [131] (Figure 2).

RyRs mutations are liked to various pathologies affecting muscle and heart [132,133].
The development of transgenic mouse models (i.e., KO of RyR1, RyR2 or RyR3, or expressing
RyR harboring disease mutations, or lacking exon sequence) [134] strengthens the fact that RyRs play a
key role in physiology and pathophysiology. The viability of RyR3 KO mouse, in contrast to the RyR1
and RyR2 KO mice [135,136], led to the demonstration that RyR3-deficient mice exhibit decreased social
behavior [137], greater locomotor activity [136,138], altered memory [138,139] associated with impaired
maintenance of long-term potentiation (LTP) [140]. To date, no mutations have been reported in RYRs
linked to brain disorders. Nevertheless, the role of leaky RyR2 in the pathogenesis of epilepsy has been
described in the RyR2-R2474S mice model [101]. Interestingly, three single nuclear polymorphisms
were significantly associated with risk for hypertension, diabetes and AD [141]. A meta-analysis based
on four genome-wide association study (GWAS) also identified RYR3 association with AD risk [142].
Another study observed a significant interaction between RYR3 and CACNA1C (gene encoding for the
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Ca2+ voltage-gated channel subunit Alpha1 C) in three independent datasets of AD Neuroimaging
Initiative cohorts [143].

RyRs post-translational modifications (PTMs) shift the channel from a finely regulated state to
a non-regulated Ca2+ leak channel. RyR PTMs were associated with different pathologies affecting
skeletal muscle, heart and, recently, brain [133] [113,144–150]. Experimental transgenic mice expressing
RyR harboring PKA-non-phosphorylated sites or phosphomimetic RyR mutants demonstrated the role
of the PKA phosphorylation site in RyR macromolecular complex remodeling, Calstabin dissociation
and ER Ca2+ leak [133]. In addition to phosphorylation sites, RyRs also contain a large number of amino
acid residues that are potential targets for reactive oxygen species (ROS) and for reactive nitrogen
species (RNS) [108,151,152]. Recently, we described a new molecular mechanism and signaling cascade
underlying altered RyR-mediated intracellular Ca2+ release in AD [116,150,153]. We reported that the
RyR2 channel undergoes PKA phosphorylation, oxidation/nitrosylation and depletion of the channel
stabilizing subunit Calstabin2 in SH-SY5Y neuroblastoma cells expressing APP harboring the familial
Swedish mutations (APPswe), in APP/PS1 (APPswe, PS1-M146V), as well as in 3xTg-AD, transgenic
mice models and, most importantly, in human SAD brains [150,153]. We further reported that RyR2
macromolecular complex remodeling occurs through synergistic mitochondrial reactive oxygen species
(ROS) production and β-adrenergic stimulation [150,153]. Notably, oxidative stress is considered
a major contributor to AD pathogenesis [154,155], and β2-adrenergic receptors (β2-ARs) have also
been implicated in the development of AD [51,156–161]. However, targeting β-adrenergic signaling
is questionable, since both beneficial versus defective effects were described in AD mice [162–164].
In our study, we specifically targeted the downstream PKA-mediated RyR2 phosphorylation and
macromolecular complex destabilization (Figure 2). We showed that pharmacological stabilization of
calstabin2 on the RyR2 macromolecular complex by S107 (a benzothiazepine derivative molecule [101])
reduces elevated Ca2+ signals in AD cells [153], prevents ER Ca2+ leakage and reduces single channel
open probabilities in AD mice brains [150]. Most importantly, S107 treatment reduces APP processing
and Aβ production both in vitro and in vivo [150,153]. S107 administration also inhibited calpain
activity and AMPK-dependent tau phosphorylation in an APP/PS1 mouse model [150]. These data
agree well with previously reported studies demonstrating the beneficial effects of the pharmacological
targeting of RyR with dantrolene [88,92,93,165]. In support of these findings, RyR macromolecular
complex stabilization improved the hippocampal synaptic plasticity (LTP and LTD) and cognitive
function of APP/PS1 and 3xTg-AD mice [150]. Importantly, we further showed that crossing APP/PS1
mice with RyR2-S2808A KI mice, harboring RyR2 channels that cannot be PKA-phosphorylated,
resulted in improved cognitive function and decreased neuropathology. In contrast, phosphormimetic
RyR2-S2808D KI mice exhibit early altered hippocampal synaptic plasticity (LTP and LTD) and cognitive
dysfunction [150]. Overall, these results emphasize the broad implication of RyRs in ER Ca2+ signaling
deregulation in AD occurring through the regulation of RYRs expression, CICR-dependent activity,
macromolecular complex stability-linked to β2-AR signaling cascade, Aβ- and PS-mediated RyRs
channel opening and likely RYR3 gene polymorphism.

3. The Inositol 1,4,5-Trisphosphate Receptors: IP3Rs

Among the three IP3Rs isoforms, the predominant one in neurons is IP3R1 [166–169]. In addition
to Ca2+ and IP3, there are other allosteric IP3R modulators, including ATP [170]. The activity of IP3R
can also be regulated by its phosphorylation by different kinases [166,170]. Among them are PKA,
protein kinase C (PKC), cGMP-dependent protein kinase (PKG), CaMKII and different protein tyrosine
kinases. Moreover, similarly to RyRs, the IP3Rs can also be regulated by the redox status and by several
interacting proteins (i.e., CaM-related Ca2+-binding proteins (CaBPs), Bcl2 family members, proteases
(Caspase-3 and calpain) and ER lumen-specific protein (ERp44) [170]).

IP3Rs activity controls spine morphology, synaptic plasticity and memory consolidation [171–173].
Notably, alterations of IP3Rs expression and function were reported to be implicated in Ca2+ signaling
deregulation in several AD models [174]. Ca2+ imaging experiments demonstrated that orthologous
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expression of FAD PS1 mutants potentiates IP3-mediated Ca2+ release [175]. These data were confirmed
in cortical neurons isolated from PS1-M146V KI mice [79] and in cells expressing FAD PS1-DeltaE9
mutant [176]. PS1-DeltaE9 mutant cells harbored enhanced basal phosphoinositide hydrolysis and
cyt[Ca2+], which were both reversed by the PLC inhibitor neomycin. PS1-DeltaE9 mutant cells also
showed high basal [Ca2+] and agonist-evoked Ca2+ signals that were reversed by xestospongin C (XeC,
a reversible IP3R antagonist) [176]. The molecular mechanisms underlying enhanced IP3R-mediated
Ca2+ release have been described to be PS-dependent and/or PS-independent [73,177] (also discussed
in PSs chapter below). The computational modeling of single IP3R activity was used to analyze
and quantify the pathological enhancement of IP3R function by FAD-causing mutant PS [178].
This study revealed that the gain-of-function enhancement of IP3R was sensitive to both IP3 and
Ca2+, thus triggering a higher frequency of local Ca2+ signals, while enhancing the activity of
the channel at extremely low ligand concentrations will lead to spontaneous Ca2+ signals in cells
expressing FAD-causing mutant PS [178]. It has been consequently observed that the gain-of-function
enhancement of IP3R channels in cells expressing PS1-M146L leads to the opening of mitochondrial
permeability transition pore (PTP) in high-conductance state, triggering a reduction in the inner
mitochondrial membrane potential and in NADH and ATP levels [179]. Conversely, genetic reduction
of IP3R1 normalizes disturbed Ca2+ signaling in PS1-M146V KI mice and most importantly alleviates
AD pathogenesis (i.e., rescues aberrant hippocampal long-term potentiation (LTP), attenuates Aβ

accumulation and tau hyperphosphorylation and memory deficits) in both PS1-M146V KI and 3xTg-AD
mice [72]. Accordingly, in vitro experiments showed that XeC effectively ameliorated Aβ42-induced
apoptosis and intracellular Ca2+ overload in the primary hippocampal neurons [180]. Notably,
intracerebroventricular injection of XeC reduced the number of Aβ plaques, alleviated ER stress
response and significantly improved the cognitive behavior of APP/PS1 mice [180]. Exacerbated
IP3R-mediated Ca2+ release is also linked to Aβ, independently of PS overexpression/mutation.
Jensen L.E., et al. reported that Aβ42 induced elevation of cytosolic Ca2+ in an IP3R-dependent and
-independent manner [91]. In addition, it was also shown that the treatment with Aβ42 significantly
increased mRNA levels of IP3R1/2 and mGluR5 [181]. Enhanced IP3R1 expression and ER Ca2+ release
were also reported in astrocytes derived from the entorhinal cortex and from the hippocampus from
WT mice and mice treated with Aβ42 oligomers [182]. Finally, as stated above, IP3R function is
regulated by several binding proteins. Thus, it is also conceivable that any alteration of the expression,
localization, activity and binding affinity of these proteins may affect IP3R structural/functional state,
thus impacting AD development.

4. Presenilins 1 and 2: PS1/2

PS1 and PS2 are multispanning transmembrane (TM) proteins located in intracellular membranous
organelles such as the ER, nuclear envelope and Golgi apparatus but also in multiple secretory and
endocytic organelles as well as the plasma membrane [183]. PS1 was first cloned as a causative gene
of FAD [184]. Its homologue PS2 gene was then identified, sharing an approximately 60% sequence
homology as a whole and approximately 90% within the TM domains [185,186]. Accordingly, PS1 and
PS2 were also shown to share similar predicted topology [187–189].

Both PS1 and PS2 are expressed in neurons [190] and are essential for embryonic development
since PS1 KO mice die at birth [191] and PS1/PS2 double KO mice (PSDKO) mice die before embryonic
day 9.5 [192]. Importantly, PSs were also shown to play key roles in neuronal function and survival.
Therefore, conditional PSDKO mice show impaired spatial and associative memory, deficits in short-
and long-term plasticity [193,194] and develop synaptic, dendritic and neuronal degeneration in an
age-dependent manner [193]. Importantly, being the catalytic component of γ–secretase complex
cleaving the APP [195], most of the PS mutations associated with early-onset FAD affect APP processing
and, more particularly, the ratio Aβ40/42 by increasing the aggregation-prone Aβ42 species [196–198].
Several studies proposed the contribution of PSs to ER Ca2+ signaling deregulation in AD. It has been
proposed that PSs act as ER Ca2+ leak channels, and FAD mutations in PSs disrupt this function, leading
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to ER Ca2+ overload [69,70,76]. Tu et al. also proposed that the full-length PSs function as ER Ca2+

leak channels independently of other γ–secretase components [69]. Cysteine point mutants combined
with NMR studies revealed that TM7 and TM9, but not TM6, could play an important role in forming
the conductance pore of mouse PS1 [77]. A recent study investigated the interaction of Ca2+ with both
PS1 and PS2 using all-atom molecular dynamics (MD) simulations in realistic membrane models [199].
Although the Ca2+ leak event linked to PS1 or PS2 has been challenged in this study, the obtained data
demonstrated the presence of four Ca2+ sites in membrane-bound PS1 and PS2 [199]. The authors
speculated that Ca2+ may prevent PS maturation (i.e., “presenilinase” endoproteolysis generating PS
N-and PS C-terminal derivatives [200]) by triggering conformational changes, thus preserving the
immature Ca2+ regulation function. Meanwhile, conversely, PS maturation yielding a biologically
active PS would abolish this Ca2+-regulatory function [199]. Nevertheless, the PS-associated Ca2+

leak function was discussed in other studies proposing that FAD PSs directly potentiate the gating of
IP3R [81]. Exaggerated IP3R-mediated Ca2+ responses were also reported in cells and neurons derived
from transgenic mice expressing FAD-linked mutant PS1 or PS2 [84]. These findings agree well with
data obtained in PS1-M146V KI mice neurons using whole-cell patch-clamp recording, flash photolysis
and two-photon imaging [79]. Accordingly, genetic reduction of IP3R 1 normalizes disturbed Ca2+

signaling in FAD PS1 mice and alleviates AD pathogenesis in PS1-M146V KI mice [72]. Other studies
point to PS-linked disruptions in RyR signaling as an important ER molecular component associated
with enhanced ER Ca2+ signals in both 3xTg-AD and PS1-M146V (KI) neurons [80]. PS1/PS2 were also
shown to harbor a physical interaction with RyRs in the ER [83,117,201]. Specifically, PS2 interacts
with RyR and with sorcin (a RyR regulator) in a Ca2+-dependent manner in both cellular models
and in the brain [201,202], thus increasing both mean currents and open probability of single brain
RyR channels [203,204]. Discrepancies regarding the role of PSs in ER Ca2+ handling alterations were
further highlighted in a recent study [205] showing that FAD PS2 mutants, but not FAD PS1, are able
to partially block SERCA activity, thereby reducing ER Ca2+ content in either SH-SY5Y cells or FAD
patient-derived fibroblasts [205]. Despite this incongruity concerning the exact molecular mechanism
underlying PS-mediated ER Ca2+ deregulation, FAD PSs undoubtedly directly or indirectly contribute
to the Ca2+ hypothesis in AD. However, whether PS-mediated ER Ca2+ deregulation is dependent on
or independent of its endoproteolysis generating PS N-and PS C-terminal derivatives still remains an
open question.

5. The Sarco-Endoplasmic Reticulum (SR/ER) Ca2+-ATPase and Its Truncated Isoform: SERCA
and S1T

SERCAs are integral ER proteins preserving low [Ca2+]cyt by pumping free Ca2+ ions into the ER
lumen, utilizing ATP hydrolysis. The SERCA pumps are encoded by three distinct genes (SERCA1-3),
resulting in 12 known protein isoforms, with tissue-specific expression patterns. SERCA2b is the most
expressed isoform in neurons [206]. Despite the well-established structure and function of the SERCA
pumps, their role in the central nervous system and whether it could be affected in brain diseases
remain to be definitely established. Interestingly, SERCA-mediated Ca2+ dyshomeostasis has been
associated with neuropathological conditions, such as bipolar disorder, schizophrenia, Parkinson’s
disease but also AD [207]. An initial study showed that SERCA activity is reduced in fibroblasts isolated
from PSDKO. Immunoprecipitation analyses suggested a physical interaction between SERCA and
PS1 and PS2 [74] and that modulation of SERCA expression regulates Aβ levels [74]. The interaction
of PS1 holoprotein was further demonstrated in cells overexpressing PS1 and subjected to tunicamycin
treatment [208]. It has also been shown that overexpressed wild-type or mutated PS2 triggered
ER-passive leakage through IP3R and RyR but also potently reduced ER Ca2+ uptake, an effect that
has been counteracted by the overexpression of SERCA2b [71]. A recent study reported that the
pharmacological SERCA activation by a quinoline derivative (CD1163), discovered via high-throughput
screening of small molecules library, provides some beneficial effects in APP/PS1 mice [209] (Figure 2).
Overall, these studies pinpointed the potential contribution of SERCA to ER Ca2+ dyshomeostsis in
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AD cellular study models. However, dedicated studies in mice AD models and in human-derived
samples are still needed to further support the beneficial versus pathogenic role of the modulation of
SERCA expression and activity in AD development.

Accumulation of unfolded proteins into the ER as well as alteration of ER Ca2+ homeostasis induce
ER stress, eliciting an unfolded protein response (UPR) [210,211]. Several studies have reported that
UPR occurs in human AD brains [212,213] and in several AD study systems [214–216]. We previously
demonstrated that the human SERCA1 truncated isoform (S1T) [217] is induced under pharmacological
and physiopathological ER stress through the activation of the PERK-eIF2α-ATF4-CHOP pathway [218].
In turn, S1T expression induction triggered an amplification of ER stress and mitochondrial
apoptosis [218]. UPR activation has been proposed to be linked to intracellular Aβ accumulation [219].
In a recent study, we revealed that S1T is upregulated in SH-SY5Y cells expressing APPswe [75].
Importantly, biochemical data indicate that enhanced human S1T expression correlates with Aβ load
in human AD-affected brains and that S1T high neuronal immunostaining is selectively observed
in human AD cases harboring focal Aβ. We further demonstrated that S1T expression is induced
by exogenous application of Aβ oligomers in cells [75]. Interestingly, S1T overexpression in return
enhances APP processing and the production of APP-derived toxic fragments (APP C-terminal
fragments and Aβ) in cells and in 3xTgAD mice. Mechanistically, we find that S1T-mediated elevation
of APP proteolysis occurs through the upregulation of BACE1 expression and enhanced activity [75].
In agreement with these findings, several lines of evidence indicated that enhanced phosphorylation of
PERK and eIF2α in the AD brain is associated with increased amyloidogenic APP processing [214–216]
through increased BACE1 expression [220,221]. We have also to consider that BACE1 upregulation
occurring downstream of [Ca2+]cyt elevation acts in a positive feedback loop with AD progression [222].
In addition, the induction of ER stress and the activation of UPR trigger neuroinflammation [223].
Accordingly, we demonstrated that S1T overexpression, as well as tunicamycin treatment, induce
the expression of proinflammatory cytokines and increase the proliferation of active microglia [75].
Altogether, our data strengthen the molecular link between ER Ca2+ leak, ER stress and APP processing
contributing to AD setting and/or progression.

6. The Molecular Bridge between ER Ca2+ Depletion and Plasma Membrane Ca2+ Entry: STIM/ORAI

The store-operated Ca2+ entry (SOCE) is an essential route for Ca2+ uptake to replenish intracellular
Ca2+ stores [224]. The stromal interaction molecules STIM1 and STIM2 have been identified as essential
components of SOCE and major sensors of the Ca2+ concentration located in the ER membrane
(reviewed in [225]). Both STIM homologues are ubiquitously expressed in different cell types, with a
higher STIM1 level in most tissues and a predominant expression of STIM2 in the brain [226]. A decrease
in ER luminal Ca2+ concentration results in dissociation of Ca2+ from the STIM EF-hand domain, which,
in turn, triggers oligomerization and activation of STIM1, a process that is reversed when luminal [Ca2+]
returns to resting level [3,4]. Active STIM oligomers translocate to ER plasma membrane junctions and
recruit and interact with ORAI channels located on the plasma membrane [227]. There are three ORAI
isoforms displaying tissue-specific expression and activation patterns [225]. In addition, transient
receptor potential channels (TRPC) can also be recruited by the ORAI/STIM complex, constituting an
additional route for Ca2+ entry through the plasma membrane upon ER Ca2+ depletion [228] (Figure 1).
Several TRPC isoforms were also identified and were described to harbor tissue/cell-specific expression
and activation patterns [229].

Several studies pinpointed a role for STIM/ORAI in neuronal Ca2+ signaling-associated synaptic
function [230,231]. Thus, the maturation of dendritic spines and the formation of functional synapses
in immature hippocampal neurons is facilitated by the influx of Ca2+ through ORAI1 [232]. STIM also
interact with/and or control the activity of several Ca2+ channels on the plasma membrane (L-type Ca2+

channels (CaV1.2), L-type VGCCs and mGluR [232]). Several studies suggested that the disruption
of neuronal SOCE underlies AD pathogenesis. A direct connection between Aβ-induced synaptic
mushroom spine loss and the neuronal SOCE pathway was reported in two studies. Popugaeva et al.
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reported that the application of exogenous Aβ42 oligomers to hippocampal cultures or injection of
Aβ42 oligomers directly into the hippocampal region resulted in the reduction of mushroom spines
and activity of synaptic CaMKII, which were rescued by STIM2 overexpression [224]. Accordingly,
similar findings were reported in APPKI hippocampal neurons accumulating extracellular Aβ42.
Thus, it was shown that Aβ triggers mGluR5 receptor overactivation, leading to elevated ER Ca2+

levels, compensatory downregulation of STIM2 expression, impairment of synaptic SOCE and reduced
CaMKII activity [58]. Inversely, overexpression of the constitutively active STIM1-D76A mutant and
ORAI1 significantly reduced Aβ secretion [55]. A link between STIM1/2 and PS1 was also reported.
The STIM2–SOCE–CaMKII pathway was downregulated in a PS1-M146V KI mouse model of AD,
associated with loss of hippocampal mushroom spines [233], and conversely, STIM2 overexpression
rescued synaptic SOCE and mushroom spine deficit in hippocampal neurons from PS1-M146V KI
mice [233]. Intriguingly, even if STIM1 expression is not altered in the AD models cited above,
it has been identified as a target of PS1-containing γ–secretase activity. In particular, FAD-linked
PS1 mutations enhanced γ–secretase cleavage of STIM1, reducing the activation of ORAI1 and
attenuating SOCE [234]. As a consequence, the inhibition of SOCE in hippocampal neurons triggered
an alteration of the dendritic spine architecture [234]. A recent study showed that the hyperactivation
of SOCE channels in neurons expressing PS1-DeltaE9 mutant is mediated by the STIM1 sensor and
can be attenuated by pharmacological inhibition and genetic KO STIM1 [235]. Interestingly, SOCE
in PS1-DeltaE9 mutant-expressing cells is not contributed by STIM2 but involves TRPC and ORAI
subunits. Importantly, transgenic Drosophila flies expressing PS1-DeltaE9 in the cholinergic neuron
system showed short-term memory loss, which was reversed upon pharmacological inhibition of
STIM1 [235]. Accordingly, a recent study further supports the link between FAD PSs and altered SOCE,
through the demonstration of reduced STIM1 expression in SH-SY5Y cells and in patient-derived
fibroblasts expressing different FAD-PS mutations [205].

TRPC may also play a role in SOCE deregulation in AD. TRPC expression is not altered in
mice and human AD brains [233]. However, reduced TRPC1 expression was observed in astrocytes
derived from APP KO mice [181,236]. In addition, TRPC6 was shown to specifically interact with APP,
thereby blocking its cleavage by γ–secretase and reducing Aβ production independently from its ion
channel activity [237]. Conversely, PS2 mutations abolish agonist-induced TRPC6 activation [238].
Importantly, activation of TRPC6 stimulates the activity of the neuronal SOCE pathway in the spines
and rescues mushroom spine loss and long-term potentiation impairment in APP KI mice [58]. A review
by Prikhodko, V. et al. in this Special Issue addresses the potential use of TRPC modulators as drugs to
treat AD [239].

7. Conclusions

Studies demonstrating the implication of ER Ca2+ deregulation in AD highlight a complex picture
integrating several molecular ER Ca2+ components. This includes enhanced ER Ca2+ release through
IP3R and RyR, dysfunctional ER Ca2+ uptake by SERCA and upregulation of the S1T truncated
isoform, gain- or loss-of-function of PS components of the γ–secretase complex. Disease-associated
remodeling of this Ca2+ machinery toolkit is also coupled to specific cellular signaling cascades
modulating the activity (i.e., post-translational modifications, interactions with regulatory proteins)
and/or the expression of these Ca2+ channels and pump (i.e., linked to ER stress). Several studies
also pinpointed the direct interaction of Aβ peptide with several members of the ER Ca2+ machinery,
thus contributing to ER Ca2+ dyshomeostasis. In addition, recent studies demonstrated that the failure
of the SOCE molecular bridge between the ER and the plasma membrane has to be seriously considered
as a major molecular mechanism controlling ER Ca2+ content and consequently ER-mediated Ca2+

release. Finally, it becomes now evident that ER Ca2+ dyshomeostasis is significantly associated
with AD development and/or progression. The treatment options for AD remain supportive and
symptomatic, without attenuation of the ultimate prognosis; thus efforts have still to be made in
defining therapeutic approaches targeting ER Ca2+ machinery to cure AD (Figure 2). The described
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ER Ca2+ toolkits are enriched in ER–mitochondria contact sites known as mitochondria-associated
membranes (MAMs) [240]. Importantly, besides Ca2+ tunneling from ER to mitochondria, MAMs
impact various cellular housekeeping functions such as phospholipid, glucose, cholesterol and fatty
acid metabolism, which are all altered in AD [240,241]. This may further highlight the potential
relevance of targeting ER Ca2+ handling proteins as an attempt to alleviate both ER and mitochondria
dysfunctions associated with AD.
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Abstract: Ca2+ homeostasis is essential for multiple neuronal functions and thus, Ca2+ dyshomeostasis
can lead to widespread impairment of cellular and synaptic signaling, subsequently contributing to
dementia and Alzheimer’s disease (AD). While numerous studies implicate Ca2+ mishandling in AD,
the cellular basis for loss of cognitive function remains under investigation. The process of synaptic
degradation and degeneration in AD is slow, and constitutes a series of maladaptive processes
each contributing to a further destabilization of the Ca2+ homeostatic machinery. Ca2+ homeostasis
involves precise maintenance of cytosolic Ca2+ levels, despite extracellular influx via multiple synaptic
Ca2+ channels, and intracellular release via organelles such as the endoplasmic reticulum (ER) via
ryanodine receptor (RyRs) and IP3R, lysosomes via transient receptor potential mucolipin channel
(TRPML) and two pore channel (TPC), and mitochondria via the permeability transition pore (PTP).
Furthermore, functioning of these organelles relies upon regulated inter-organelle Ca2+ handling,
with aberrant signaling resulting in synaptic dysfunction, protein mishandling, oxidative stress and
defective bioenergetics, among other consequences consistent with AD. With few effective treatments
currently available to mitigate AD, the past few years have seen a significant increase in the study of
synaptic and cellular mechanisms as drivers of AD, including Ca2+ dyshomeostasis. Here, we detail
some key findings and discuss implications for future AD treatments.

Keywords: calcium; synaptic; glutamate; nicotinic receptors; mitochondria; autophagy; lysosome

1. Ca2+ Dysregulation and Synaptic Defects in AD

The synapse, as the primary site of communication between neurons, plays a vital role in the
transmission of neuronal impulses and information, and for encoding of learning and memory,
all of which are affected in Alzheimer’s disease (AD). AD, as a progressive neurodegenerative
disease, is characterized by Ca2+ dysregulation i.e., a “calciumopathy” [1] and synapse loss,
i.e., a “synaptopathy” [2], with emerging evidence for a causal link between the two. Synaptic
density is decreased in post-mortem brain tissue from AD patients [3,4], and while amyloid plaques
have been implicated in AD related synaptic loss, synaptic deficits occur prior to and in the absence
of amyloid plaques [5], and may also be due to Ca2+ dysregulation, an effect which is exhibited in
presymptomatic AD mouse models [6–9]. Ca2+ dysregulation is characterized by exaggerated Ca2+

responses to synaptic and other stimuli, as well as abnormal Ca2+ homeostasis [10,11], both of which
may result in elevated resting cytosolic Ca2+, an effect which is observed in AD and older non-AD
rodent models [12–16].
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1.1. Ca2+ Dysregulation Disrupts Synaptic Networks in AD

Synapses are unique Ca2+ entry points in the neuronal architecture, expressing both pre-
and postsynaptic Ca2+ channels/receptors, including presynaptic RyRs, N/P/Q voltage gated Ca2+

channels (VGCCs), α7 nicotinic acetylcholine receptors (α7 nAChRs), and postsynaptic L-type
VGCCs, RyRs and NMDA receptors (NMDARs). NMDARs in particular are one of the most well
characterized postsynaptic glutamate receptors, with a high Ca2+ permeability and an established role
in hippocampal synaptic plasticity [17]. At hyperpolarized potentials, NMDARs are blocked by Mg2+,
but postsynaptic depolarization results in removal of Mg2+ block, and receptor disinhibition. Repeated
NMDAR activation enhances postsynaptic Ca2+ entry, an effect which is facilitated by RyRs through
Ca2+-induced-Ca2+ release (CICR), thus driving increased postsynaptic AMPA receptor (AMPAR)
expression and subsequent synaptic long-term potentiation (LTP). This dual role of the NMDAR as
coincidence detector and postsynaptic Ca2+ entry channel makes it uniquely positioned to mediate
synaptic potentiation resulting from concurrent pre- and postsynaptic activation, thus forming a
mechanistic basis for Hebbian plasticity and associative learning.

Paradoxically, NMDARS, as well as playing a role in synaptic plasticity, may also play a role in
synaptic loss [18] and cell death [19]. The role of NMDARs in the deleterious effects of AD is further
illustrated by the efficacy of the NMDAR antagonist memantine as a treatment for moderate to severe
AD [20,21]. Interestingly, the clinical efficacy, or lack thereof, of specific Ca2+ channel antagonists could
serve as a useful pointer for a role for those Ca2+ channels in the pathophysiology of AD, with the
failure of large scale clinical trials for L-type VGCC antagonists in particular, contrasting with the
positive effects of memantine [22]. AD is characterized by synaptic loss [2,4,23], including loss of
synaptic terminals and dendritic spines [4], and similar dendritic spine loss is accompanied by impaired
synaptic transmission and plasticity in animal models of AD [8,24–29]. Although the cause of synaptic
loss in AD is not fully understood, it is thought to be associated with increased ER- Ca2+ release within
spines [8,9,30,31], and at later disease states, toxic soluble Aβ species [32], resulting in hippocampal
dendritic spine loss via NMDAR activation [33–35]. In contrast to Aβ, synaptic effects of abnormal tau
expression have not been as extensively studied, however, a few recent studies have implicated effects
of tau on VGCC function and synaptic signaling [36–38]. Specifically, tau accumulation may lead to
synaptic loss and impairment of synaptic function via activation of calcineurin [39].

Hippocampal and cortical neurites in close proximity to amyloid plaques demonstrate Ca2+

hyperactivity in vivo, in presymptomatic AD mice, an effect which is blocked by AMPA receptor and
NMDAR antagonists, suggesting that this hyperactivity is synaptically driven [6,7]. Although Ca2+

hyperactivity occurred mainly in the vicinity of insoluble dense core plaques, these plaques are also
surrounded by soluble Aβ [40,41], which causes similar hyperactivity in WT mice [6]. Furthermore,
plaque proximity has been reported to have no effect on evoked dendritic RyR and VGCC mediated
Ca2+ signaling in AD mice [42], raising the possibility that some of the hyperactivity observed may
be due to a presynaptic mechanism. Indeed, the presynaptic Ca2+ hyperactivity observed in an AD
mouse model was inhibited by the sarcoplasmic endoplasmic Ca2+-ATPase (SERCA) pump inhibitor
cyclopiazonic acid, indicating that this Ca2+ hyperactivity is driven by activation of presynaptic
Ca2+ stores [43]. In contrast to reports of synaptically driven hyperexcitability in vivo, studies
carried out using acute brain slices from AD mice demonstrate decreased basal hippocampal synaptic
transmission, sometimes accompanied by increased paired-pulse ratio of evoked field potentials,
indicative of decreased presynaptic glutamate release probability [29,44,45]. In addition, the membrane
afterhyperpolarization mediated by activation of postsynaptic Ca2+ activated SK2 channels is increased
in a 3xTg AD mouse model [46], leading to decreased postsynaptic membrane excitability and possible
decreased synaptic transmission. It should also be noted that the decreased hippocampal synaptic
transmission recently observed in a 5xTg AD mouse model was coupled with increased postsynaptic
membrane excitability, due to an RyR2 mediated decrease in A-type K+ current (IA) [47], thus further
illustrating the complexity of synaptic effects observed in AD mouse models. It is also noteworthy that
the in vivo hyperexcitability studies mentioned above were conducted in animals anesthetized using
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the volatile inhalational anesthetic isoflurane. As isoflurane has been shown to result in increased
cytosolic Ca2+ in hippocampal neurons [48], possibly due to IP3 receptor activation [49], effects which
are exaggerated in AD mice [50], isoflurane anesthesia could be a potential mediator of the Ca2+

hyperexcitability observed in vivo in AD mice.
While the last two decades have seen a large increase in the number of studies using AD mouse

models, a more recent development has been in the use of human induced neurons (HiNs), which are
neurons derived from tissue samples taken from patients, to study synaptic transmission [51–53].
In a recent study, an increased frequency of spontaneous excitatory postsynaptic current (EPSC’s)
was observed in AD derived HiNs, indicating an impulse-independent spontaneous increase in
presynaptic glutamate release probability which is consistent with findings in human and animal
studies [52]. Studies in patients with mild cognitive impairment have demonstrated hippocampal
hyperactivity and decreased hippocampal volume [54,55], indicating a possible correlation between
increased hippocampal activity and neurodegeneration.

More recently, proteomics has emerged as a method that allows for high throughput analysis
of protein expression in small tissue samples [56], including post-mortem brain tissue from AD
patients [57,58], and which has allowed for the study of changes in the interaction between presynaptic
proteins [59], including SNAP25 and syntaxin [60]. Increased SNAP25 and syntaxin interaction
results in reduced glutamatergic synaptic transmission [61,62] and decreased interaction between these
proteins has been observed in the brains of AD patients, along with decreased levels of Complexin
II [63], effects which would be expected to result in increased excitatory synaptic transmission [64,65].
SNAP25 has also been shown to negatively interact with presynaptic VGCCs to control presynaptic Ca2+

and affect neurotransmitter release [66,67], and the demonstrated therapeutic efficacy of putative AD
medications such as levetiracetam, which targets presynaptic VGCCs [68,69], suggests that presynaptic
Ca2+ channels could serve as a therapeutic target for AD.

1.2. Acetylcholine Signaling and α7nAChR Function in AD

nAChRs are essential for normal cognitive function [70,71], and this family of receptors includes
the highly Ca2+ permeable homomeric α7nAChR isoform [72,73]. α7nAChRs are expressed throughout
the septo-hippocampal circuit, both on medial septal nucleus/diagonal band cholinergic neurons [74],
and also in the hippocampus. Cholinergic neurons in particular show significant degeneration
in the course of AD [75,76], and this has resulted in development of medications to enhance
cholinergic transmission, presumably through the activation of postsynaptic nAChRs. Hippocampal
α7nAChRs are expressed presynaptically on mossy fiber terminals [77], and postsynaptically on
CA1 interneurons [78,79], with activation of both resulting in Ca2+ influx [79–83]. Nicotine enhances
hippocampal excitatory synaptic transmission via activation of α7nAChRs on mossy fiber terminals
in the hippocampal CA3 region [80,81,84] and activation of CA1 α7nAChRs facilitates hippocampal
LTP [85].

Aβ binds with high affinity to α7nAChRs [86,87], resulting in noncompetitive block of α7nAChR
function, including at presynaptic α7nAChRs [88]. Cortical and hippocampal α7nAChR expression
is reduced in AD patients [89,90] and AD mice [91] and Aβ binding to α7nAChRs results in
the endocytosis of the Aβ α7nAChR complex with resulting accumulation within the lysosomal
compartment [92]. Aβ binding to α7nAChRs results in Ca2+ influx, both in oocytes and presynaptic
terminals in hippocampus [93,94]. Low micromolar concentrations of Aβ trigger glutamate release in the
hippocampal dentate gyrus, CA3 and CA1 subfields via α7nAChRs [95] and picomolar concentrations
of Aβ enhance hippocampal LTP via α7nAChRs [96]. In addition, α7nAChR activation rescues
LTP deficits in hippocampal slices taken from Aβ infused rat brains, and Aβ treated hippocampal
slices [97,98] and chronic treatment with an α7nAChR agonist restores cognition in AD mice [99].
Cells treated with the acetylcholinesterase inhibitor donepezil, used clinically in the treatment of AD,
also showed reduced glutamate NMDAR mediated Ca2+ influx, an effect which was blocked by an
α7nAChR antagonist [100]. Galantamine, also an acetylcholinesterase inhibitor, has been shown to
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positively modulate human α7nAChRs expressed in xenopus oocytes, thus allowing for a dual effect
of increased synaptic acetylcholine and α7nAChR potentiation [101].

Although a role for α7nAChRs in the etiology of AD has not been established, many animal
studies have demonstrated cognitive enhancing effects of compounds targeting α7nAChRs [102],
including the α7nAChR partial agonist EVP-6124, which has also been shown to enhance cognition in
patients with mild to moderate AD [103]. EVP-6124 and the α7nAChR positive allosteric modulator
AVL-3288 have been shown to be well tolerated in patients [104,105], but some concerns exist about
effects of potentiation of α7nAChR mediated Ca2+ effects in AD. In addition to α7nAChR mediated
Ca2+ influx, activation of α7nAChRs triggers CICR via ryanodine sensitive Ca2+ stores [106], including
at presynaptic α7nAChRs on hippocampal mossy fiber terminals [107], which are known to have
strong RyR expression [108]. As RyR mediated CICR may be increased in AD, positive allosteric
modulation of α7nAChRs may facilitate pre- and postsynaptic Ca2+ overload via already increased RyR
function [109], possibly exacerbating AD related synaptic deficits. Based on these studies, the use of
α7nAChR compounds in the treatment of cognitive impairment and AD looks promising, but caution
should be exercised regarding the use of drugs which result in overt α7nAChR potentiation.

1.3. Potential Therapies for the Treatment of Synaptic Ca2+ Dysregulation in AD

As of now, there are only two FDA-approved classes of drugs used in the symptomatic treatment
of AD: the noncompetitive NMDA antagonist memantine, and the acetylcholinesterase inhibitors,
donepezil, galantamine and rivastigmine, with both classes of drugs having a synaptic site of action.
Although both memantine and donepezil have been shown to be moderately effective in the treatment of
AD symptoms, there is an urgent need for disease-modifying approaches, which currently requires the
identification of novel compounds and receptor targets at the pre- or postsynaptic level. While a number
of studies have identified promising small molecules targeting NMDARs [19,51], α7nAChRs [85,99],
RyRs [110] and SERCA [111], few have made it past the preclinical stage of testing. In addition,
the smoking cessation medication varenicline, which is an agonist at the α7nAChR [112], has been
tested as a treatment for AD, but without any observed beneficial effects in patients [113]. Despite
its failure, the clinical trial for varenicline illustrates the use of existing FDA approved medications
as a strategy in the treatment of AD, bypassing many of the arduous and expensive aspects of drug
development. The RyR modulator dantrolene (Ryanodex) is an FDA approved medication that has
been shown to be effective in reversing many of the synaptic and cognitive effects seen in mouse models
of AD [8,114–116], and has good CNS penetration when given orally or by nasal administration [117].
In addition, the clinically used L-type VGCC inhibitor isradipine has been shown to be neuroprotective
in an AD mouse model [22], as has the beta-blocker carvedilol [47], however results from a recent large
clinical study suggested no benefit of the VGCC antagonist nilvadipine as a treatment for AD [118].
Although the failure of large scale clinical trials for VGCC inhibitors as a treatment for AD has resulted
in diminished enthusiasm for their use, the antiepileptic drug levetiracetam, which inhibits presynaptic
VGCCs [68], has been shown to be beneficial in AD patients [69] and clinical trials for its use in
the treatment of AD are ongoing [119]. The relative success of levetiracetam, along with the well
documented failure of clinical trials targeting amyloid, strengthens the case for the use of synaptically
targeted drugs in the treatment of AD and argues for the testing of FDA-approved medications as an
important therapeutic strategy in the treatment of AD.

1.4. ER Ca2+ Channels in Synaptic Dysregulation in AD

Cytosolic Ca2+ levels are tightly regulated and maintained at low nM concentrations, despite a
much higher extracellular Ca2+ concentration, and similarly elevated Ca2+ levels within intracellular
organelles such as the ER. The ER is located throughout the cell, including pre- and postsynaptically,
at synaptic terminals and dendritic spines respectively. RyRs, as well as having a role in gating ER Ca2+,
are sensitive to changes in cytosolic Ca2+ through the process of CICR, with increases in postsynaptic
Ca2+ resulting in RyR activation and release of ER Ca2+ into the cytosol. CICR has the effect of

34



Cells 2020, 9, 2655

amplifying postsynaptic Ca2+ generated from influx via Ca2+ permeable receptors/ion channels such
as NMDA receptors (NMDAR) and voltage gated Ca2+ channels (VGCCs), and RyR mediated CICR is
upregulated in neurons in 3xTg AD mice [9]. Although RyR mediated amplification of postsynaptic
Ca2+ allows for a large rapid increase in cytosolic Ca2+, this increased Ca2+ is usually rapidly removed
from the cytosol, against a concentration gradient, by Ca2+ ATPases including the SERCA pump,
which is also located on the ER membrane. The ER membrane also expresses IP3 receptors, although
these are not thought to be synaptically expressed [120].

Mutations in the presenilin 1 (PS1) gene are linked to familial AD, an early onset form of the disease,
and these mutations have specific functional implications for Ca2+ regulation. Although PS1 is a part
of the γ-secretase complex which cleaves amyloid precursor protein (APP), it is also expressed on the
ER membrane where it regulates RyR and IP3R channel properties [121–124], and may serve as a Ca2+

leak channel [125,126]. Mutations or altered expression of PS1 also affect the expression and sensitivity
of neighboring RyRs [124]. RyRs play an important role in Ca2+ regulation, and RyR dysfunction is
implicated in the Ca2+ dysregulation observed in AD [1]. RyR expression and RyR mediated Ca2+

responses are increased in the soma and dendritic spines of hippocampal and cortical pyramidal neurons
of AD mice expressing PS1 mutations (Figures 1 and 2) [9,30,127], effects which are normalized by
acute or chronic treatment with dantrolene, a negative allosteric RyR modulator [50,114]. In particular,
the RyR2 isoform, which is overexpressed in the hippocampus of AD mice [30,114], plays an important
role in maintenance of synaptic function [128] and shortening of the RyR2 mean channel open time
reverses the synaptic dysfunction and Ca2+ dyshomeostasis observed in an AD mouse model [47].
Human-induced neurons (HiN) derived from fibroblasts from AD patients expressing the PS1 mutation
also display increased RyR expression and evoked RyR Ca2+ release [53], and RyR expression is also
increased in post-mortem brains of AD patients, and patients with mild cognitive impairment [129,130].
Postsynaptic Ca2+ responses to high frequency stimulation (HFS) are increased in hippocampal and
cortical neurons from several AD mouse models [8,9,131], effects which are mediated by RyR activation
(Figure 1) [9]. Presynaptic RyR function is also increased in 3xTg AD mice and RyR activation by
caffeine decreases the paired-pulse ratio of evoked CA1 field potentials to a greater extent in AD
mice, as well as restoring normal frequency of spontaneously released vesicles, indicating increased
facilitation of glutamate release by presynaptic RyRs [30]. Further indications of pathogenic synaptic
effects resulting from altered RyR-Ca2+ signaling is the restoration of reduced presynaptic vesicle
stores observed in AD mice back to normal levels upon treatment with Ryanodex [24].

In addition to effects on basal synaptic transmission, changes in RyR-Ca2+ signaling may also have
implications for synaptic plasticity and LTP, which are impaired in AD mice [8,45]. High frequency
stimulation (HFS) of hippocampal CA3-CA1 Schaffer collaterals, which generates LTP, initially results
in a period of short-term, presynaptically mediated plasticity known as post tetanic potentiation (PTP),
which results from an accumulation of presynaptic Ca2+ and is accompanied by an increased release
probability of glutamate. This form of short term plasticity is necessary for the synaptic tagging
processes involved in LTP [132], however in 3xTg AD mice, PTP is reduced, and this diminished
short-term plasticity is followed by decreased LTP [8]. Chronic treatment with the RyR modulator
dantrolene has been shown to restore PTP and LTP to control levels seen in non-AD mice, and this
effect was accompanied by a restoration of presynaptic vesicles in the active zone, illustrating a role
for aberrant presynaptic RyR-Ca2+ signaling in the impaired short and long-term synaptic plasticity
observed in AD mice [8]. Presenilin deletion decreases Ca2+ effects of RyR activation, due to decreased
RyR expression [121] and selective deletion of presynaptic presenilin decreases the release probability
of glutamate, and LTP, an effect that is mimicked and occluded by RyR inhibition [133]. Thus, it would
seem alterations in PS1 expression/function result in diminished LTP, either due to decreased or
increased presynaptic RyR function, emphasizing the importance of RyR stabilization in maintenance
of normal synaptic function.
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Figure 1. Synergistic Ca2+ interactions between RyR and glutamatergic synaptic transmission in AD
mouse cortical neurons. (A) Pseudocolored images of relative Ca2+ changes in representative NonTg
(top), TAS/TPM (a double transgenic AD mouse model) (middle), and 3xTg-AD (a triple transgenic AD
mouse model) (bottom) neurons in the following conditions (from left to right): baseline 30 Hz synaptic
stimulation (1.5 s), caffeine alone (10 mm), 30 Hz synaptic stimulation plus caffeine, and washout.
(B) Representative Ca2+ response traces after 30 Hz synaptic stimulation (voltage trace shown in top)
shown as percentage over baseline, in control aCSF (left panels) and in 10 mM caffeine (right panels)
for NonTg (top), TAS/TPM (middle), and 3xTg-AD (bottom) neurons. (C) Bar graphs show averaged
(mean ± SE) Ca2+ responses integrated over a 1.5 s time period of 30 Hz synaptic stimulation in
control ACSF (left grouping), synaptic stimulation plus caffeine (center), and synaptic stimulation with
ryanodine in the pipette (right grouping) for the NonTg, TAS/TPM, and 3xTg-AD neurons. Statistically
significant differences are indicated by asterisks (one-way ANOVA, p < 0.05). * Significantly different
from NonTg within treatment group; ** significantly different from synaptic stimulation in aCSF within
transgenic strain (modified from [9]).

Low resting cytosolic Ca2+ is maintained in part due to the actions of Ca2+-ATPases, which rapidly
remove Ca2+ from the cell cytosol, against a concentration gradient. One of the major cellular
Ca2+-ATPases is the SERCA pump, located on the ER membrane. SERCA function is facilitated by
presenilin, and knockdown of the genes for presenilin 1 and presenilin 2 results in elevated cytosolic
Ca2+, due to decreased SERCA mediated clearance of cytosolic Ca2+ [134]. Overexpression of the
SERCA2b isoform typically found in neurons, and which physically interacts with the PS1 and PS2
Ca2+ channels on the ER membrane, results in increased Aβ [134]. Further evidence for presenilin’s
role in SERCA function comes from a study showing that cells expressing a PS1 mutation show
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an exaggerated cytosolic Ca2+ response to SERCA inhibition by thapsigargin, indicating increased
SERCA function [135]. SERCA inhibition also mimics the effects of selective deletion of presynaptic
presenilin, on synaptic transmission and LTP [133], and inhibition of presynaptic SERCA function
by cyclopiazonic acid diminished the Ca2+ hyperactivity observed in cortical neurons of AD mice
in vivo [43]. In addition to SERCA, STIM Ca2+ sensors and Orai Ca2+ channels facilitate ER Ca2+ filling
through the process of store-operated-Ca2+ entry (SOCE), a process which is deficient in PS1 mutant
expressing neurons [136,137]. As ER Ca2+ release is elevated in AD neurons (Figure 2), in parallel
with diminished SOCE activity, this opens up the possibility of an increased role for SERCA in this
maladaptive pathology.

 
Figure 2. Schematic of synaptic Ca2+ dysregulation in AD. Under normal circumstances (left), impulse
mediated increases in presynaptic Ca2+ result in neurotransmitter release via a ready releasable vesicular
pool. In addition, activation of presynaptic α7nAChRs triggers further Ca2+ influx, thus facilitating
impulse mediated release, and presynaptic effects may be further increased via presynaptic RyR
mediated Ca2+-induced-Ca2+ release (CICR). In mouse models of AD, although intrinsic cell excitability
is not increased, presynaptic RyR mediated CICR may be increased, resulting in increased release
probability of glutamate and depletion of vesicle stores. Aβ binding to presynaptic α7nAChRs may
result in occlusion of the binding site, with decreased function and eventual decreased presynaptic
α7nAChR expression due to endocytosis. In AD, increased ER Ca2+ stores, along with increased RyR
expression results in increased postsynaptic CICR, which may facilitate stimulus-evoked postsynaptic
Ca2+ increases.

The characteristic features of AD, including maladaptive protein accumulation, increased free
radicals and metabolic disruptions, are concurrent with aberrant intracellular Ca2+ signaling and
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contributes to the activation of the ER stress response in cells [138]. In an attempt to restore ER
homeostasis, the ER triggers the unfolded protein response (UPR) by increasing the expression of
transcription factors (ATP6c, XBPIs, and ATF4) which provides tolerance to cellular stress [139].
If the UPR is incompetent in decreasing stress, the ER triggers cell death by apoptosis [140,141] or
autophagy [142]. Several animal [143–145] and human studies [138,146] report that AD mutations
cause alterations in the UPR, thus in AD, aberrant ER-Ca2+ release disrupts the neuron’s compensatory
mechanisms to restore cellular homeostasis and increases the vulnerability of neurons to stress
and death.

2. Ca2+ Mishandling Impairs Cellular Organelle Functions in AD

In addition to synaptic signaling deficits, Ca2+ dyshomeostasis also has profound effects on the
function of cell organelles, including the mitochondria and lysosomes, both of which play an important
role in maintaining cellular and synaptic function. Like the ER, mitochondria and lysosomes act
as intracellular Ca2+ stores, and dyshomeostasis of mitochondrial and lysosomal Ca2+ is emerging
as a potential new source of cell dysfunction in AD, with profound implications for cellular and
synaptic health.

2.1. Ca2+ Dysregulation Disrupts Mitochondrial Bioenergetics in AD

The mitochondria’s ability to buffer intracellular Ca2+ signaling is critical for neuronal signal
transductions, ATP synthesis, and coordination with other organelles in physiological and pathological
conditions. Mitochondrial dysfunction is a well-established characteristic of AD manifesting as
increased free radical production and rate of oxidative damage, decreased ATP/ADP ratio and
impaired bioenergetics [147–150]. Numerous differentially expressed mitochondria regulatory genes
(133 in total) have been identified in the AD cohort and found that genes coding for mitochondrial
oxidative phosphorylation were downregulated in both early and late AD brain specimens–specifically,
NADH ubiquinone oxidoreductase subunits and complex I components which transfer electrons to the
respiratory chain [151,152]. Proteomic and protein expression studies also confirmed dysregulated
mitochondrial oxidative phosphorylation complexes [153] and defective enzymatic activity in the citric
acid cycle and electron transport chain (ETC) [154,155].

The main function of the mitochondria is the production of ATP. Unavoidably, the by-products
of electron transport in aerobic respiration are reactive oxygen species (ROS), due to electron leaks
at complex I and III. Ca2+ overload, as is the case in AD, hinders glucose metabolism by disrupting
components of the ETC such as, mitochondria complex I and II, tricarboxylic acid cycle (TCA),
pyruvate dehydrogenase complex (PDHC), α-ketoglutarate dehydrogenase complex (KGDHC),
malate dehydrogenase (MDH), and increasing ROS production while decreasing ATP production [156].
Redox proteomics studies identify increased oxidatively modified proteins, specifically antioxidant
enzymes such as glutathione-S-transferase Mu, peroxiredoxin 6, multidrug-resistant protein 1 or 3,
and GSH, in various brain regions of MCI and AD patients [157]. Additionally, enzymes involved in
respiration were oxidized, specifically ATP synthase, aconitase, and creatine kinase [157]. This suggests
that increased oxidative stress, as a consequence of mitochondrial Ca2+ overload, contributed to
mitochondrial dysfunction and impaired energy metabolism in AD.

The dynamic function of the mitochondria requires crosstalk between other major organelles,
such as the ER (Figure 3). Mitochondria’s physical coupling to the ER is crucial for efficient Ca2+

transfer and cellular homeostasis. Mitochondrial Ca2+ uptake controls the rate of energy production,
regulates intracellular Ca2+ signaling, and mediates cell death. Ca2+ transfer between these organelles is
facilitated via the mitochondrial-associated membrane proteins (MAM). Numerous molecular proteins
have been identified to support this physical interaction. Of interest, the glucose-regulated protein 75
(GRP75) is linked to IP3R and facilitates Ca2+ into the mitochondrial intermembrane space. From there,
voltage-dependent anion-selective channel protein 1 (VDAC1) on the outer mitochondrial membrane,
and the mitochondrial Ca2+ uniporter (MCU) on the inner mitochondrial membrane, transfer the
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Ca2+ to the mitochondrial matrix to stimulate the mitochondrial dehydrogenase and increase ETC
activity and ATP synthesis. [158–163]. These MAMs play a crucial role in regulating mitochondrial
Ca2+ uptake. In AD, many genes involved in mitochondrial Ca2+ transport are altered [164–166].
Of note, genes encoding mitochondrial Ca2+ influx, such as MCU, are downregulated whereas genes
encoding mitochondrial Ca2+ efflux, such as NCLX, are upregulated, suggesting a compensatory
mechanism to avoid excessive Ca2+ uptake. Additionally, studies report that, soluble Aβ aggregations
increase cytosolic Ca2+, leading to mitochondrial Ca2+ overload via MCU. Excessive Ca2+ taken up by
mitochondria leads to caspase activation and neuronal cell death [167].

In addition to Ca2+, VDAC1 supports transport of superoxide anions [168] and since IP3R and RyRs
have been shown to be redox-sensitive, ROS and Ca2+ may play a regulatory role in ER-mitochondria
communication. During AD- associated Ca2+ overload, mitochondrial Ca2+ influx elevates oxidative
stress and increases ROS production. In AD, accumulated ROS has profound effects on cellular
functions by oxidizing several proteins, such as the redox-sensitive RyR and IP3R channels. Thus,
Ca2+ induced ROS increase and ROS-mediated Ca2+ increase creates a self-amplifying loop that furthers
neurotoxicity and cellular dyshomeostasis, and neuronal death [169–172]. In AD, MAM proteins are
shown to be associated with presenilin 1 and 2, suggesting PSEN1/2 may alter mitochondrial Ca2+

transport. Additionally, increased contact sites between ER and mitochondria, via MAM proteins in
AD result in elevation in ER-mitochondrial Ca2+ signaling and increased mitochondrial superoxide
production [173–178].

Ca2+ is released from the mitochondria through the Na+/Ca2+ exchanger (NCLX) and the
permeability transition pore [179]. The two functional states of the PTP regulates the amount of Ca2+

released; where the low conductance state amplifies Ca2+waves and the high conductance state releases
a surge of Ca2+ and apoptotic signals such as cytochrome C [180,181]. The biochemical signatures
underlying apoptosis, rather than necrosis, indicates a choreographed and organized shutdown of the
neuron. In AD, with continuous, prolonged increase in mitochondrial Ca2+ concentration, Ca2+ released
from the mitochondria signals for apoptosis and increases AD pathology [172]. However the role of
NCLX in AD needs further exploration as recent work suggests that impairment in glucose metabolism
might reverse NCLX activity [182,183]. Additionally, impairment in NCLX accelerated memory
declined and increased amyloidosis and tau pathology [184]. Mitochondrial calcium homeostasis
may also rely on the activity of the plasma membrane NCLX, whose expression has been seen in
differential patterns of mitochondrial expression dependent on cell type, and disruptions in expression
may contribute to AD pathology [185–187].

Mitochondrial morphology and distribution are also crucial for neuronal homeostasis and synaptic
function. Mitochondria undergo fusion and fission in the cytoplasm, which is a process to maintain a
healthy pool of mitochondria with proper distribution. These mechanisms are controlled by DLP1

for fission and Mfn1, Mfn2, and OPA1 for fusion [188]. In AD, importantly, Aβ-induced and/or
oxidative stress induced Ca2+ signaling led to increased DLP1 activation, resulting in excessive
mitochondrial translocation and fission [189,190]. Recent studies reported that mitochondrial
fragmentation, along with extensive oxidative stress and neuroinflammation, lead to neuronal
loss in the cortex and hippocampus [191,192]. Excessive mitochondrial fragmentation as a result of
improper Ca2+ handling and increased oxidative stress disrupts mitochondrial function, advancing
AD pathology. Disrupted DLP1 and Mfn2 function is also responsible for reduced mitochondrial
distribution. In AD, mitochondria are less abundant in neuronal processes of susceptible pyramidal
neurons [193,194]. Increased tau phosphorylation negatively regulates mitochondrial movement in
neurons. Tau phosphorylated at the AT8 sites inhibited mitochondrial movement in neurite processes
of PC12 cells and mouse cortical neurons due to impaired microtubule spacing [195,196].
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Figure 3. Aberrant Ca2+ disrupts inter-organelle functional relationships in early AD pathology.
Schematic of feed-forward cascades among various neuronal Ca2+ handling organelles: Endoplasmic
reticulutm (ER), lysosome, and mitochondria, in early AD pathology. Excess ER Ca2+ release through
RyR and IP3R cause mitochondrial Ca2+ overload that disrupts mitochondrial bioenergetics, resulting in
increased oxidative stress and apoptosis. Additionally, ER Ca2+ disrupts lysosome-mediated clearance of
maladaptive protein deposits and damaged organelle, such as Aβ, p-tau, and mitochondria, respectively.
Aberrant intracellular Ca2+ signaling disrupts lysosomal Ca2+ release via TRPML and dysregulates
autophagosome biosynthesis and impairs synaptic plasticity. Presenilin (PS) mutations disrupt vATPase
trafficking resulting in alkaline lysosomes, thereby disrupting lysosomal ionic balance and lysosomal
Ca2+ store. This alkaline environment impairs proteolysis and impairs autophagic clearance.

Damaged mitochondria are cleared through mitophagy, the selective degradation of mitochondria
by autophagy following organelle damage or extreme cellular stress [197]. Mitophagy initiation
involves the recruitment of PINK1 and PARKIN to the outer mitochondrial membrane, which tags
the damaged mitochondria for degradation [198,199]. Additionally, mitophagy involves VDAC1 and
MAM sensors, implicating the need for proper inter-organelle Ca2+ signaling and colocalization of the
two organelles. Intracellular Ca2+ signaling relieves the inhibitory mammalian target of rapamycin
(mTOR) block, thus activating mitophagy and initiating autophagosome biogenesis (ATG 32, 8,
and 11) [200–202]. In AD patients, disruptions in mitophagy have been seen in the presence of Aβ,
APP, and mutant PS1 expression. Aberrant inter-organelle Ca2+ signaling, as seen in AD, may disrupt
degradation of damaged organelle via inactivation of lysosomal proteolysis and increase accumulation
of cellular debris [198,199,203–205].
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2.2. Ca2+ Dysregulation Impairs Lysosome-Autophagosome Mediated Protein Degradation

Lysosomal Ca2+ stores are responsible for regulating autophagy—a catabolic pathway utilizing the
enzymatic activity of lysosomes to degrade and recycle large, bulky cellular debris, aggregated proteins,
and damaged organelles. There are three types of autophagy: macroautophagy, microautophagy,
and chaperone-mediated autophagy, however for simplicity, this review will focus on macroautophagy
and be referred to as “autophagy”. More detailed descriptions of the aforementioned can be found
in these reviews [163,206]. Autophagy is a systematic, dynamic degradation process regulated by
the fusion of cargo vesicles, autophagosomes, to degradative compartments, lysosomes, with active
hydrolases and proteases. While other cells rely on division to dilute cellular debris, neurons are
specialized, post-mitotic cells that require efficient basal autophagy regulation to prevent accumulation
of misfolded proteins and damaged organelles. Autophagy depends on the close proximity and
communication between lysosomes and ER [207,208], therefore disruptions in inter-organelle Ca2+

signaling hinders clearance of pathological protein deposits.
Transcriptomic profiles from the collective ongoing studies known as Rush Memory and Aging

Project (ROSMAP), reveal clusters of genes that are associated with pathological protein handling.
Specifically, higher expression of SORL1 and ABCA7 transcripts are associated with tau tangle pathology,
while elevated BIN1 transcripts are associated with beta amyloid in AD brains [209]. PLXNB1 abundance
is associated with increased amyloid load and higher paired helical filaments (PHF) tau tangle density.
Notably, BIN1, ABCA7, and SORL1 have functions in endocytic transport, APP metabolism and
lysosome recycling, and thus are ideally positioned to serve a role in AD proteinopathy [210]. Altered
expression of protein handling genes is linked to blunted endosomal trafficking, diminished degradative
potential of lysosomes, and reduced autophagy-mediated clearance [210].

The key, critical feature of lysosomes is the acidic lumen (pH ~4.5) necessary for protein degradation
and autophagosome digestion. The acidic pH is maintained by an active vacuolar-ATPase H+ pump
(vATPase) driving the influx of H+ into the lysosome [211–213]. Genetic evidence linking endosomal
H+ exchangers with AD suggest that proton leak pathways may regulate pathological Aβ generation
and contribute to disease etiology [214]. In the ROSMAP AD population, there is downregulation of
vATPase subunit (V1) genes, as well as the transcription factor “EB” (TFEB), a master regulator of
lysosomal biogenesis that is associated with regulated autophagy [151]. Mutations in PS prevents
the glycosylation, downstream maturation, and trafficking of the vATPase to the lysosome, resulting
in an alkaline lysosomal lumen [215,216]. The alkaline environment inactivates protease activity,
such as cathepsin B, which halts degradation of APP metabolites and dysregulates biogenesis of
lysosomes and autophagosomes [217]. Additionally, cathepsins may also play a role in lysosomal
trafficking along neuronal axons and dendrites, which is essential in mediating proper disposal of
cellular debris. Studies showed that disrupting lysosomal proteolysis by inhibiting cathepsins or
suppressing lysosomal acidification slowed axonal transport and caused selective accumulation within
dystrophic neurites, a key feature of AD [218–220]. These are abnormally swollen regions of axons and
dendrites filled mainly with autophagosomes and lysosomes, which implies improper transport of
degradative organelles. Aberrant Ca2+ signaling, as seen in AD, can hinder lysosomal acidification and
impair proteolytic enzymes in lysosomes, further AD proteinopathy and impair lysososmal trafficking,
resulting in neuritic dystrophy.

Additionally, an increase in the lysosomal pH disrupts the homeostatic mechanisms to maintain
the lysosomal membrane potential. The alkaline lumen depolarizes the lysosomal membrane via
activation of lysosomal voltage-activated Na+ channels (lysoNaV). The Na+ efflux potentiates the influx
of protons by the vATPase to restore lysosomal acidity. However, lysoNaV are also Ca2+ permeable,
therefore aberrant Ca2+ increase and changes in the Ca2+ concentration gradient, as seen in early
pathology of AD, can hinder lysosomal acidity by reducing the driving force of H+ influx to restore
lysosomal function [213,221,222].

This shift to a more alkaline lysosomal lumen causes hyperactivity of the lysosomal Ca2+ efflux
channels, lysosomal transient receptor potential Ca2+ channel mucolipin subfamily member (TRPML1)
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and two-pore channel (TPC) [205,215,216,223–225] (although debated [226–228]). Lysosomal Ca2+ efflux
through TRPML1, activates a calcineurin-dependent pathway that, via TFEB, enhances the transcription
of genes involved in autophagy and lysosomal expression, such as LC3-II, ATG9B, UVRAG, WIPI,
SQSTM1, MAPLC3B, GLA, GNS, HEXA, MCOLN1, TMEM55B, and ATP6V1H [229–231].

This lysosomal-mediated Ca2+ release is also responsible for fusion of autophagosomes to
lysosomes. In a manner similar to neuronal vesicular fusion, lysosomal Ca2+ efflux channels such
as, P/Q type VGCC, facilitate fusion between lysosomal tethering proteins, such as synaptogamin
7, SNAP29, and SNARE VAMP 7/8, to autophagosomal tethering proteins such as syntaxin 17 and
possible SNARE proteins [232–235]. Aberrant Ca2+ concentration, as in AD, can influence fusion
of autophagosomes to malfunctioned lysosome, resulting in accumulation of cargo vesicles with
maladaptive proteins, furthering neurotoxicity.

Recent studies have shown that lysosomal functions go beyond their primary role as the
degradative compartment within a neuron. Lysosomal Ca2+ stores are also involved in maintaining
synaptic transmission. When mGluR1 is activated, NAADP-evoked lysosomal Ca2+ release
from lysosomal Ca2+ channels, presumably through TPC, is amplified into Ca2+ waves via RyR
activation [236]. This signal inactivates SK channels and prevents local hyperpolarization, which allows
for greater Ca2+ entry through GluN receptors and facilitates the induction of LTP [237]. When VGCC is
activated, NAADP-evoked lysosomal Ca2+ release facilitates fusion to the plasma membrane and release
of cathepsin B. Cathepsin B then regulates structural plasticity and dendritic spine formation [238,239],
however in pathological conditions, protease activity is inhibited and therefore synaptic dysfunctions
occur. Recent work has shown that blocking endogenous cathepsin inhibitors, such as cystatin B,
decreases Aβ accumulation, autophagic-lysosomal pathology, and cognitive improvement in AD
mice [240].

The systemic destruction of collective organelles leads to the neuron’s demise. The close proximity
of the ER to the lysosome can enhance AD pathology (Figure 3) and PS mutations may alter the
RyR-lysosomes trigger zone. In healthy neurons, RyR-mediated Ca2+ amplification suppresses
autophagic flux [207] and induces LTP [237–239] however, increased Ca2+ signaling, as seen in
neurodegenerative diseases, can alter this trigger zone and therefore disrupt autophagic clearance and
synaptic plasticity.
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Abstract: Aggregation and deposition of β-amyloid and/or tau protein are the key neuropathological
features in neurodegenerative disorders such as Alzheimer’s disease (AD) and other tauopathies
including frontotemporal dementia (FTD). The interaction between oxidative stress, mitochondrial
dysfunction and the impairment of calcium ions (Ca2+) homeostasis induced by misfolded tau and
β-amyloid plays an important role in the progressive neuronal loss occurring in specific areas of
the brain. In addition to the control of bioenergetics and ROS production, mitochondria are fine
regulators of the cytosolic Ca2+ homeostasis that induce vital signalling mechanisms in excitable
cells such as neurons. Impairment in the mitochondrial Ca2+ uptake through the mitochondrial
Ca2+ uniporter (MCU) or release through the Na+/Ca2+ exchanger may lead to mitochondrial Ca2+

overload and opening of the permeability transition pore inducing neuronal death. Recent evidence
suggests an important role for these mechanisms as the underlying causes for neuronal death in
β-amyloid and tau pathology. The present review will focus on the mechanisms that lead to cytosolic
and especially mitochondrial Ca2+ disturbances occurring in AD and tau-induced FTD, and propose
possible therapeutic interventions for these disorders.

Keywords: calcium; mitochondria; tau; β-amyloid; MCU; NCLX; VGCCs; glutamate; mPTP

1. Introduction

Neurodegenerative disorders, characterised by progressive neuronal loss in specific areas of the
brain, nowadays represent one of the biggest medical and social challenges: very few therapeutic
strategies are available to slow down the course of these diseases. Aggregation and deposition of
misfolded proteins are histopathological hallmarks in these conditions. Among them, β-amyloid
plaques found in Alzheimer’s disease (AD) and tau aggregates present in AD, frontotemporal dementia
(FTD) and up to other 20 diseases collectively termed tauopathies are one of the most studied [1]. Many
actors seem to play an essential role in the pathogenesis of these disorders. The interplay between
oxidative stress, mitochondrial dysfunction and calcium ions (Ca2+) impairment has been shown to
mediate neuronal dysfunction and death in patients’ cells and cellular and animal models of β-amyloid
and tau pathology. The present review will focus on the Ca2+ signalling impairment, with a special
emphasis on the mitochondrial Ca2+ dysbalance occurring in AD and tau-induced FTD.

2. Calcium Homeostasis in Neurons

Ca2+ signalling is a key mechanism in critical events for cell life, from gene transcription or cell
growth, to cell-specific mechanisms, such as muscle contraction or egg fertilisation. In neurons, Ca2+ is
involved in most aspects of neuronal function: differentiation and migration, synaptic transmission
and plasticity, vesicle release, cell death and survival or neuronal–glial communication [2,3]. Indeed,
impairment of Ca2+ homeostasis has been widely studied and reported to be crucial in the development
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of neurodegenerative disorders, such as AD, Parkinson’s disease, amyotrophic lateral sclerosis or
Friedrich Ataxia [4–7].

Ca2+ act as second messengers that transmit external signals to its intracellular targets. Ca2+

signals are generated by a fine regulation between Ca2+ influx and removal, which induces transient
fluctuations in the cytosolic [Ca2+]. The different kinetics, frequency, amplitudes or spatial locations
of these transients entails a signalling mechanism able to exert specific impacts in their downstream
effectors [8]. Due to its implications in cellular function, cytosolic Ca2+ levels must be therefore
tightly regulated, and this becomes essential in excitable cells such as neurons. While a deficient Ca2+

signalling might perturb synaptic transmission [9], sustained elevated levels of cytosolic Ca2+ are
detrimental for neurons: Ca2+ overload promotes cell death through different mechanisms, such as
necrosis, apoptosis or the more recent ferroptosis, all in which mitochondria play also an essential
role [10,11].

In neurons, free cytosolic Ca2+ levels are kept at ~100 nM in resting conditions, while the
extracellular concentration reaches the millimolar range, defining a substantial concentration gradient
of 104. The majority of Ca2+ influx from the extracellular site in neurons occurs through different
ion channels located in the plasma membrane, either voltage- or ligand-operated, upon specific
stimulation (Figure 1). In the first case, depolarisation of the neurons leads to the opening of different
voltage-gated Ca2+ channels (VGCCs) [12], while in the second, the opening of the ionotropic glutamate
receptors triggered by the binding of the excitatory neurotransmitter glutamate is the most important
example [13]. Regulated Ca2+ release to the cytosol can also occur from intracellular Ca2+ stores such
as the highly dynamic endoplasmic reticulum (ER) [14]. In this case, agonist binding to Ryanodine
(RyRs) or inositol 1,4,5-triphosphate (IP3) receptors leads to a release of Ca2+ that plays an important
role in many neuronal functions [15]. Depletion of the ER induces the activation of the Store-Operated
Calcium Entry (SOCE) in order to replenish the organelle. In neurons, STIM proteins located in the ER
sense the decrease in [Ca2+], accumulate close to the ER-plasma membrane junctions, and interact
with the Store-Operated Calcium Channels (SOCCs) in the plasma membrane, allowing the entrance
of Ca2+. Orai channels were identified as components of the SOCCs [16], while transient receptor
potential channels (TRPC) also play a relevant role [17].

Either way, the duration and spread of the Ca2+ signals is controlled by several clearance
mechanisms, which dissipate the massive increase in the cytosolic [Ca2+] and restore it to its basal
levels to maintain Ca2+ homeostasis. These mechanisms include the efflux of Ca2+ by transporters
through the plasma membrane, uptake by organelles such as the ER and the mitochondria and binding
to Ca2+-buffering proteins.

The main transporters implicated in the efflux of Ca2+ out of the neurons are the high-affinity,
low capacity plasma membrane Ca2+-ATPase (PMCA), which hydrolyses ATP to pump Ca2+ against
gradient, and the low affinity, high capacity Na+/Ca2+ exchanger (NCX), which is abundant in neurons
and uses the electrochemical gradient of Na+ to extrude Ca2+ [18]. NCX is reversible, and under
specific circumstances of Na+ and Ca2+ gradient and membrane potential can work in the opposite
direction, extruding Na+ and letting Ca2+ in [19]. The two main intracellular stores that also collaborate
in the uptake of cytosolic Ca2+ are the mitochondria (which will be discussed in detail later) and
the ER, which uses the Sarco-Endoplasmic Reticulum Ca2+-ATPase (SERCA) to pump Ca2+ into the
ER lumen, at the expense of ATP hydrolysis. Finally, several cytosolic Ca2+-binding proteins also
cooperate in the Ca2+ homeostasis by binding and buffering free cytosolic Ca2+. The most important
belong to the EF-hand family, and include parvalbumin, calbindin D-28k and calretinin, which are
expressed in different areas of the brain [20]. Other members of the family, such as calmodulin, S100
proteins or neuronal Ca2+ sensors (NCS), are also Ca2+-binding proteins that act as Ca2+ sensors which
transduce the signal to downstream effectors. The latter involve a complex network of signalling
cascades that ultimately have specific cellular effects: Ca2+-calmodulin kinase II, which regulates
long-term potentiation, learning and memory; protein kinase A, which modulates neuronal excitability;
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or calpains, a family of proteases that cleave amyloid precursor protein APP or tau protein are just a
few examples [21,22].

Figure 1. Calcium homeostasis in neurons. Ca2+ signals are shaped by a fine regulation between
cytosolic Ca2+ influx and efflux. The main sources for Ca2+ influx are the extracellular media and
intracellular stores such as the endoplasmic reticulum (ER). Depolarisation of the neurons leads to the
opening of the voltage-gated calcium channels (VGCCs) in the plasma membrane, while ligand binding
triggers the opening of the receptor-operated calcium channels (ROCs). AMPA and especially NMDA
receptors, both activated by glutamate, are the most important ROCs in the neurons. AD-approved
drug memantine is an inhibitor of the NMDARs. Ca2+ can also be released to the cytosol from
the ER, after activation of the Ryanodine or inositol 1,4,5-triphosphate (IP3) receptors. Binding of a
ligand (such as glutamate) to a G-protein-coupled receptor in the plasma membrane (such as specific
metabotropic glutamate receptors) activates phospholipase C (PLC), leading to the cleavage of the
membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2), resulting in the release of the
soluble second messenger IP3, that diffuses through the cell and binds its receptor. Cytosolic Ca2+

binds specific Ca2+ binding proteins, which transduce the signal to its final effectors. Excess cytosolic
Ca2+ is removed from the cytosol by different mechanisms: (i) efflux through the plasma membrane by
the Na+/Ca2+ exchanger NCX and the plasma membrane Ca2+-ATPase (PMCA), (ii) uptake to the ER
by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), (iii) uptake to the mitochondria by the
mitochondrial Ca2+ uniporter MCU and (iv) buffering by Ca2+ binding proteins. Mitochondrial Ca2+

homeostasis is maintained by the efflux through the mitochondrial Na+/Ca2+ exchanger NCLX.

3. Mitochondria and Ca2+ Homeostasis

Mitochondria play a fundamental role in the rapid buffering and shaping of the cytosolic Ca2+

transients. These are mobile organelles, which can be strategically recruited in close proximity to
microdomains with a high cytosolic [Ca2+], such as the synapses, acting as highly localised Ca2+ buffers
able to shape the local Ca2+ signals and regulate neuronal activity [23].
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With additional essential roles, such as ROS production or triggering of apoptosis, the best-known
mitochondrial function is controlling the bioenergetics of the cell. Substrate oxidation in the Krebs’
cycle occurs in the matrix and provides the electron transport chain (ETC) in the inner mitochondrial
membrane with NADH and FADH2. Electrons transfer from these donors to its final acceptor O2

through the ETC is coupled with the translocation of protons to the intermembrane space. This creates
an electrochemical gradient whose major component is the membrane potential (ΔΨm), which fuels
ATP production in the ATP synthase. Importantly, mitochondrial Ca2+ uptake activates dehydrogenases
at the ETC activating mitochondrial respiration and ATP production [24,25].

In addition to its bioenergetics purpose, ΔΨm is also used by the mitochondria to uptake Ca2+

into their matrix through the high capacity, low-affinity mitochondrial Ca2+ uniporter (MCU) located
in the inner membrane. The molecular composition of the uniporter has been recently elucidated, and
involves a protein complex consisting on MCU—the pore-forming component—and several regulatory
units (MICU1, MICU2, MCUb, MCUR1 and EMRE) (reviewed in [26]). The role of MICU3, highly
expressed in the brain, in enhancing MCU Ca2+ uptake has been recently described [27]. Current
investigations are focused in understanding the regulation of MCU and the specific role of all these
proteins in Ca2+ uptake [28,29]. First experiments with MCU knock-out animal models surprisingly
revealed that these mice displayed only a mild muscular phenotype [30] and a relatively normal heart
function [31]. However, MCU KO in a different genetic background [32] or MICU1 KO appeared to be
lethal [33]. Other studies focused in brain function show that silencing of MCU during development
induces memory impairment in Drosophila [34], and experiments in brain MCU-KO mitochondria
revealed that MCU deletion did not completely block mitochondrial Ca2+ uptake, suggesting additional
uptake pathways [35]. Indeed, it is still a matter of debate if the complex regulation of MCU can
result in alternative uptake modes or if other MCU-independent mechanisms coexist and mediate
Ca2+ uptake in the mitochondria [36,37].

The mitochondrial Na+/Ca2+ exchanger NCLX, located in the inner mitochondrial membrane [38],
was also molecularly identified not long ago [39] as being responsible for mitochondrial Ca2+ efflux
in excitable cells. NCLX is a low affinity, high capacity transporter that uses the electrochemical
gradient of Na+ to extrude Ca2+ from mitochondria. Like other Na+/Ca2+ exchangers, it is related to
the plasma membrane NCX, but in addition to Na+ is able to exchange Li+ for Ca2+. Considering that
the rate of Ca2+ efflux is much slower than MCU-mediated influx, NCLX appears to mediate the rate
limiting step in mitochondrial Ca2+ homeostasis [40]. Indeed, in contrast to MCU, NCLX deletion is
associated with more severe phenotypes in vivo: conditional cardiac NCLX deletion in mice leads to
myocardial dysfunction and fulminant heart failure [41]. Inhibition of NCLX in Parkinson’s disease
related mutation PINK1 cells leads to mitochondrial Ca2+ overload and cell death [42,43]. Regulation
of the exchanger activity can occur via different mechanisms such as [Ca2+], via direct and indirect
mechanisms like calpain-induced degradation, pH, PKC or PKA, as recently reviewed in [44]. In
addition, a role for plasma membrane NCX1-3 in mediating mitochondrial Ca2+ efflux in brain cells
has also been proposed [45–47].

Ca2+ uptake into the mitochondrial matrix stimulates mitochondrial bioenergetics. Several
matrix dehydrogenaseses and metabolite carriers are activated by Ca2+, increasing mitochondrial
respiration and ATP production [48,49]. This suggests a physiological role for mitochondrial Ca2+

in the adaptation of the cell to the energy demands imposed by Ca2+ signalling. However, as with
cytosolic [Ca2+], mitochondrial Ca2+ content must be tightly regulated. Mitochondrial Ca2+ overload,
especially under conditions of oxidative stress, triggers the opening of the mitochondrial permeability
transition pore (mPTP), a high-conductance mitochondrial channel whose composition and structure
are still under debate. While firmly closed under physiological conditions, after mPTP opening, the
mitochondrial inner membrane becomes unselectively permeable to small solutes, leading to ΔΨm
collapse and eventually mitochondrial swelling and necrotic and apoptotic cell death. mPTP opening
has been implicated as the mechanism of cell death in many human diseases, thus representing a major
therapeutic target [50]. It should be noted that ROS are one of the most important triggers for mPTP in
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combination with Ca2+ overload [51]. Misfolded proteins, including β-amyloid and tau, are able to
induce ROS production in enzymes (including ETC of mitochondria and NADPH oxidase) or produce
free radicals in combination with heavy metals, and trigger mPTP opening [52,53].

4. Calcium Homeostasis Impairment in AD and Tauopathies

As mentioned before, Ca2+ homeostasis impairment has been linked to many different diseases,
including neurodegenerative conditions.

AD is the most common neurodegenerative disorder and the principal cause of dementia.
It affects millions of people worldwide, with numbers expecting to multiply in the next years,
conveying a critical social and medical challenge. Clinically, AD is characterised by progressive
memory loss and cognitive and behavioural impairment [54]. Neuronal and synaptic loss in specific
areas of the hippocampus and neocortex, together with the presence of extracellular β-amyloid
plaques and intracellular neurofibrillary tangles (NFTs) containing tau aggregates comprise the main
neuropathological hallmarks of the disease [55]. Together with them, oxidative stress, mitochondrial
dysfunction and altered Ca2+ homeostasis have emerged as important actors and been long studied
in the last decades to try to unravel the interplay of all these factors in the pathogenesis of the
disease [4,56,57]. Although the majority of the cases are sporadic, a small percentage of them are
rare familiar cases with an early onset, linked to mutations in the amyloid precursor protein APP
gene and presenilins 1 and 2 PSEN1 and PSEN2 genes, components of the γ-secretase complex
involved in the amyloidogenic cleavage of APP that leads to β-amyloid formation [58]. This evidence
suggests a critical role for β-amyloid in AD pathogenesis. Indeed, the Amyloid cascade hypothesis,
formulated in the early 1990s by Hardy and Higgins [59], proposes that the deposition of β-amyloid
is the causative agent of AD pathology, leading to NFTs, neuronal loss and dementia. However,
β-amyloid deposits correlate weakly with neuronal death, while spreading of tau pathology through
the brain and the number of NFTs are strongly associated with the progression of AD [60]. Tau is a
soluble protein that plays a critical role in the stabilisation of the microtubules, but under pathological
circumstances self-aggregates into paired-helical fragments (PHF) whose aggregation finally leads to
NFTs. Importantly, abnormal tau hyperphosphorylation impacts its pathogenic role and aggregation
capacity and indeed deposited tau is highly phosphorylated. In addition, tau isoform imbalance is
sufficient to cause neurodegeneration [61]. Interestingly, mutations in the MAPT gene encoding tau
protein are not linked to AD, but to frontotemporal dementia (FTD) and other tauopathies, a term that
comprehends a wider range of neurodegenerative disorders in which deposits of tau are found in the
brain [1]. FTD is characterised by the progressive neurodegeneration of frontal and temporal lobes of
the brain, and comprises different molecular and clinical entities affecting behaviour, function and
language of the patients, which are usually younger than those with AD [62,63]. Research in FTD has
gained increasing attention in the recent years, but as in AD, there is still a lot to learn to be able to
prevent or cure these disorders.

The important role of Ca2+ dysfunction in AD was first proposed by Khachaturian 25 years
ago [64]. Growing body of evidence has been published since then, highlighting the multiple molecular
mechanisms that can contribute to the Ca2+ homeostasis impairment in AD. The role of tau, and
especially β-amyloid, has been extensively studied in different animal and cellular models.

4.1. Cytosolic Ca2+ Disturbances in AD and Tauopathies

β-amyloid was first shown to form Ca2+-permeable pores in artificial membranes [65] that lead to
dysregulated Ca2+ entry in the cytoplasm of brain cells [66,67]. Although less studied, we, and others,
have shown that tau is also able to form ion channels under specific conditions [68,69]. Importantly,
structure and aggregation stage determined the ability of both proteins to form pores.

Alteration of the glutamatergic signalling, involved in synaptic plasticity, learning and memory,
also plays an important role in the Ca2+ imbalance and synaptic dysfunction in AD [70,71]. Glutamate
is the major excitatory neurotransmitter in the brain and activates a family of metabotropic (G-coupled
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proteins) and ionotropic (ion channels) receptors. Among the latter, AMPA, and especially NMDA
receptors, have attracted much attention due to its role in mediating glutamate excitotoxicity.
Excitotoxicity is defined as the neuronal death induced by cellular overload of Ca2+ due to excessive
stimulation of the glutamate receptors, caused, for example, by an excess of extracellular glutamate. It is
involved in the mechanism of cell death in acute (stroke) and chronic neurodegenerative disorders and
such has attracted great attention in the pathogenesis of AD [72]. Research has shown that β-amyloid
oligomers can directly activate NMDA receptors [73], and specifically those containing the NR2B
subunit [74,75]. Receptors expressing this subunit are preferentially localised in the extrasynaptic
area and mediate excitotoxicity [76]. It was proposed that modulating the balance between synaptic
NR2A and extrasynaptic NR2B may improve behaviour ability in β-amyloid treated mice [77]. Tau
involvement in excitotoxicity has been also described in AD [78–80] and FTD [81]. For a review of
the role of glutamate receptors in AD, see in [82]. Importantly, the non-competitive NMDA receptor
antagonist memantine is one of the few drugs approved for use in AD.

The rest of the approved drugs for AD are cholinesterase inhibitors that aim to prevent acetylcholine
degradation. Indeed, the cholinergic pathway has been long implicated in AD pathogenesis, and it was
proposed that the loss of cholinergic neurotransmission leads to cognitive impairment [83]. Importantly,
tau has been shown to play a role in the loss of cholinergic neurons through interaction with muscarinic
receptors [84], and some of the toxic effects of β-amyloid are mediated by its interaction with nicotinic
acetylcholine receptors. Interestingly, acetylcholine and antibodies against acetylcholine receptors
protect neurons against β-amyloid-induced cell death but have no effect on the β-amyloid-induced
Ca2+ deregulation [85].

Tau and β-amyloid-induced Ca2+ dysfunction through VGCCs have been described in different
models of AD and tau-induced FTD [86,87]. We have recently shown that in vitro aggregated tau fibrils
with the P301S mutation linked to FTD are able to incorporate into membranes and modify their ionic
currents, as seen by BLM experiments [69]. When applied to primary neuronal cultures, this leads
to the opening of neuronal VGCCs, inducing characteristic Ca2+ transients in these cells. Increased
cytosolic [Ca2+] is able to activate NADPH oxidase, enhancing ROS production in neurons and leading
to cell death. Ca2+ signals and increased ROS production were observed after the acute application of
tau aggregates, suggesting a mechanism by which extracellular tau fibrils can incorporate into the
membranes and lead to neuronal dysfunction in the neighbouring neurons [69]. Importantly, we show
that tau-induced Ca2+ transients and NADPH-driven ROS production were prevented by nifedipine
and verapamil, Ca2+ channels blockers commonly used in clinic for hypertension. Clinical trials with
these compounds in patients with dementia show heterogeneous results, with many demonstrating no
positive effect for Ca2+ blockers in reducing the rate of cognitive decline in AD patients [88]. However,
the severity of the disease at the beginning of the treatment seems to influence the outcome [89]. Indeed,
several studies have shown that hypertense patients on treatment with this group of drugs could have
a reduced risk of dementia [90–92], suggesting a potential use of these medications for the prevention
of the disease that needs to be further confirmed.

ER Ca2+ dysregulation also plays a role in AD. Many authors have shown an increased Ca2+

release from the ER both through RyRs [93,94] and IP3Rs [95,96] by different mechanisms. In addition,
impairment of the STIM-mediated SOCE has been described in familiar models of the disease [97,98]
and recent studies point at the role of tau in ER stress through TRPC and SOCE upregulation [99].

Ca2+ efflux through the plasma membrane by PMCA can be inhibited by β-amyloid and tau, as
shown by Mata et al., whose findings are summarised in their review [100]. Both proteins appear to
bind the transporter, with tau inhibitory effect occurring in the nanomolar range. In addition, the
possible oxidation of PMCA induced by β-amyloid and tau might lead to a decrease in the ATPase
activity [101]. β-amyloid is also able to interact with the plasma membrane NCX and reduce its
activity [102]. Differing results have been published regarding the protein levels of NCX isotypes in the
different areas of brains of patients [103]. However, studies in AD brains and neuronal cultures pointed
the specific altered cleavage of NCX3 (and not NCX1) mediated by the Ca2+-dependent protease
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calpain [104]. Interestingly, this feature appeared only in AD brains and not in brains from tauopathies
like FTD, suggesting a specific role for β-amyloid and not tau. In addition, both NCX and PMCA can
be downregulated in response to oxidative stress [105].

Calpain overactivation has been consistently reported in AD and tauopathy brains [106], and
β-amyloid [107] and tauopathy models [108,109]. Other Ca2+-dependent molecules, such as calmodulin
and its binding proteins have a prominent role in AD [110] and have been suggested as potential
biomarkers of the disease [111].

4.2. Mitochondrial Ca2+ Disturbances in AD and Tauopathies

Neurons, as excitable cells, are continuously firing action potentials and employing a vast Ca2+

signalling that comes at the expense of an increased metabolic demand to maintain Ca2+ homeostasis
(for example through Ca2+-ATPases) and re-establish electrochemical gradients. In this context,
mitochondria play a fundamental role in maintaining the metabolic needs. This could represent a
challenge in neurodegenerative disorders, in which mitochondrial dysfunction has been extensively
described together with oxidative stress and Ca2+ impairment, all of which are implicated in the
pathogenesis of the disease [53,57,112].

In addition, mitochondria themselves are direct sites of action of β-amyloid and tau. β-amyloid
has been shown to be imported via TOM [113] and directly produced in this organelle [114], while
a fraction of intracellular tau has been found to locate within the inner mitochondrial space [115].
Indeed, mitochondrial accumulation of tau in synaptosomes from AD brains appeared to correlate
with synaptic loss [116].

Tau and beta-amyloid dysfunction have been widely linked to altered cytosolic Ca2+ homeostasis
through the different mechanisms explained before. These scenarios compromise mitochondria in two
ways: challenging mitochondrial Ca2+ buffering capacity, which might become overloaded, and, in
addition, the cellular bioenergetics of cells in which mitochondrial function could be already impaired.
Mitochondrial Ca2+ uptake by MCU is driven by the ΔΨm, and therefore mitochondrial depolarisation
might compromise the uptake of Ca2+ and its physiological role in bioenergetics, and in addition
expose the cytosol to higher [Ca2+]. On the other hand, mitochondrial depolarisation and bioenergetics
dysfunction can be triggered by Ca2+ and prevented by the inhibition of mitochondrial Ca2+ uptake as
previously shown in works by Abramov and Duchen [117–119].

Several reports highlight the role of the mitochondrial Ca2+ uptake in neuronal death induced by
glutamate excitotoxicity [120,121]. Qiu et al. showed that MCU overexpression exacerbated excitotoxic
cell death, while MCU silencing prevented NMDA-induced mitochondrial Ca2+ uptake protecting
neurons from excitotoxic cell death [122]. Our group has recently described the protective role of a
novel compound, TG-2112x, which is able to partially inhibit mitochondrial Ca2+ uptake without
affecting ΔΨm or bioenergetics, and protects neurons against glutamate excitotoxicity [123]. These
results from Angelova et al. suggest this compound as a new therapeutic opportunity in diseases such
as AD in which excitotoxicity play a detrimental role.

Other authors have proposed that the induction of a mild mitochondrial uncoupling with different
agents such as non-steroidal anti-inflammatory drugs (NSAIDs) could also reduce mitochondrial Ca2+

uptake and prevent overload induced by β-amyloid, protecting neurons against cell death in AD [124].
Results from trials have been however conflicting, probably due to the narrow effective dose window
for this strategy, as high doses might lead to opposite effects and collapse the ΔΨm [125].

Recent in vivo imaging by Calvo-Rodriguez et al. in the APP/PS1 transgenic mouse model of AD
has shownβ-amyloid dependent mitochondrial Ca2+ overload in a subset of neurons in the brain of these
mice, which preceded neuronal death and could be prevented by MCU inhibition [126]. Interestingly,
neuronal death did not occur in neighbour cells with lower mitochondrial Ca2+ levels highlighting
one more time the deleterious effect of mitochondrial Ca2+ overload. This work also evaluated
available microarray and RNA-Sequencing datasheets to analyse the expression of mitochondrial
Ca2+-related genes in patients with AD and found that all the genes involved in mitochondrial uptake

63



Cells 2020, 9, 2135

were downregulated, while Slc8b1 gene encoding NCLX was significantly upregulated, suggesting a
possible compensatory response to prevent mitochondrial Ca2+ overload [126]. However, other reports
show contradictory results [127].

The mitochondria-associated ER membranes are subcompartments of the ER connected physically
and biochemically to the mitochondria allowing the communication between both organelles and the
transfer of Ca2+ from ER to mitochondria [128]. Many relevant functions for the pathogenesis of AD
such as β-amyloid production appear to occur in these regions [129] and a higher degree of apposition
between ER and mitochondria has been found in AD cells, brains and mouse models [130,131]. As seen
in preselinin 2 (PS2) cellular and animal models of AD, the increased ER-mitochondria interactions
enhance Ca2+ transfer, which might contribute to mitochondrial Ca2+ overload [132,133]. Some authors
have shown that presenilins are able to form cation-permeable pores responsible for passive Ca2+ leak
from the ER [134], thus contributing to the pathogenesis of the disease, although this hypothesis is
under debate, with other authors showing opposite results [135].

mPTP opening induced by mitochondrial Ca2+ overload is one of the mechanisms of β-amyloid-
and tau-induced mitochondrial dysfunction and cell death [6,8,136–138]. β-amyloid is able to interact
with a key component of the pore, cyclophilin D, and potentiate mitochondrial dysfunction and mPTP
formation [139]. Reduction in cyclophilin D expression, on the other hand, protects neurons and
improves learning and memory in mouse models of AD [139]. In addition, treatment with the classical
blocker of mPTP, cyclosporine A, or removal of polyphosphate, thought to be a component of the pore,
are able to prevent β-amyloid-induced mPTP opening and cell death [119,137].

Impairment of mitochondrial Ca2+ efflux has not been explored in the pathogenesis of AD until
very recently. Jadiya et al. have shown in different mouse and animal models of the disease that
AD progression is associated with the loss of NCLX expression and functionality [127]. Importantly,
genetic rescue of NCLX expression in neurons completely restored the cognitive decline and the cellular
pathology in the AD mice.

Recent work from our group has shown for the first time the tau-induced altered mitochondrial
Ca2+ efflux through NCLX in neurons [138]. In this study, we show that K18 tau, a fragment of the
protein comprising the four repeat (4R) region of the protein, led to cytosolic Ca2+ oscillations in
primary neurons after 24 h incubation. These oscillations were followed by mitochondrial Ca2+ uptake,
and induced a gradual increase in basal cytosolic and mitochondrial Ca2+, suggesting an impaired
Ca2+ handling induced by tau [138]. Stimulation of a physiological Ca2+ signal with glutamate
(in neurons) or ATP (in astrocytes) incubated with tau further evidenced a slower cytosolic and
mitochondrial Ca2+ efflux in both cell types. Experiments in permeabilised cells confirmed that
the impairment was mediated by NCLX, as showed by the altered Na+ and Ca2+ currents. More
importantly, tau-induced NCLX impairment led to a faster mitochondrial depolarisation when exposing
the neurons to (pathological) repetitive Ca2+ stimulations, suggesting an increased vulnerability to
Ca2+-induced cell death [138]. iPSC-derived neurons from patients carrying the FTD-related 10+16
mutation in MAPT were also more vulnerable to physiological and pathological Ca2+ stimulation, and
presented an increased susceptibility to mPTP opening [138].

10+16 MAPT mutation also impairs neuronal excitability [140] and bioenergetics of iPSC-derived
neurons [141]. In contrast to other neurodegeneration models [142,143], 10+16 MAPT neurons display
an increased mitochondrial membrane potential [141].As a result, mitochondrial ROS production in the
neurons is enhanced, leading to oxidative stress and neuronal death, all of which are prevented treating
the cells with mitochondrial antioxidants.Oxidative stress, in combination with mitochondrial Ca2+

overload, are the triggers for mPTP opening. Preliminary data shows that mitochondrial antioxidants
are able to protect the 10+16 neurons and reduce their susceptibility to mPTP opening (Figure 2).
Confirming previous results [138], cellular Ca2+ overload induced by the ionophore ferutinin triggered
mPTP opening and led to apoptosis in iPSC-neurons, which occurred significantly earlier in the FTD
patients than in controls (Figure 2). Treatment with the mitochondrial antioxidant MitoTEMPO (MT, 1
h, 100 nM) significantly delayed the mPTP opening in the patients’ neurons to times similar to control,
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thus counteracting their increased vulnerability. This, together with previous results [141], highlights
the potential role of mitochondrial antioxidants in the prevention of neuronal death through different
mechanisms that might include averting mitochondrial Ca2+ overload. Further investigations will be
needed to prove this point and understand if this effect is merely due to the reduction of the already
elevated mitochondrial ROS, or if mito ROS overproduction induced by tau might influence other
aspects of cytosolic or mitochondrial Ca2+ homeostasis trough different mechanisms such as redox
regulation. These results highlight the close interconnection between impaired bioenergetics, oxidative
stress and Ca2+ signalling in tau pathology.

Figure 2. Mitochondrial antioxidants reduce FTD neurons vulnerability to mPTP opening.
(A) Representative traces depict NucView intensity in iPSC-derived neurons from controls or FTD-related
mutation 10+16 in MAPT treated or not with MitoTEMPO (MT) 100 nM and exposed to 50 μm glutamate
or the electrogenic Ca2+ ionophore ferutinin [144,145]. Sudden increase in NucView fluorescence
indicates caspase-3 activation. (B) Time to caspase-3 activation after Ca2+ overload with ferutinin. Box
represents median and 25, 75 percentiles. n = 126 neurons analysed in control, FTD n = 199, control +
MT, n = 43, FTD +MT, n = 104. *** p < 0.001, Mann–Whitney test. Method: iPSC-derived neurons were
loaded with the non-fluorescent caspase-3 substrate NucView488 for 15 min. NucView is cleaved upon
caspase-3 activation inducing a sudden increase in green fluorescence. Images were taken on a Zeiss
710 LSM confocal microscope with an integrated META detection system.

5. Conclusions

Ca2+, and especially mitochondrial Ca2+ homeostasis, plays a key role in neurodegenerative
disorders including AD and other tauopathies like FTD. As detailed in the present review, both
β-amyloid and tau protein induce cytosolic and mitochondrial Ca2+ deregulation through different
direct and indirect pathways that ultimately lead to neuronal dysfuntion and cell death. Importantly,
isoform type, length, or aggregation stage, among other characteristics of these proteins have been
shown to influence the pathogenic mechanism. Mitochondrial Ca2+ overload appears as a downstream
key event in the process of neurodegeneration, and recent studies point at a direct role of these
proteins in the impairment of mitochondrial Ca2+ influx (β-amyloid) and efflux (β-amyloid and tau).
Specific targeting of the mechanisms leading to Ca2+ impairment, and especially mitochondria-targeted
therapies emerge as potential treatments for these disorders.
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Abstract: Presenilin-2 (PS2) is one of the three proteins that are dominantly mutated in familial
Alzheimer’s disease (FAD). It forms the catalytic core of the γ-secretase complex—a function
shared with its homolog presenilin-1 (PS1)—the enzyme ultimately responsible of amyloid-β (Aβ)
formation. Besides its enzymatic activity, PS2 is a multifunctional protein, being specifically involved,
independently of γ-secretase activity, in the modulation of several cellular processes, such as Ca2+

signalling, mitochondrial function, inter-organelle communication, and autophagy. As for the former,
evidence has accumulated that supports the involvement of PS2 at different levels, ranging from
organelle Ca2+ handling to Ca2+ entry through plasma membrane channels. Thus FAD-linked PS2
mutations impact on multiple aspects of cell and tissue physiology, including bioenergetics and
brain network excitability. In this contribution, we summarize the main findings on PS2, primarily
as a modulator of Ca2+ homeostasis, with particular emphasis on the role of its mutations in the
pathogenesis of FAD. Identification of cell pathways and molecules that are specifically targeted by PS2
mutants, as well as of common targets shared with PS1 mutants, will be fundamental to disentangle
the complexity of memory loss and brain degeneration that occurs in Alzheimer’s disease (AD).

Keywords: presenilin-2; calcium signalling; Alzheimer’s disease mouse models; SOCE; mitochondria;
autophagy; brain networks; oscillations; slow-waves; functional connectivity

1. Presenilin-2 in Physiology and Pathology

Presenilin-2 (PS2)—and its homolog presenilin-1 (PS1)—is a 50-kDa multi-pass membrane protein
with nine helical transmembrane (TM) domains, and in humans it is encoded by a gene present on
chromosome 1 (PSEN2) [1]. Both presenilins (PSs) mainly localize to the endoplasmic reticulum (ER)
and Golgi apparatus (GA) membranes but also, although less abundantly, in plasma membrane (PM)
and endosomes [2]. Their mRNAs are expressed in different human and mouse tissues, with the
highest levels in the hippocampus and cerebellum [3].

Both PSs represent the catalytic core of the γ-secretase complex, the enzyme ultimately
responsible for generation of Aβ peptides; they were both discovered in genetic analyses of
families in which Alzheimer’s disease (AD) is transmitted as an autosomal dominant trait. In fact,
as of now, about 300 mutations in PSEN1 and 58 mutations in PSEN2 have been described
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(https://www.alzforum.org/mutations), the majority of which are dominant, mostly missense, and have
been associated with the inherited forms of the disease (familial Alzheimer’s disease (FAD)) [4,5].
Mutations in the gene for one of the substrate of the γ-secretase complex, the amyloid precursor protein
(APP), are also responsible for FAD cases [6]. It has been proposed that FAD-PS mutations lead to a less
precise γ-secretase cleavage of APP, in some cases decreasing the total production of Aβ but increasing
the relative amount of the more amyloidogenic Aβ42 peptide, the seeding core of extracellular amyloid
plaques, over the more soluble Aβ40 peptide [7,8].

The γ-secretase complex is part of the family of intramembrane-cleaving proteases (I-CliPs),
which perform hydrolysis of protein domains embedded in the hydrophobic environment of the
membrane. The family includes SP2 metalloproteases, serine proteases of the rhomboid family, and the
aspartyl proteases to which γ-secretase belongs.

The γ-secretase has a central role in cellular biology, with about 150 different integral membrane
proteins recognized as substrates [9]; the most studied are the Notch family of receptors, with a
crucial role in signalling and cell differentiation, and APP [4,9]. The γ-secretase complex is composed
of four subunits: PS1 or PS2; nicastrin, an integral membrane protein concerned with substrate
recognition and selection [10]; PS enhancer-2 (PEN-2) that stabilizes the PS complex and has a role in
its endoproteolytic cleavage [11–13]; and anterior pharynx defective 1 (APH1), which interacts with
nicastrin, providing the initial scaffold to which PS1/2 and PEN-2 are added [14,15]. In humans, APH1 is
encoded by two paralogous genes (APH1A and APH1B), and each protein can interact with either
PS, resulting in the existence of four different γ-secretase complexes that might have slightly different
specificities [16]. After its enclosure within the complex, PS undergoes an endoproteolytic cleavage
that produces N- and C-terminal fragments; the two fragments remain associated and represent the
biologically active form of the complex, each carrying one of the two key aspartic acid residues on
TM6 and TM7, respectively [17,18].

PS1 and PS2 share about 66% of amino acidic sequence; one key difference is a motif in PS2 that
interacts with activating protein-1 (AP-1) complexes in a phosphorylation-dependent manner and
targets PS2 to the late endosome/lysosome compartment, leading to a different subcellular distribution
of PS2 and perhaps to subtly different functions [19,20]. For example, it has been demonstrated
that PS2-containing γ-secretase complexes are involved in the processing of premelanosome (PMEL)
protein, which is involved in melanosome maturation and melanin deposition [19]. Indeed, PS2-null
zebrafish showed defects in skin pigmentation [21]. Importantly, melanosome biogenesis seems to be
Ca2+-dependent [22] (see also below).

Several γ-secretase-independent functions of PSs have emerged in the recent years, enriching the
overall importance of these proteins in cell biology. For example, PSs bind to glycogen synthase kinase
3β (GSK3β), a key protein of the Wnt signalling pathway, and to its substrate β-catenin, a transcription
regulator [23,24]. The interaction of PSs with GSK3β and β-catenin is independent of γ-secretase
activity [25] and influences β-catenin phosphorylation and turnover [26], as well as the activity of
kinesin-1 and dynein and thus axonal transport of type 1 transmembrane receptors [27]. PSs have been
implicated also in autophagy (see below) and protein trafficking [28].

Last, but not least, the regulation of cellular Ca2+ homeostasis has emerged as a key PS function,
independent of γ-secretase activity, with relevant implications in multiple Ca2+-regulated cell processes.
In the present review, we summarize the central role played by PS2 in cellular Ca2+ homeostasis,
highlighting divergent and convergent aspects of PS2 vs. PS1 pathophysiology.

2. PS2 and Ca2+ Homeostasis

2.1. Alterations of Ca2+ Homeostasis in FAD-PS2 Cell Models

According to the so-called “Ca2+ overload” hypothesis for AD, FAD-PS mutations increase the ER
Ca2+ content and cause excessive cytosolic Ca2+ release upon cell stimulations that, in turn, alters APP
processing and sensitizes neurons to Ca2+-dependent cell death mechanisms [29]. Indeed, an excessive
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release of Ca2+ from the ER has been reported in different cell models expressing various FAD-PS
mutations, as well as in neurons from transgenic (Tg) mice carrying FAD-PS1 mutations [30–35].
FAD-linked mutations in PS2 have also been reported to potentiate ER Ca2+ release from both ryanodine
receptors (RyRs) [36] and inositol trisphosphate (IP3) receptors (IP3Rs) in Xenopus oocytes [30] and
neurons from Tg mice expressing the PS2-N141I mutation [37]. Moreover, it has been proposed that
wild type (WT) PSs form constitutively active ER Ca2+ leak channels whereas FAD-PS mutations
disrupt the channel functionality; as a result of the reduced leak, the ER Ca2+ level increases and more
Ca2+ is released upon stimulation [38].

In contrast, we showed that FAD patient-derived fibroblasts carrying the PS2-M239I mutation,
as well as HeLa and HEK293 cells stably or transiently expressing the same PS2 mutant, show a
decreased ER Ca2+ release when stimulated by IP3-generating agonists [39] (Figure 1); this result was
confirmed in FAD patient-derived fibroblasts carrying another PS2 mutation (T122R) [40]. Of note,
in this study, we analysed two monozygotic twins, one with overt signs of disease at the time of
biopsy, whereas the other one was still asymptomatic; nevertheless, both cell samples shared a similar
Ca2+ handling defect, strongly suggesting that Ca2+ dysregulation represents an early event in the
pathogenesis of AD [40].

Figure 1. Familial Alzheimer’s disease (FAD)-presenilin-2 (PS2) alters multiple Ca2+ signalling
pathways. The cartoon represents different intracellular membrane localizations of FAD-PS2, its
interactions with several components of the molecular Ca2+ toolkit, and multiple Ca2+ signalling
pathways that are altered by its action. See text for details. ER, endoplasmic reticulum; mGA,
medial-Golgi apparatus; tGA, trans-Golgi apparatus; MIT, mitochondrion.

To clarify the divergent results, we directly monitored Ca2+ dynamics within intracellular stores.
We employed aequorin-based Ca2+ probes targeted to ER and GA in cells expressing different PS1
and PS2 mutants. In several cell lines [SH-SY5Y, HeLa, HEK293 and Mouse Embryonic Fibroblast
(MEF) cells], expressing the ER (or GA)-targeted aequorin together with a number of PS1 (P117L,
M146L, L286V, and A246E) or PS2 (M239I, T122R, and N141I) mutants, we analysed Ca2+ concentrations
and dynamics in the two organelles. By this more specific approach, we confirmed lower ER and
GA Ca2+ levels in the presence of all the analysed FAD-PS2 mutants, and unchanged or slightly
decreased ER/GA Ca2+ concentrations when PS1 mutants were expressed [41]. Similar results were
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obtained in FAD patient-derived fibroblasts and rat primary neurons, expressing either PS1 or PS2
mutants and loaded with the Ca2+ sensor fura-2, confirming the capability of PS to modify Ca2+

homeostasis, but questioning the “Ca2+ overload” hypothesis for AD [41,42]. Indeed, it was also shown
that FAD-PS are associated with IP3R hyperactivity [43,44], providing an alternative explanation to
the “Ca2+ overload” hypothesis based on increased ER Ca2+ release findings previously reported
in FAD-PS-expressing cells. In particular, Foskett and co-workers showed that FAD-PS1/2 mutants,
by physically interacting with the IP3R, modulate the channel gating, causing an exaggerated ER
Ca2+ release regardless of its Ca2+ content [43,44]. Furthermore, by employing ER- and GA-targeted
Ca2+ indicators, the same group subsequently confirmed that cells expressing FAD-PS1 mutants do
not present ER Ca2+ overload, arguing against the previously proposed role of PS as ER Ca2+ leak
channels [45].

Similarly, by using newly developed genetically encoded Ca2+ indicators, the Förster resonance
energy transfer (FRET)-based probe targeted to ER (D4ER [46]), medial-GA [47], and trans-GA [48],
we showed that (i) in SH-SY5Y and Baby Hamster Kidney (BHK) cells, expressing the FAD-PS2-T122R
mutant, and in PS2-N141I patient-derived fibroblasts, there is a clear reduction in ER Ca2+ concentration;
(ii) in cells expressing the FAD-PS1-A246E mutant, instead, no change was observed [46,49]; (iii) the
expression of FAD-PS2 mutants induced a selective decrease in the medial-GA Ca2+ content, but not in
that of the trans-GA; (iv) in contrast, the expression of the FAD-PS1 mutant was ineffective on both GA
sub-compartments [49] (Figure 1).

Concerning the molecular mechanism through which FAD-PS2 alters intracellular Ca2+ store
dynamics, researchers have shown that the Ca2+ phenotype is caused by the holoprotein and that
it is independent of γ-secretase activity [38,39,42,44,49–51]. Moreover, it has been shown that the
protein directly interacts with the IP3R, sensitizing it to lower IP3 concentrations [43], the RyR [36],
the RyR-regulating protein sorcin [52], and the SERCA2b [34], inhibiting its activity [51]. This latter
result is consistent with the differential effect of FAD-PS2 mutants on GA sub-compartments (see above),
given that the trans-GA, where FAD-PS2 mutants are ineffective, relies only on the secretory pathway
Ca2+ ATPase 1 (SPCA1) for Ca2+ uptake [48]. Finally, in the presence of FAD-PS1/2 mutations, increased
expression levels and activity of RyRs have been reported [53–55], suggesting a RyR-dependent Ca2+

hyperexcitability in AD that is antagonized by the channel inhibitor dantrolene (see [56] for an extensive
discussion of this issue; see also [57] for the involvement of IP3Rs).

Intracellular Ca2+ stores, mainly the ER, are functionally and physically coupled to mitochondria
with which they jointly operate modulating several cell functionalities, such as lipid synthesis
and Ca2+ homeostasis. Specific ER membrane domains tightly juxtaposed to mitochondria,
called mitochondria-associated membranes (MAM; [58]), represent signalling platforms and play a
key role in these processes [59]. Interestingly, MAM appear to be altered in AD samples [42,54,59–64];
in addition PS1/2, as well as the other components of the γ-secretase complex and APP, are enriched in
these domains [63,65,66]. Only FAD-PS2 mutants, however, are able to increase the interaction between
the two organelles, facilitating ER–mitochondria Ca2+ transfer [42,54,63] by binding to mitofusin-2 [63]
and thus removing its negative modulation on organelle tethering [67] (Figure 1).

The other Ca2+ signalling pathway affected by FAD-PS2 is the store-operated Ca2+

entry (SOCE) [68,69]. In particular, it has been shown that several FAD-PS2 mutants reduce SOCE
activity in different cell types [40,41,49,70]. Interestingly, this effect is shared with FAD-PS1 mutants,
which similarly reduce this Ca2+ influx [41,49,70,71] (Figure 1). Accordingly, SOCE is potentiated in
cells where PS levels are reduced [70,72]. In PS double knock out (KO) MEFs and in B-lymphocytes
derived from patients expressing FAD-PS mutants [73], researchers have found that the levels of the
key SOCE components Stromal interaction molecule (STIM) STIM1 and STIM2 [68,69] are reduced.
Of note, alterations in SOCE and STIM1 protein level have also been reported in sporadic AD (SAD)
patients [74]. It has been proposed that SOCE is regulated by a γ-secretase-dependent mechanism,
with STIM1 being a substrate of PS1-containing γ-secretase complexes [71]. Nevertheless, we found
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lower SOCE and STIM1 protein levels in both FAD-PS1- and FAD-PS2-expressing cells treated with the
γ-secretase inhibitor DAPT [49] (Figure 1).

Of note, the overexpression of WT-PS2 often mimics the effect of its FAD mutants on Ca2+

homeostasis, although higher levels of WT-PS2 are required to obtain the alterations in Ca2+ homeostasis
elicited by FAD-PS2 mutants [40]. This latter finding could be relevant for SAD forms of the disease,
where an upregulation of the endogenous PS2 has been reported in brain AD samples due to the loss
of repressor element 1-silencing transcription factor (REST) [75]. It can be speculated that an abnormal
accumulation of PS2 holoprotein could cause Ca2+ signalling dysregulation, also typically observed in
SAD cases.

2.2. Calcium Handling in AD Mouse Models Expressing PS2-N141I

The findings reported above led us to investigate Ca2+ handling and brain network functionality
in Tg mouse lines based on FAD-PS2 mutants by means of in vitro and in vivo approaches. We took
advantage of two homozygous mouse lines expressing the PS2-N141I mutant, as described in detail
in Box 1: the double Tg line B6.152H, also known as B6.PS2APP, and the single Tg line PS2.30H [76].
Here, we simply refer to these two lines as 2TG and TG, respectively.

We were firstly interested to verify whether the same Ca2+ changes found in FAD-PS2-expressing
cell lines were also detectable in primary neuronal cultures and in acute hippocampal slices from
2-week-old animals. At this age, total brain Aβ levels in 2TG mice are still very low, but are already
detectable and higher when compared to WT and TG mice [54]. Both TG and 2TG neurons, in culture
or in situ, show a reduction in the ER Ca2+ content, when estimated indirectly, through Ca2+ release
induced by IP3-generating agonists, or directly, with the Cameleon probe D4ER [46,54].

In acute hippocampal slices, upon stimulation with IP3-generating agonists, Ca2+ release was
dramatically reduced not only in neurons but also in astrocytes of TG and 2TG mice, suggesting defective
store Ca2+ content, as well as Ca2+ entry, in these latter cell types [54]. Importantly, these changes
occur precociously and independently of APP overexpression and brain Aβ load, being found equally
in TG and 2TG mice; thus, they reflect the intrinsic capability of modulating Ca2+ handling of
FAD-PS2 mutants.

Studying neurons in vitro and in situ allowed us to also highlight relevant network properties
brought about by the PS2 mutant. In both conditions, neuronal cells, when exposed to picrotoxin,
a γ-aminobutyric acid (GABA)-A receptor antagonist, showed synchronous Ca2+ spiking activity that
was higher in TG and 2TG mice with respect to WT [54]. This type of Ca2+ spiking is independent of
Ca2+ stores and likely due to an imbalance between excitatory and inhibitory inputs that represent an
early sign of network dysfunction [77,78].

3. Functional Effects of Ca2+ Dysregulation by FAD-PS2

3.1. Autophagy

Macroautophagy (hereafter autophagy) is a process in which double-membrane vesicles (called
autophagosomes) engulf different cellular components (including misfolded proteins, portions of
cytosol, and damaged organelles) and target them to lysosomes, where they are degraded into simpler
molecular constituents.

In 2004, two seminal papers firstly suggested that PSs might be involved in autophagy
modulation [79,80]. Specifically, Esselens and co-workers reported telencephalin accumulation
within autophagosomes in PS1-KO hippocampal neurons as a result of a defective fusion of
these vesicles with lysosomes. Similarly, Wilson and colleagues observed that PS1 deficiency,
in fibroblasts and primary cortical neurons, resulted in the formation of enlarged lysosomes,
with accumulation of α- and β-synuclein. Importantly, this phenomenon was likely associated
with SOCE augmentation, suggesting that altered Ca2+ signalling may underpin the effect of PSs on
the autophagy pathway [79]. Additional investigations, mostly focused on PS1, consistently reported
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that PSs modulate autophagosome-lysosome fusion. Nevertheless, consensus has not been reached
on the underlying mechanism. Indeed, either a defective lysosomal acidification [81], a reduced
lysosomal Ca2+ content [82], or altered expression of key genes belonging to the coordinated lysosomal
expression and regulation (CLEAR) network [83,84] have been suggested as possible mechanisms
(reviewed in [85]).

As far as FAD-PS mutants are concerned, some of the discrepancies might be linked to
mutation-specific effects. Nevertheless, most studies converge on the lack of involvement of the
γ-secretase activity, whereas Ca2+ signalling dysregulation has been frequently reported as a common
feature among different FAD-PS mutants [85]. Recently, we observed that the reduced ER Ca2+ content,
consistently observed in different FAD-PS2 cell models, affects the fusion of autophagosomes with
lysosomes, thus inducing autophagosome accumulation [86] (Figure 2). Specifically, the phenomenon
appears linked to the generation of lower cytosolic Ca2+ rises upon IP3-induced release of ER Ca2+,
given that it can be mimicked by increasing the cytosolic Ca2+-buffering capacity (loading cells with
the permeable forms of Ca2+ chelating agents). Mechanistically, we found that alterations of cytosolic
Ca2+ dynamics affect the recruitment to autophagosomes of Ras-associated binding protein RAB7,
a small GTPase whose association with both autophagosomes and lysosomes tunes their fusion in the
final steps of the autophagy pathway [87]. Importantly, at variance with previous studies focused on
FAD-PS1 [81,82,88], neither the pH of lysosomes nor their Ca2+ content were found to be affected by
FAD-PS2 mutants [86]. Taken together these observations suggest that slightly different mechanisms
might underlie the effects of FAD-PS1 and FAD-PS2 on the autophagy flux, with an altered Ca2+

signalling (though by distinct pathways) being a common feature.

Figure 2. Functional consequences of dysregulated Ca2+ signalling induced by FAD-PS2. The cartoon
represents the major dysfunctions linked to the expression of FAD-PS2 mutants at both the cellular and
brain network levels. (A) Decreased store-operated Ca2+ entry (SOCE) potentiates amyloid precursor
protein (APP) processing and Aβ42 production. (B) FAD-PS2-N141I-based mice show altered neuronal
circuits (decreased phase-amplitude coupling between cortical slow oscillations and hippocampal
fast gamma frequencies). (C) Decreased mitochondrial Ca2+ signalling and pyruvate uptake impair
mitochondrial metabolism and cell bioenergetics. (D) Reduced endoplasmic reticulum (ER) Ca2+

release blocks the recruitment to autophagosomes of the Ras-associated binding protein RAB7 and
their subsequent fusion with lysosomes. See text for details.
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3.2. Cell Metabolism and Bioenergetics

The first piece of evidence that WT-PS2 modulates mitochondrial metabolism was found in
2006, when lower mitochondrial respiration and decreased mitochondrial membrane potential (Δψm)
were observed in PSEN2−/−, but not in PSEN1−/− MEFs [89]. Later, similar results were obtained
by Contino and co-investigators [90], who found reduced basal and maximal mitochondrial oxygen
consumption in PSEN2−/− and PS double KO MEFs (but not in PSEN1−/− MEFs), associated with an
altered morphology of the mitochondrial cristae and a dampened expression of different subunits
of the mitochondrial respiratory chain. Interestingly, in both studies, the ATP/ADP ratio was not
significantly altered by PSEN2 ablation, likely because of a compensatory upregulation of the glycolytic
flux [90]. Recently, we obtained data suggesting that, in primary cortical neurons from PS2−/− mice
(see Box 1), reduced mitochondrial respiration is associated with a defective mitochondrial Ca2+ signal
(Rossi et al., in preparation). This finding suggests that the Ca2+-mediated modulation of mitochondrial
metabolism has a key role in the effects reported above [91].

It is well established that mitochondrial activity is critical for brain health—not only is the majority
of neuronal ATP synthesized by mitochondria, but also the rate of ATP synthesis matches synaptic
activity [92]. Therefore, the effects of FAD-PS on mitochondria metabolism might be relevant to
FAD pathogenesis.

Alterations of mitochondrial activity have been reported in different AD models, mostly in Tg
mouse models harboring FAD-PS1 and FAD-APP mutations. However, consensus has not been reached
on the underlying molecular mechanisms. Indeed, either defective assembly/expression/activity of
different subunits of the mitochondrial respiratory chain [93], altered mitochondrial Ca2+ signals [94,95],
or organelle positioning/transport [96] have been suggested to contribute to the observed alterations.
In contrast, only a few studies have focused on FAD-PS2 mutants. In primary cortical neurons from 2TG
mice (see Box 1), we observed a reduced mitochondrial respiratory capacity [97]. This defect is not due
to any intrinsic alteration of the respiratory chain, but rather depends on an impaired glycolytic flux,
in turn affecting nutrient supply to mitochondria and thus organelle metabolism. However, considering
that 2TG mice also express the FAD-APP mutant, it is not clear to what extent FAD-PS2 contributes
to this phenotype. Recently, however, in different FAD-PS2-expressing cells, we observed a lower
mitochondrial activity associated with a reduced ATP synthesis [98]. Mechanistically, these alterations
depend in part on reduced mitochondrial Ca2+ signalling (due to partial depletion of ER Ca2+ content;
see above), and in part on defective mitochondrial pyruvate uptake, caused by alterations in a
signalling pathway driven by hyperactive GSK3β [98] (Figure 2), a feature commonly reported in
AD [99]. Importantly, when compared to WT, in primary cortical neurons from TG mice (see Box 1),
basal ATP levels are not significantly affected, whereas a faster ATP decrease is observed in cells exposed
to ATP-consuming stimuli. In addition, we found that these metabolic alterations are associated
with an increased susceptibility of FAD-PS2-N141I neurons to excitotoxicity induced by glutamate at
physiological concentrations [98]. Overall, these results suggest that subtle mitochondrial alterations
may be tolerated for a long time until specific stress conditions, imposing a high energy-demand,
unveil their pathological potential. This might be relevant in neurological disorders characterized by a
late onset, such as AD.

3.3. Brain Network Activity

Ca2+ dysregulation and altered APP processing, the two major hits linked to PS2-N141I expression,
could affect neural circuit dynamics during the progression of amyloidosis. By studying brain oscillatory
activity of adult 2TG mice under anesthesia, we observed that these mice develop a condition
of hippocampal hyperactivity, with increased power in the gamma frequency range (45–90 Hz),
as measured by spontaneous local field potential (LFP) signals. Curiously, age-matched TG mice also
show a similar increase in the gamma power [100]. This hyperactivity is thus independent of Aβ

production given that TG mice, unlike the 2TG animals, show neither plaque deposition nor gliosis,
and Aβ42 levels are not significantly different from those found in WT mice [100]. This also suggests
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that, in 2TG mice, network hyperactivity is not due to compensatory, protective mechanisms and likely
exerts a pathogenic role in the disease [78]. Of note, in humans, mild cognitive impairment (MCI) is
marked by hyperactivity in the hippocampus, as well as in other cortical regions, that disappears with
overt AD [101]. 2TG mice also present hyper-synchronicity, which is detectable as early as 3 months of
age [100]. This aspect is likely attributable to the early phase of Aβ accumulation and represents a
common feature in AD, often in the form of silent seizures, especially in FAD cases that show a higher
incidence of epilepsy [102–104].

Studies on the brain electrical activity of both AD patients and mouse models have recently been
focused on slow oscillations, which are directly involved in memory consolidation during sleep and
unconsciousness [105]. By detecting mesoscale Ca2+ signals at the mouse brain level, Busche and
coworkers elegantly demonstrated that functional connectivity in the slow-wave range (0.1–3 Hz) is
severely reduced in the neocortex, thalamus, and hippocampus of different AD mouse models, also on
the basis of PS1 [106]. Interestingly, slow-wave manipulation restores the functionality of brain circuits,
rescues neuronal Ca2+ [107], and enhances memory consolidation in both types of mice [106,107].

Given that PS2-N141I alters neuronal and astrocytic Ca2+ homeostasis, it might also disturb
hippocampal and cortical oscillatory activity in the slow-wave range. In mice under anesthesia,
the oscillatory activity of different brain depths can be measured by simultaneously recording LFP
signals with a multi-site linear probe. We used this approach to study brain rhythmicity at the cortical
and hippocampal levels. In both TG and 2TG mice, the total power, which mostly reflects spontaneous
activity in the low frequency range (0.1–5 Hz), is reduced, particularly at the hippocampal level,
suggesting that the PS2 mutant by itself alters the brain electrical activity [108].

Another interesting feature shared by both TG and 2TG mice is the disruption of cortico-hippocampal
oscillation coupling (Figure 2, [108]). The phenomenon, also known as phase-amplitude coupling (PAC),
occurs when the phase of slower rhythms influences the amplitude of faster ones, and it has been found
to be involved in memory consolidation and information transfer [105,109].

Unique features of 2TG mice help to mark the progression of Aβ accumulation and deposition—loss
of functional connectivity in the slow-wave range marks the onset of Aβ accumulation, similarly
to what reported in PS1-based AD mice [106], whereas low/high power imbalances characterize Aβ

deposition in plaque-seeding mice [108]. Since Aβ42 oligomers are associated with Ca2+ homeostasis
dysregulation [110–113], it is tempting to speculate that, in 2TG mice, Ca2+ handling alterations, due to
PS2-N141I, sum up or synergize with defects linked to Aβ accumulation.

4. Concluding Remarks and Possible Therapeutic Targets

At the brain circuit level, the FAD-linked PS2-N141I mutant increases excitability [54,100]
and disrupts the coupling of cortical slow-waves to hippocampal fast gamma frequencies [108].
Altogether, these findings are consistent with the high frequency of seizures and behavioral changes
found in both FAD-PS2-N141I patients [1] and other mouse models expressing PS2-N141I [114,115].
From an pathogenic point of view, major alterations are expected in subpopulations of fast spiking
interneurons that control the excitability of neuronal microcircuits, as reported in AD mouse
models [103,116–118]. These highly active cells are likely more susceptible to the metabolic failure
brought about by the aforementioned defective mitochondrial function [97,98]. One should also
consider that, in these mouse models, only the PS2 mutant is expressed in both neurons and glial
cells. In particular, astrocytes are good candidates to explain circuit dysfunctions given that, through
spontaneous Ca2+ oscillations and intercellular Ca2+ waves, they can control the excitability of large
neuronal networks [119,120], as well as modulate neighboring neurons by glio-transmission [121,122].
Furthermore, Ca2+ dysregulation and metabolic impairment in a cell type can also affect the closest
cells, thus necessitating their investigation at the in situ and in vivo level.

It can be speculated that defects in metabolic and autophagic pathways, directly dependent
on Ca2+ dysregulation (see above), are responsible for the described network hyperexcitability and
excitation/inhibition imbalances, which has also been reported in other AD models [77,103,123].
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As for Ca2+ dysregulation, a common denominator between FAD-PS1 and -PS2 mutations is
SOCE. Nevertheless, up until now, only a few studies have addressed the role of this Ca2+ pathway in
neurons, mainly because of technical problems, i.e., the difficulty of distinguishing between activation
of SOCE and voltage-operated Ca2+ channels (VOCCs) [124,125]. Recently, STIM2 and ORAI2, two key
players in SOCE machinery, have emerged as key components of neuronal SOCE, being implicated
in SOCE impairment in mushroom spines of hippocampal neurons from FAD-PS1-M146V knock-in
mice [126–128]. Although the role of SOCE in neurons is still unclear, it is important to stress that,
in excitable cells, STIM and ORAI components might also play non-canonical roles—STIM1 binds
to L-type VOCCs, inhibits their gating, and induces channel internalization [129,130] while ORAI1
increases neuronal excitability [131,132]. At variance with neuronal cells, it is now largely accepted
that SOCE is crucial for the Ca2+-based excitability that characterizes glial cells both in vitro [133,134]
and in vivo [135]. Nonetheless, studies that specifically address the role of FAD-PS2 in glial SOCE
modulation are still lacking. Considering also the complexity of microglia involvement in the onset
and progression of AD [113,136], it is conceivable that these cells might also be primarily affected in
the SOCE pathway, given that PS2 is the major core component of γ-secretase complexes expressed in
this cell type [137].

We have recently shown that there is an inverse relationship between SOCE level and Aβ42
accumulation [138], consistent with data obtained in neurons [70] and other model cells [139].
These observations suggest the possibility of rescuing the SOCE defect in neural cells while antagonizing
Aβ42 production. It has been demonstrated that, in mouse lymphocytes, SOCE is increased by
knockout of ORAI2, a channel subunit and a negative modulator of SOCE that is responsible for the
Ca2+ release-activated Ca2+ current [140]. In Aβ42-secreting neuroglioma cells, ORAI2 downregulation
also increases SOCE and reduces the Aβ42/Aβ40 ratio [138] (Figure 2). Of note, astrocytes actively
participate in Aβ production and clearance [141]. We do not know yet whether ORAI2 can play a
similar role in neurons; up until now, it looks unlikely, given that recent data by Betzprozvanny’s group
favor the hypothesis that ORAI2 is a component of a specific type of neuronal SOCE that is based
on transient receptor potential canonical 6 (TRPC6) channel and regulated by diacylglycerol [127].
What is clear is that investigating Ca2+ dysregulation in AD allows the design of alternative therapeutic
approaches to this devastating disease.

Additional therapeutic approaches could be suggested on the basis of altered bioenergetic and
autophagy pathways. Impaired mitochondria, unable to supply cellular ATP demand, cause alterations in
neuronal excitability, eventually leading to Ca2+ overload and cell death [142]. Moreover, the accumulation
of damaged mitochondria (and misfolded proteins), due to defective autophagy, further contributes to
dysfunctional neurons, causing, over the long term, neurodegeneration. Indeed, mitochondrial alterations,
and in particular defects in bioenergetic pathways, have been widely reported to be key factors not only
in AD but also in other neurodegenerative diseases [142,143]. Importantly, bioenergetic alterations are
reported in different SAD and FAD samples, appearing at the early stage of the disease, before Aβ plaque
formation [144].

The bioenergetic state of neurons is a crucial determinant of their response to glutamate, with cells
containing defective mitochondria undergoing bioenergetic crises, Ca2+mishandling, and excitotoxicity.
The Food and Drug Administration (FDA)-approved molecule memantine targets glutamate receptors
and is among the few pharmacological treatments that provide modest benefits in AD patients,
in addition to cholinesterase inhibitors [145]. Targeting Ca2+ defects, at multiple levels, was suggested as
a possible therapeutic strategy, especially in the form of drug repurposing. Among the best candidates,
there are dantrolene, a RyR modulator [146], and isradipine, a VOCC inhibitor, as reviewed by
Chakraborty and Stutzmann [147]. Attention has to be payed to the fact that dihydropyridines, especially
nimodipine, also increase Aβ42 secretion [148]. None of these drugs are in the pipeline yet, and thus
additional interventions aiming at supporting other pathways, such as mitochondrial performance,
are desirable. In line with this, we showed that GSK3β inhibition rescues the FAD-PS2-linked
bioenergetic defect [98]. Interestingly, both PS and Aβ oligomers have been reported to interact with
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the kinase, favoring its activity [99]. Considering the fact that GSK3β activity has been observed at
MAM [149], where PSs are also enriched and Aβ peptides are generated [63,65,66], a MAM-targeted
intervention might represent a useful therapeutic strategy [98].

Finally, the impairment in mitochondrial bioenergetics described in AD models is likely linked
to a metabolic rewiring, possibly resulting in systemic alterations in the concentration of specific
metabolites. Thus, the detailed metabolic profiling of AD patient-derived peripheral samples (blood
and cerebrospinal fluid) might offer the possibility to discover new biomarkers that are helpful for
early AD diagnosis, as has been previously suggested [150,151].

5. Box 1: AD Mouse Models Based on PS2

Several mouse models have been developed to understand the pathogenesis of AD, however,
none of them are capable of reproducing the full spectrum of the human disease. The large majority
of the most used AD models are double-Tg mice based on human FAD-APP and -PS1 mutations,
both required to obtain fast amyloid accumulation, plaque deposition, and gliosis between 2 and
8 months of age. These Tg mice are widely considered to be adequate models of Aβ amyloidosis
and its inflammatory process; they allow us to study the initial stages of the disease, according to the
vision that places Aβ toxicity among the first hits in the AD cascade [6,152,153]. Nonetheless, the latter
appears necessary but not sufficient in terms of causing neurodegeneration, with other concomitant
and downstream factors playing a key role [7]. Neurodegeneration, linked to tau aggregation,
is in fact mainly present in 3xTg-AD mice, which host three human mutant genes encoding PS1,
APP, and tau [154].

Curiously, only the PS2-N141I mutation has been used to generate AD mouse models based
on PSEN2. In terms of the latter, we used two homozygous lines: the double Tg (2TG) B6.152H,
also known as B6.PS2APP, and the single Tg (TG) PS2.30H [76]. The latter line expresses the human
PS2-N141I under the prion protein promoter, with background C57Bl/6 > 90% [155]. The B6.152H
line was instead obtained by co-injection of human PSEN2, carrying the N141I mutation—under the
mouse prion protein promoter—and the human APP isoform 751, carrying the APP-KM670/671NL
Swedish mutation—under the Thy1.2 promoter—into zygotes of the C57Bl/6 strain (background
C57Bl/6 100%) [76].

The PS2.30H line was originally used to obtain hemizygous PS2APP mice by crossing PS2.30H
females with APP-Swedish males of the BD.AD147.71H line, with background C57Bl/6 > 90% [155].
Up to 12 months of age, TG mice show neither plaques nor Aβ accumulation in the brain [100].
The histopathological traits of PS2APP and B6.PS2APP are very similar, showing an exponential growth
of Aβ accumulation and plaques at 3 and 6 months of age, respectively [76,155]. Plaque deposition
starts in the frontal cortex, subiculum, and hippocampus; increases for up to 12–16 months of age;
and correlates with the level of human APP transcript [76,155]. Behavioral deficits have only been
characterized thoroughly in PS2APP mice, with spatial learning (Morris water maze) and memory
defects appearing at 8 months [155]. Biochemical and functional differences between the two closely
related models are also present [156,157]. In our studies, TG and 2TG mice are maintained and used
in homozygosity, a condition that allows for the reduction of the variability of APP expression [76].
The two lines express PS2 at a similar level, about twice that found in C57Bl/6 WT mice, used as
controls [54].

B6.152H mice have also been used in hemizygosity (B6.152) to study different aspects of the
AD phenotype [158], or to generate TauPS2APP triple Tg mice, upon crossing the B6.152H line
with the Tau-overexpressing pR5 line [159,160] that expresses the human tau-40 isoform under the
Thy1.2 promoter [161]. Of note, a PS2-/- mouse line has been obtained by neomycin insertion in the
C57Bl/6 × 129Sv genetic background [162,163]. This line does not show alterations of the endogenous
APP processing and it is useful in terms of studying the physiological role of PS2 and possible
loss-of-function defects associated with PS2-N141I expression [100,108]. It was also used to produce
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PSEN conditional double KO mice and study neurodegeneration and memory impairments due to PS
deficiency [164].

Other AD mouse models, based on PS2-N141I, have been generated under different promoters and
genetic backgrounds. Comparison of their histopathological, functional, and behavioral properties is
beyond the scope of this review. The latest generation of AD mouse models avoids the overexpression
of FAD mutations and is focused on risk genes, such as Triggering receptor expressed on myeloid cells
2 (TREM2) [165] and Apolipoprotein E4 (APOE4) [166]. More than 200 AD mouse models are now
available; detailed information about these AD animal models is available at the Alzforum website
(https://www.alzforum.org/). It is also necessary to mention that doubts have recently been raised
on the use of Tg mice to study human AD, given that, at variance with the trascriptomic profiles of
physiological human and rodent brain aging, which appear very similar, those of AD brains are largely
different between humans and rodents, and even between different Tg AD mouse lines [167].
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Abstract: Alzheimer’s disease and cerebral ischemia are among the many causative neurodegenerative
diseases that lead to disabilities in the middle-aged and elderly population. There are no effective
disease-preventing therapies for these pathologies. Recent in vitro and in vivo studies have revealed
the TRPC6 channel to be a promising molecular target for the development of neuroprotective
agents. TRPC6 channel is a non-selective cation plasma membrane channel that is permeable to
Ca2+. Its Ca2+-dependent pharmacological effect is associated with the stabilization and protection
of excitatory synapses. Downregulation as well as upregulation of TRPC6 channel functions have
been observed in Alzheimer’s disease and brain ischemia models. Thus, in order to protect neurons
from Alzheimer’s disease and cerebral ischemia, proper TRPC6 channels modulators have to be
used. TRPC6 channels modulators are an emerging research field. New chemical structures
modulating the activity of TRPC6 channels are being currently discovered. The recent publication
of the cryo-EM structure of TRPC6 channels should speed up the discovery process even more.
This review summarizes the currently available information about potential drug candidates that
may be used as basic structures to develop selective, highly potent TRPC6 channel modulators to
treat neurodegenerative disorders, such as Alzheimer’s disease and cerebral ischemia.

Keywords: TRPC6; Alzheimer’s disease; cerebral ischemia; pharmaceutical agents

1. Introduction

Due to increased life expectancies, neurodegenerative diseases (NDD), such as Alzheimer’s
disease (AD), dementia, and cerebrovascular diseases, are considered by WHO the main cause of
disability in the coming decades. Currently, there are no effective disease-modifying or preventing
therapies for those NDDs.

AD is caused by the progressive loss of neurons in brain structures that are responsible for memory
acquisition and preservation, such as the hippocampus and cortical areas. The exact mechanism
that causes neurons to die is not known. Among the most studied toxic changes of proteins that
cause neuronal degeneration in AD are extracellular amyloid-beta (Aβ) aggregates and intracellular
hyperphosphorylated tau (p-tau) that forms neurofibrillary tangles. Recently, disruption of immune
system signaling in glial cells has started to receive growing attention due to the appearance of
genome-wide association study (GWAS) data for late-onset AD patients [1].

Cells 2020, 9, 2351; doi:10.3390/cells9112351 www.mdpi.com/journal/cells95



Cells 2020, 9, 2351

Brain ischemia is a cerebrovascular disease that is caused by a restriction in blood supply, leading to
oxygen deprivation and the rapid death of neurons. Several mechanisms, including excitotoxicity,
ionic imbalance, oxidative and nitrosative stress, and apoptosis, have been implicated in ischemic
neuronal death [2,3]. Acute brain ischemia can be treated successfully in modern healthcare settings,
although treatment success depends on how quickly the patient receives medical care as well as the
brain volume affected. However, there are currently no effective treatment options for chronic brain
ischemia, which is usually caused by cerebral atherosclerosis.

Although the pathophysiological mechanisms causing AD and cerebral ischemia may differ,
cerebral ischemia serves as a risk factor for AD development [4], and vice versa [5,6], indicating that a
common intracellular mechanism may be disrupted in these two distinct pathologies. Such a common
mechanism may be associated with Ca2+ dyshomeostasis. The N-methyl-D-aspartate (NMDA) receptor,
an important excitatory neurotransmitter receptor, has been reported as the key player in the Ca2+

signaling in AD [7] and cerebral ischemia [8]. However, the NMDA receptor blocker memantine only
relieves the symptoms temporarily in the early to moderate stage of AD patients [9,10]. Moreover,
blocking NMDA receptors to prevent ischemic neuronal damage in clinical trials has caused severe
adverse effects [11,12]. Although multiple factors might have contributed to the unsuccessful clinical
trials, it is possible that the disruption of neuroprotective pathways, which precedes NMDA receptors
hyperactivation, could be responsible for either AD and/or ischemic brain damage.

One of such neuroprotective pathways is the transient receptor potential cation channel,
subfamily C, member 6 (TRPC6)-dependent regulation of excitatory synapse formation.
TRPC6 overexpression has been shown to increase dendritic spine density [13] and rescue mushroom
spine loss in mouse AD models [14], as well as protect neurons from ischemic brain damage [15,16].
TRPC6 upregulates the cAMP-response element-binding protein (CREB) pathway that is important
for dendritic growth [17] and promotes synapse and dendritic spine formation, spatial memory,
and learning [13]. In addition, TRPC6 also acts as a negative regulator that suppresses NMDA-induced
Ca2+ influx in hippocampal neurons [15], which may protect neurons from excitotoxicity in the
first stages of the disease. TRPC6 overexpression has been observed in breast cancer cells [18].
Overactivation of TRPC6 is toxic to immune cells (reviewed here [19]). Gain-of-function mutations
of TRPC6 have been associated with familial forms of focal segmental glomerular sclerosis [20].
The mentioned studies indicate that despite the positive effect of TRPC6 activation in the brain,
excessive TRPC6 activation has toxic effects on other cellular systems in the body.

Current prevalent evidence suggests that the TRPC6 channel function is downregulated in
AD and cerebral ischemia [14,21–23]. However, there are reports in the literature that observe
TRPC6 overactivation in AD [24] and cerebral ischemia models [25,26]. Existing contradictions
on TRPC6 channel function in AD and ischemia indicate that these NDDs might be heterogenic,
meaning that in one group of patients, the disease leads to hypofunction of the TRPC6 channel; however,
there is another group (most likely smaller than the first one) where TRPC6 is hyperactivated. Thus,
in order to preserve brain function, TRPC6 activity has to be in its physiological state, and deviations
towards hypoactivity as well as hyperactivity are toxic to the cells. In terms of patient treatment,
a careful investigation of the dysfunction of the TRPC6-dependent molecular pathway has to be
performed in order to develop appropriate pharmacological treatments for said pathologies.

This review is devoted to the description of the role of TRPC6 channels in AD and brain ischemia
with a particular focus on the dysfunction of them as Ca2+-dependent channels. Potential drug
candidates that have shown their therapeutic effects in different cellular and animal models are
discussed. When available, the pros and cons of each particular TRPC6 channel modulator are
mentioned. TRPC6 is also involved in certain Ca2+-independent processes, such as amyloid precursor
protein (APP) interaction [27]. However, in order to keep the review focused, this Ca2+-independent
process observed in AD and brain ischemia pathogenesis is omitted.
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2. TRPC Channels and Their Regulation in Cells

Transient receptor potential (TRP) cation channels form a large family of multifunctional
cell sensors. There are 29 TRP channels that can be described and divided into six subfamilies
based on sequence homology: seven canonical channels (TRPC), six vanilloid channels (TRPV),
eight melastatin-related channels (TRPM), three polycystic channels (TRPP), three mucolipins (TPRML),
and one ankyrin channel (TRPA) [28].

TRPCs participate in different physiological processes in the development of the nervous
system [29]. TRPC subfamily consists of seven members: TRPC1, TRPC2, TRPC3, TRPC4, TRPC5,
TRPC6, and TRPC7. TRPC2 is a pseudogene in a number of vertebrates, including humans [30].

Analysis of the expression of different types of TRPC channels in situ using the Allen Brain
Atlas and of gene expression in different regions of the mouse brain has demonstrated that TRPC6 is
highly expressed in the hippocampus [14]. Western blot analysis of the rat hippocampus has shown
that TRPC6 levels are enhanced in postsynaptic structures compared with synaptosomes. Moreover,
electron microscopy has shown that TRPC6 is mostly located in the postsynaptic sites [13].

TRPs are cloned and identified, assuming that they are calcium-selective and activated by the
emptying of internal Ca2+ stores (store-operated channels (SOC)) [31]. After their initial functional
characterization, it has turned out that both assumptions do not hold true, especially for TRPCs [31].
These ion channels only show a moderate Ca2+ selectivity (PCa/PNa from ~0.5 to 9), and the
TRPC3/6/7 subfamily of TRPC channels can be activated by the second messenger diacylglycerol (DAG)
produced by receptor-activated phospholipase C (PLC) without any involvement of internal stores
(receptor-operated channels (ROC)) [32].

Store-operated Ca2+ entry (SOCE) via TRPCs happens when 1,4,5-trisphosphate (IP3) or some
other intracellular mechanism empties Ca2+ stored in the endoplasmic reticulum (ER). The fall in
the ER Ca2+ concentration signals to the plasma membrane to open store-operated channels [33].
The major breakthrough in the understanding of SOCE physiology happened when Ca2+-sensing
stromal interaction molecule (STIM) ER proteins and plasma membrane (PM) Orai 1-3 channels have
been described [34–37]. STIM1 and 2 proteins reside in the ER and monitor ER Ca2+ concentration
with their EF-hand motif. When the ER Ca2+ concentration drops, Ca2+ dissociates from EF-hand,
thus allowing STIM proteins to oligomerize and move to ER-PM tight junctions where they interact
with PM Orai and TRP channels in order to facilitate Ca2+ flow.

3. Role of TRPC6 in the Formation of Excitatory Synapses

TRPC6 plays a certain physiological role in the formation of excitatory synapses. Particularly,
TRPC6 overexpression increases dendritic spine density [13] and attenuates mushroom spine loss
in presenilin 1 knock-in (PS1-KI) and amyloid precursor protein knock in (APP-KI) hippocampal
neurons to the level of wild type neurons [14]. At the same time, overexpression of TRPC1, TRPC3-5,
and TRPC7 does not affect spine morphology [14]. Meanwhile, the downregulation of TRPC6 expression
leads to spine density reduction, lowers the frequency of spontaneous miniature excitatory postsynaptic
currents (mEPSCs) [13], decreases the expression of postsynaptic density protein 95 (PSD95), and inhibits
phosphorylation of calcium-calmodulin-dependent protein kinase II (pCaMKII) [14].

Activation of TRPC6 can promote spine formation via the STIM2-neuronal SOCE-CaMKII pathway.
The expression level of STIM2 is downregulated in hippocampal neurons from PS1-M146V-KI [38] and
APP-KI [14] mice as well as in a cellular model of amyloid synaptotoxicity [39]. The STIM2 reduction
may be a compensatory response to ER Ca2+ overload in these models and may lead to the loss of
mushroom spines in PS1-M146V-KI and APP-KI hippocampal neurons. TRPC6 and Orai2 channels are
suggested to be the key components of neuronal SOCE in hippocampal cells [14]. It is hypothesized
that the downstream molecule for TRPC6-mediated SOCE in hippocampal neurons is CaMKII since
upregulation of neuronal SOCE activity recovers phosphorylation of CaMKII, restores the number of
mushroom spines in hippocampal neurons in mouse models of AD [38,39], and induces long-term
potentiation in PS1-KI, APP-KI, and 5xFAD hippocampal slices [14,21].
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Alternative TRPC6-downstream signaling pathways are the Ca2+/calmodulin-dependent kinase
IV (CaMKIV) pathway and the cAMP-response element-binding protein (CREB) pathway, which is
important for dendritic growth in hippocampal neurons [17]; another study has shown that
the CaMKIV-CREB pathway is important in promoting synapse and dendritic spine formation,
spatial memory, and learning [13]. TRPC6 also acts as a negative regulator that suppresses
NMDA-induced Ca2+ influx in hippocampal neurons [15]. In addition, NMDAR has been shown
to regulate transcription and degradation of TRPC6 in neurons in a bidirectional manner through
NMDAR subunit 2A (NR2A) or NR2B activation [40].

4. Hypo- and Hyperactivation of TRPC6 Channels in Different Pathogenetic Forms of AD

There is evidence that different genetically inherited familial forms of AD (fAD) can cause
TRPC6 dysfunction [14,21,24]. Both hypo- [14,21,22] and hyperactivation [24] of TRPC6 channels have
been reported for different fAD-associated mutations in APP and PS genes.

fAD-associated PS2-N141I, M239V mutations cause downregulation of TRPC6-mediated Ca2+

entry in transiently transfected HEK cells. Lessard et al. suggested that TRPC6 downregulation by
PS2-N141I, M239V does not depend on ER Ca2+ content but rather involves the interaction of PS2 with
an intermediate protein of unknown origin [22]. Later on, contradictory results were obtained on ER
Ca2+ content in PS2-N141I expressing cells [41,42]. In double knockout fibroblasts, PS2-N141I increases
ER Ca2+ content [41] but lowers it in Hela cells [42]. According to the classical understanding of the
SOCE physiology, overloaded ER Ca2+ stores downregulate SOCE [33]; thus, the data provided by
Tu et al. [41] seem to be more relevant.

PS1-M146V is an fAD-associated mutation that has been reported to downregulate
TRPC6-dependent Ca2+ entry in hippocampal neurons in store-operated mode [14]. PS1-M146V
has been shown to increase ER Ca2+ content in mouse embryonic fibroblasts (MEFs) [41] and in
neurons [43]. It has been demonstrated in previous studies [38,44] that ER Ca2+ stores are overloaded
in neurons from AD mouse models. Furthermore, it has been discovered that overloaded ER Ca2+

stores cause compensatory downregulation of TRPC6 channels in PS1-M146V neurons [14]. A similar
impact on TRPC6 function has been reported for fAD-associated mutations in APP (KM670/671NL
and I716F) [14] as well as for Aβ toxicity in a cell culture model of AD [21]. There are fAD mutations
in PSEN1 (PSEN1M146L, PSEN1S170F, PSEN1I213F, PSEN1E318G, PSEN1P117R, PSEN1L226F,
PSENA246E) [45,46] and PSEN2 (PSEN2M239I, PSEN2T122R) [42], which have been reported to
downregulate SOCE, although their role in the regulation of TRPC6 function has not been investigated
yet. TRPC6 activators have been shown to recover the percentage of mushroom spines in cell culture
models of fAD and induce long-term potentiation in hippocampal brain slices taken from AD mouse
models [14,21]. Based on these results, it is suggested that activators of TRPC6 may have a therapeutic
value for the treatment of fAD with TRPC6 hypofunction [14,47–49].

PS1-ΔE9 mutation has been reported to empty ER Ca2+ stores [41] and enhance SOCE [24,50].
There are other fAD mutations in PSEN1 (PSEN1D257A, PSEN1D385A), which have been reported to
enhance SOCE [51]; however, their role in the regulation of TRPC6 function has not been investigated
yet. Today, there is only one fAD-associated PS1-ΔE9 mutation that has been shown to upregulate the
TRPC6 function in store-operated mode [24]. A TRPC6 inhibitor has been shown to recover mushroom
spine percentage in a cell culture model of fAD [24]. Inhibitors of TRPC6 have been proposed to have
therapeutic effects in fAD with TRPC6 hyperfunction [24,49].

To conclude the section, in order to normalize TRPC6 function in neurons and preserve the
stability of excitatory synaptic contacts, suitable pharmacological agents have to be used for distinct
genetic forms of AD.

5. Cerebral Ischemia as a Risk Factor for AD Development

Recent experimental and clinical findings have demonstrated a high degree of correlation
between cerebral ischemia and AD [4,52,53]. While some studies have indicated that ischemic stroke
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significantly increases the risk of AD [4], others, in turn, have associated AD with a higher risk of
stroke [5,6]. Previous studies have suggested that almost 30% of AD subjects bear evidence of cerebral
infarction at autopsy [54,55]. A meta-analysis that comprises seven cohort studies and two nested
case-control studies has found that a history of stroke is associated with the development of AD [4].
Notably, several lines of evidence suggest that AD patients have a high risk of cerebral ischemia [5,6].
For example, among AD patients with no history of previous stroke, vascular dementia, or other
cerebral degenerative diseases, the incidence of ischemic stroke amounts to 37.8 per 1000 persons
(versus 23.2 in non-AD controls) [5]. In another register-based matched cohort study [6], patients with
Alzheimer’s dementia have a higher risk of hemorrhagic stroke, while there is no difference in ischemic
stroke incidence. When the results are analyzed within different age groups, the risk of ischemic stroke
is found to be increased among AD patients younger than 80 years [6].

6. Role of TRPC6 in the Development of Ischemia

Ca2+ overload is one of the main molecular mechanisms involved in ischemic cell damage and
death [56]. TRPC6, along with a few other prominent members of the family, has recently gained
considerable attention as a promising target for the prevention of Ca2+ overload [23]. Dysregulation of
TRPC6 activity has been implicated in ischemic stroke [23,57], as well as retinal ischemia [58], and renal
hypoxia following cerebral ischemia [59].

On the one hand, upregulation and maintenance of TRPC6 activity prevent NMDAR
hyperactivation and the subsequent Ca2+ influx, development of excitotoxicity, and neuronal
death. In supporting this notion, both direct activation by 1-oleoyl-2-acetyl-sn-glycerol (a synthetic
analog of diacylglycerol, the main endogenous TRPC6 agonist) and overexpression of TRPC6 inhibit
NMDA-induced currents in cultured hippocampal neurons [15], and TRPC overexpression attenuates
excitotoxic damage in hippocampal and cortical neurons [16]. Trpc6-transgenic mice with an elevated
basal level of TRPC6 expression are less susceptible to cerebral ischemia than their wild-type littermates
and have lower mortality rates, reduced infarct volumes, and better neurological outcomes after middle
cerebral artery occlusion (MCAO) [16]. Recent studies have shown that TRPC6-mediated signaling
promotes neuronal survival [60], the brain-derived neurotrophic factor-mediated axonal growth
cone guidance [61], dendritic outgrowth and branching [17], and excitatory synapse formation [13].
In addition, positive modulation of TRPC6 activity allows for the sustained activation of the
CREB/CaMK-IV and Ras/MEK/ERK pathways, which is vital for neuronal development, survival,
and proper functioning [23]. Blocking CREB signaling hinders post-stroke recovery [62], and CaMK-IV
inhibition impairs blood–brain barrier integrity and exacerbates ischemic injury [63]. In turn,
elevated CREB and CaMK-IV activity is associated with improved post-stroke outcomes in a number
of animal studies [62–66].

On the other hand, some experimental data suggest that the upregulation of TRPC6 activity
increases intracellular Ca2+ concentrations concomitantly with NMDAR activation, further exacerbating
excitotoxic damage to neurons [16]. Oxygen-glucose deprivation in cultured cortical neurons
and MCAO in wild-type mice are associated with elevated TRPC6 expression and activity,
while TRPC6 deletion attenuates glutamate- and NMDA-induced cytotoxicity and reduced infarct
volumes [25]. Knockdown of TRPC3, 6, and 7 prevents apoptosis in cultured astrocytes and ameliorates
ischemic brain injury in mice [26]. Moreover, prevention of TRPC6 hyperactivation results in increased
neuronal viability, reduced infarct volumes and brain edema, and improved functional recovery
following acute ischemic stroke in rats [67–69] and crab-eating macaques [67]. Other TRPC6 inhibitors
have also been reported to exert beneficial effects in experimental models to some extent relevant to
ischemic brain injury (e.g., acute renal ischemia/reperfusion injury) [70–74].

Existing controversies regarding the TRPC6 function in the development of brain ischemia might
be due to different experimental settings (i.e., rodent model, sex, age, the method used to model
ischemia). However, similarly to AD, brain ischemia seems to be heterogenic, meaning that one group
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of patients has TRPC6 hypofunction, and another one has TRPC6 hyperfunction. This indicates the
need to develop pathology-dependent strategies to treat different NDD patients.

7. Available Drug Candidates to Modulate TRPC6 Activity

To date, two strategies have been proposed for the pharmacological modulation of TRPC6 activity
for the treatment of Alzheimer’s disease and cerebral ischemia: (1) TRPC6 activation to allow Ca2+

influx via neuronal SOCE and sustain the stability of postsynaptic contacts (for AD) and to attenuate
NMDAR activity and prevent calcium-dependent excitotoxicity [15,16] (for ischemia); (2) inhibition
of TRPC6 in order to prevent calcium overload and the subsequent cell damage [23,64] (for AD
and ischemia). Although apparently mutually exclusive, both of these strategies are aimed to keep
the intracellular Ca2+ concentration within the normal range, which requires limiting its entry via
transmembrane channels and/or release from intracellular stores [75]. Given the pivotal role of NMDAR
in excitotoxic neuronal damage, NMDAR blockers have been proposed as potential neuroprotective
agents, although most of them have failed to show substantial effectiveness in human patients so
far [76]. Due to that fact, TRPC6 has emerged as an alternative therapeutic target for AD and ischemic
stroke [23].

7.1. TRPC6 Activators

TRPC6 activation can be induced by several endogenous diacylglycerols (DAGs) [32],
lysophosphatidylcholines [75], and 20-hydroxyeicosatetraenoic acid, which is a metabolite of
arachidonic acid [77]. A number of DAG analogs, including 1,2-dioctanoyl-sn-glycerol, DAG-containing
arachidonic and docosahexaenoic acids [78,79], and the docosanoid neuroprotectin D1 [80], have also
been reported as TRPC6 agonists. This channel can also be activated by agents of synthetic
or natural origin that are structurally different from DAG. Direct TRPC6 agonists acting in
receptor-operated mode include synthetic compounds, such as flufenamic acid [81] and several
pyrazolopyrimidine [82] and piperazine [83] derivatives. The benzimidazole-based small molecule
agonist GSK1702934A, its azobenzene derivative OptoBI-1 [84], and the chromone-containing
compound C20 [85] are also thought to be direct (ROC) stimulators of TRPC6 activity.
In contrast, certain naturally occurring chemicals are known to potentiate TRPC6 effects in an
indirect manner. These include the stilbenoid resveratrol [66], the isoflavone calycosin [86],
and (−)-epigallocatechin-3-gallate, a catechin-type polyphenol [87]. Recently, a novel potent
ethanolamine derivative, bis-{2-[(2E)-4-hydroxy-4-oxobut-2-enoyloxy]-N,N-diethylethanaminium}
butandioate (FDES), has been demonstrated to exert neuroprotective effects due to selective
TRPC6 channel activation in store-operated mode [88,89]. The aminoquinazoline derivative, NSN21778,
was demonstrated by Zhang et al. to have a store-dependent mechanism of action where DAG is
required as a co-factor for TRPC6 activation [14]. The piperazine derivative, 51164, has been shown to
activate TRPC6 in store-operated mode requiring DAG as a co-factor [21].

7.1.1. Endogenous Ligands and Analogs

DAG

A compound containing both DAG and arachidonic acid fragments, 1-stearoyl-2-arachidonyl-
sn-glycerol (SAG), elicits a rapid Ca2+ flux into HEK293 cells, while 1-stearoyl-2-docosahexaenoyl-
sn-glycerol (SDG), which does not contain an arachidonic acid moiety, has significantly lower
potency [78]. 1-oleoyl-2-acetyl-sn-glycerol (OAG), a diacylglycerol analog and a TRPC3/6/7 channel
modulator, is found to cross the plasma membrane and intracellularly activate the channels [32,90].
OAG has been shown to activate Ca2+-permeable channels, displaying TRPC6-like properties in
cultured cortical neurons [91]. In addition, OAG has been demonstrated to increase field excitatory
postsynaptic potential (fEPSP) levels in a TRPC-dependent manner in hippocampal slices from
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wild-type mice [92], indicating that it might have neuroprotective effects. However, as far as we are
aware, those compounds have not yet been evaluated in in vivo models of AD and cerebral ischemia.

Lysophosphatidylcholine

Lysophosphatidylcholine (LPC) is produced from phosphatidylcholines via partial hydrolysis
generally catalyzed by phospholipase A2. Increased LPC production has been observed in various
disorders of the central nervous system, including stroke and AD [93], and is associated with acute
and chronic brain ischemia [94,95]. Results of a cohort study have suggested that LPC levels could
be used as a tool for ischemic stroke risk stratification in patients who have suffered a transitory
ischemic attack before [96]. LPC is shown to activate TRPC6 channels and promote Ca2+ flux into
endothelial cells, hampering their migration and preventing endothelial healing, thus contributing to
atherogenesis [97,98].

20-Hydroxy-5Z,8Z,11Z,14Z-Eicosatetraenoic Acid

20-hydroxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid (20-HETE) is the main eicosanoid metabolite of
arachidonic acid and a potent inflammatory vasoconstrictor. In HEK293 cells, 20-HETE (half maximal
effective concentration, EC50 of 0.8 μM) elicits a three-fold increase in TRPC6 activity (as indicated by
an increased inward, the non-selective current observed in whole-cell patch-clamp recordings) but
does not affect intracellular Ca2+ concentrations [77]. In isolated guinea pig airway smooth muscle
cells, it induces a dose-dependent inotropic effect via TRPC6 activation and the subsequent promotion
of Ca2+ entry [99]. Nevertheless, 20-HETE has been shown to have detrimental effects in ischemic and
traumatic brain injury, which might be explained by its vasoconstrictor properties, and has even been
proposed as a predictor of poor prognosis in stroke patients [100]. To our knowledge, 20-HETE has not
yet been tested in AD models, but it has been shown to activate TRPV1 channels in dorsal root ganglia
cultures [101].

10R,17R-Dihydroxydocosa-4Z,7Z,11E,13E,15Z,19Z-Hexaenoic Acid

10R,17R-dihydroxydocosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid (Neuroprotectin D1, NPD1,
Table 1) is a docosahexaenoic acid ((4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenoic acid,
DHA)-derived endogenous anti-inflammatory mediator commonly found in fish oil [102]. NPD1,
among other neuroprotectins, is synthesized in ischemic brain tissue as a result of DHA enzymatic
lipoxygenation. In a rat model of ischemic stroke, NPD1 administration is associated with a significantly
elevated TRPC6 and CREB activity, while the inhibition of the MEK/ERK pathway results in a decrease
in NPD1 neuroprotective activity. Continuous intracerebroventricular administration of NPD1 over
10 min at 2 h after reperfusion sustains TRPC6/CREB activity, reduces infarct volumes, and promotes
functional recovery [80]. The role of NPD1 in TRPC6-mediated neuroprotection in AD has not been
described yet.
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7.1.2. Hyperforin and Other Phytochemicals

Hyperforin

((1R,5S,6R,7S)-4-hydroxy-6-methyl-1,3,7-tris(3-methylbut-2-en-1-yl)-6-(4-methylpent-3-en-1-yl)-5-
(2-methylpropanoyl)bicyclo[3.3.1]non-3-ene-2,9-dione) (Hyperforin, Table 1) is a phloroglucinol
derivative and a major active constituent of St. John’s wort (Hypericum perforatum L.). Hyperforin is a
potent inhibitor of TRPC6 proteolysis and a positive modulator of TRPC6/CREB activity, acting in a
manner similar to that of the brain-derived neurotrophic factor (BDNF) [110,127]. It is thought to
bind to TRPC6 due to structural similarities to DAG and has higher selectivity because of the relative
rigidity of the phloroglucinol pharmacophore moiety [128]. Neuroprotective and antidepressant-like
properties of hyperforin and hyperforin-containing H. perforatum preparations involve the modulation
of axonal growth, neurite growth and branching, dendritic spine formation, and the promotion
of neuronal plasticity [106,127]. As proposed by Singer et al., the increase in Na+ concentration
resulting from TRPC6 activation by hyperforin might inhibit serotonin reuptake via the serotonin/Na+

symporter, which, together with increased synaptic plasticity, could explain the antidepressant-like
activity of H. perforatum-based drugs [129]. Confirming this hypothesis, larixyl acetate, a selective
blocker of TRPC6, abolishes the antidepressant-like effects of hyperforin observed in mice in the tail
suspension test [130].

In an ex vivo experiment, hyperforin (0.3 μM) promotes mature stubby spine formation
and decreases the proportion of immature thin spine formation in rat hippocampal pyramidal
neurons but does not affect mushroom spine density and morphology. Proper TRPC6 expression
level and the presence of a fully functional TRPC6 channel are required for hyperforin to exert
its effects, which suggests the key role of TRPC6 activation in its mechanism of action [106].
Using different rodent models of ischemic stroke, hyperforin has been shown to promote post-stroke
neuro- and angiogenesis [103,109], inhibit microglial activation [108], attenuate brain edema [104],
stimulate hippocampal neurogenesis, ameliorate post-stroke depression and anxiety, and restore
memory function [107]. Chronic hyperforin treatment stimulates the expression of the tropomyosine
receptor kinase B (TrkB) BDNF receptors as well as of TRPC6 in murine cortical neurons but has no
effect on hippocampal neurogenesis [131]. When applied intracerebroventricularly to rats immediately
after MCAO, hyperforin preserves TRPC6 activity, reduces infarct volumes, promotes functional
recovery, and increases neurologic scores at 24 h after reperfusion [110].

There is a lot of evidence that hyperforin and its derivatives are highly selective towards
the TRPC6 channel and do not exert similar effects on its closest relative, the TRPC3
channel [106,127,128,132]. Several studies have shown that hyperforin activates TRPC6 and increases
its expression [106,133], leading to a decrease in the Aβ level and an improvement in cognitive
performance in AD models [92,105,111].

The neuroprotective effect of hyperforin has been demonstrated in several rodent models of
AD. In rats co-injected with amyloid fibrils and hyperforin in the hippocampus, hyperforin reduces
amyloid deposit formation and, therefore, decreases the Aβ-induced neurotoxicity, reactive oxidative
species formation, and attenuated behavioral impairments [105]. A more stable hyperforin derivative,
tetrahydrohyperforin, also prevents the cognitive decline and synaptic impairment in double transgenic
APPswe/PSEN1ΔE9 mice in a dose-dependent manner. It has been shown that the neuroprotective
mechanism of tetrahydrohyperforin is associated with a reduced rate of proteolytic processing
of APP, decreased the total amount of fibrillar and oligomeric forms of Aβ, reduced level of tau
hyperphosphorylation, and attenuated astrogliosis [132]. Tetrahydrohyperforin has been shown to
specifically target TRPC6 [92].

Hyperforin is also thought to be responsible for the induction of the cytochrome P450 enzyme
CYP3A4 by binding to and activating the pregnane X receptor [134], indicating that it might have side
effects and undesirable drug-to-drug interactions. Moreover, hyperforin is difficult to synthetize [135],
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unstable when exposed to light, and irritant to the gastrointestinal tract [136]. Such side effects might
limit the use of hyperforin as a TRPC6 activator.

Resveratrol

Resveratrol (5-[(E)-2-(4-hydroxyphenyl)ethenyl]benzene-1,3-diol) (Table 1), which is found in
grapes, berries, peanuts, and other plants, is among the best-known natural compounds with
antioxidant and antihypoxic activity [66,137,138]. In the pioneering study of Wang et al. [116],
resveratrol is shown to be able to cross the blood–brain barrier (BBB) and exert neuroprotective
activity. Injected intraperitoneally either during or shortly after the induction of cerebral ischemia,
it largely prevents delayed neuronal cell death and glial cell activation in a gerbil model of transient
bilateral common carotid artery occlusion [116]. Based on the observed increase in TRPC6 and CREB
activity, which has been prevented by PD98059 or KN62, inhibitors of MEK and CAMKIV/ CaMKII,
respectively, it is suggested that resveratrol has exerted its effects via TRPC6 activation. Since its
administration has been accompanied by a marked decrease in calpain activity, resveratrol is classified
as an indirect positive modulator of TRPC6 activity [66]. When given to rats for 7 days before
MCAO, resveratrol significantly reduces infarct volumes and enhances neurological scores at 24 h after
reperfusion [66]. Low-dose oral resveratrol treatment for three consecutive days before and after an
ischemic stroke induced in rats by middle cerebral artery clipping alleviates brain damage caused by the
following recurrent stroke. Resveratrol normalizes BBB function and reduces cerebral edema without
affecting regional cerebral blood flow and systemic blood pressure [112]. Resveratrol preconditioning
(48 h before the induction of ischemia) effectively prevents neuronal cell loss in a mouse MCAO
model of stroke [113]. In a rat model of global cerebral ischemia induced by asphyxial cardiac
arrest, resveratrol (48 h before the induction of ischemia) is shown to protect the CA1 region of the
hippocampus similarly to ischemic preconditioning [115].

Resveratrol is actively used in AD research [139–141]. Neuroprotective effects of resveratrol have
been shown to be associated with the activation of silent mating type information regulation 2 homolog
1 (SIRT1) and vitagenes production [142]. In a phase II trial in AD patients, resveratrol is safe and
well-tolerated, but its effectiveness is contradictory [143,144].

Although generally considered as a non-toxic therapeutic agent, high doses of resveratrol inhibit
CYP3A4 activity in vitro [145] and in healthy volunteers [146], thus potentially inhibiting drug
metabolic clearance, increasing bioavailability and toxicity of drugs taken concomitantly [147].

7.1.3. Synthetic Compounds

Flufenamic Acid

Flufenamic (2-[[3-(trifluoromethyl)phenyl]amino]benzoic) (Table 1) acid (FFA) is a member of the
fenamate class of nonsteroidal anti-inflammatory drugs that have limited clinical applications due to
their toxicity. FFA has been found to selectively activate TRPC6, at the same time, inhibiting TRPC3,
4, 5, and 7 [81]. Direct activation of TRPC6 by FFA has been confirmed in a number of in vitro
studies [148], including those in glomerular podocytes [149] and ventricular cardiomyocytes [150].
Male (but not female) embryonic mice cortical neurons, which have been pre-treated with FFA 15 min
before oxygen-glucose deprivation, have shown significantly higher viability, although this effect is
not linked by the authors to TRPC6 activation [118]. Similar results are obtained in a recent in vitro
glutamate toxicity assay using isolated rat embryonic hippocampal neurons [119].

Multiple experimental evidences suggest that FFA is a broad spectrum ion channel modulator,
with a preference for non-selective cation channels and chloride channels (reviewed here [81]).
Its activity seems to be dose-dependent since FFA inhibits TRPC6 with a half maximal inhibitory
concentration (IC50) of 17.1 μM [151] but activates the same channel at 100 μM [148]. TRPM8 is
inhibited by 100 μM FFA but is slightly activated at higher concentrations [152]. A worse situation
is reported for big calcium-activated potassium channels (BKCa) modulation since FFA activates the
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channel below 10 μM, inhibits the channel between 10 to 50 μM, and then activates the channel above
50 μM [153]. Such opposing effects on the same channels and a huge number of other ion channels
that are modulated by FFA makes it an inappropriate drug for usage in humans.

Piperazines

Sawamura et al. discovered a group of piperazine-based potent TRPC3/6/7 agonists
functioning in receptor-operated mode with varying selectivity for different channel subtypes [83].
Among that group, 2-[4-(2,3-dimethylphenyl)piperazin-1-yl]-N-(2-ethoxyphenyl)acetamide (PPZ2,
Table 1) dose-dependently activates TRPC6 and TRPC6-like channels in HEK cells, vascular smooth
muscle cells, and cultured rat cerebellar granule neurons. PPZ2 and PPZ1 ([4-(5-chloro-2-
methylphenyl)piperazin-1-yl]-3-fluorophenylmethanone) (Table 1) promote neurite outgrowth in
a manner similar to that of BDNF and provide protection against serum deprivation-induced neuronal
death [83].

Later on, another piperazine derivative, N-(2-chlorophenyl)-2-(4-phenylpiperazin-1-yl)acetamide
(51164, Table 1), has been shown to activate the TRPC6 channel in store-operated mode with DAG
acting as a co-factor [21]. Nanomolar concentrations of 51164 protect mushroom spines from amyloid
toxicity, induce TRPC6-dependent neuronal SOCE in postsynaptic spines, and restore the induction of
long-term potentiation in hippocampal slices taken from 6 months old 5xFAD mice [21].

N-[3-[4-[3-[bis(2-methylpropyl)amino]propyl]piperazin-1-yl]propyl]-1H-benzimidazol-2-amine
(AZP2006), another piperazine derivative, attenuates Aβ and tau toxicity and improves cognitive
performance in various mouse models [154]. Currently, AZP2006 is in phase 2 clinical trial in patients
with progressive supranuclear palsy [155].

Piperazine derivatives as the majority of TRPC6 agonists cross-react with TRPC3 and TRPC7 [83],
limiting their use as specific TRPC6 modulators. Among other side effects of piperazines is their
hepatotoxicity [137]; however, hepatotoxicity has not been predicted by bioinformatical analyses for a
51164 compound [21]. Gastrointestinal hemorrhage and multiple organ failure have been predicted
by bioinformatical analyses; thus, there is a need to search for the lowest therapeutic dose for the
51164 compound, and most likely, there is a need to modify its structure in order to minimize the
mentioned side effects [21].

Bis-{2-[(2E)-4-Hydroxy-4-Oxobut-2-Enoyloxy]-N,N-Diethylethanaminium} Butandioate

Bis-{2-[(2E)-4-hydroxy-4-oxobut-2-enoyloxy]-N,N-diethylethanaminium} butandioate (Table 1),
abbreviated as FDES, is an ethanolamine derivative known to possess antihypoxic, anti-ischemic,
and neuroprotective properties [88,89,120,156]. Chronic FDES administration decreases mortality
and improves motor function and coordination following permanent bilateral common carotid
artery ligation [120] and reduces spatial memory deficit following middle cerebral artery (MCA)
occlusion/reperfusion [89] in rats. Later, FDES was demonstrated to ameliorate fore- and hindlimb
motor disturbances and increase overall locomotor activity in rats with unilateral traumatic brain
injury [88].

FDES is shown to potentiate neuronal SOCE into postsynaptic spines in mouse hippocampal
neurons [89]. Since TRPC6 knockdown abolishes the effects of FDES on neuronal SOCE (similarly to
hyperforin), TRPC6 activation is suggested to be the primary mechanism of FDES neuroprotective
action. Nanomolar concentrations of FDES effectively protect mushroom dendritic spines from amyloid
synaptotoxicity, stabilizing and enhancing synaptic transmission, and preserving synaptic contact
density [89]. Similarly to hyperforin, FDES decreases the proportion of immature thin and stubby
spines in hippocampal neurons. When administered intraperitoneally to rats subjected to MCAO for
7 consecutive days starting from 1 h after reperfusion, FDES improves short-term spatial memory
retention, as observed in the Barnes maze [89].

FDES is a precursor of choline and has been shown to have nootropic and actoprotective
properties [89]. We assume that FDES would cross-react with muscarinic acetylcholine receptors,
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causing phospholipase C activation and production of IP3 and DAG. This cross-reactivity of FDES
could further enhance its TRPC6-agonistic properties, although this hypothesis remains to be
experimentally proven.

N-[4-[2-[(6-Aminoquinazolin-4-yl)Amino]ethyl]phenyl]acetamide

N-[4-[2-[(6-aminoquinazolin-4-yl)amino]ethyl]phenyl]acetamide (NSN21778, Table 1) was
proposed by Zhang et al. as a novel positive modulator of the TRPC6/neuronal SOCE pathway
acting in a manner similar to that of 51164. Despite its effectiveness in terms of improving mushroom
spine morphology and TRPC6-mediated SOCE in PS1-KI and APP-KI hippocampal neurons and
rescuing long-term potentiation in the APP-KI mouse model of AD, NSN21778 is found to have a
rather poor pharmacokinetic profile and a low penetration of the blood–brain barrier [14].

7.1.4. Other TRPC6 Agonists

Several compounds described below have been confirmed to activate the TRPC6 channel using
in vitro assays. However, to the best of our knowledge, their specific neuroprotective properties
remain unexplored. Given their ability to interact with TRPC6, these compounds can be considered as
potential neuroprotective agents.

Pyrazolopyrimidines

A number of pyrazolopyrimidines obtained by Qu et al. are reported to be direct agonists of
TRPC6, 3, and 7. Among the four pyrazolopyrimidines tested by Qu et al., ethyl 4-(7-hydroxy-2-methyl-
3-(4-(trifluoromethyl)phenyl)-pyrazolo[1,5-a]pyrimidin-5-yl)piperidine-1-carboxylate (compound 4n)
is most active towards TRPC6 (EC50 = 1.39 or 0.89 μM depending on the conditions). However,
compound 4n has demonstrated a much higher affinity for TRPC3 and TRPC7 (EC50 = 0.019 and 0.090
μM, respectively) [82].

GSK1702934A and OptoBI-1

GSK1702934A (1,3-Dihydro-1-[1-[(5,6,7,8-tetrahydro-4H-cyclohepta[b]thien-2-yl)carbonyl]-4-
piperidinyl]-2H-benzimidazol-2-one) has been reported by Xu et al. to activate TRPC3 and 6
(EC50 = 0.08 and 0.44 μM, respectively), acting directly and independent of protein lipase C signaling
from the extracellular side [157]. OptoBI-1, an azobenzene moiety-containing photochromic derivative
of GSK1702934A, is found to activate TRPC6 as well as TRPC3 and 7, although having a slightly higher
affinity for TRPC3. Light treatment of cultured murine hippocampal neurons with OptoBI-1 suppresses
action potential firing elicited by repetitive depolarizing current injections [84].

3-(6,7-Dimethoxy-3,3-Dimethyl-3,4-Dihydroisoquinolin-1-yl)-2H-Chromen-2-One

Recently, a novel small-molecule allosteric TRPC6 agent, 3-(6,7-dimethoxy-3,3-dimethyl-3,4-
dihydroisoquinolin-1-yl)-2H-chromen-2-one (C20), has been reported by Häfner et al. [85]. C20 (EC50

= 2.37 μM) selectively activates TRPC6 channels in several HEK cell lines while only slightly reducing
the basal activity of TRPC3 and increasing that of TRPC7 and not affecting TRPC4 and 5 activity at all.
Higher concentrations of C20 (10 μM) potentiate the efficacy of OAG and GSK1702934A, low-selective
TRPC6 agonists described above, in HEK cells and freshly prepared human platelets [85].

It can be assumed that the mechanism of action of C20 involves TRPC6 sensitization and not with
its activation per se; that is, C20 allows TRPC6 to be activated at a low basal concentration of DAG [85].

7.2. TRPC6 Inhibitors

AD seems to be a multifactorial disease with different pathogenic cascades occurring in different
patients. In terms of TRPC6 channel dysfunction, there are forms of fAD, which demonstrate
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TRPC6 hyperfunction [24]. For those patients, TRPC6 inhibitors might be used in order to normalize
intracellular Ca2+ homeostasis.

The pathogenesis of cerebral ischemia is not fully understood. Similarly to AD, cerebral ischemia
involves several different pathological cascades. There are studies reporting that TRPC6-mediated Ca2+

and Na+ influx facilitates NMDAR activation and exacerbates excitotoxicity, while TRPC6 deletion
attenuates neuronal damage and death following focal cerebral ischemia [25]. In such cases,
where excessive TRPC6 activity seems to be present, the use of TRPC6 inhibitors might be beneficial.

Arachidonic acid, which is released following cerebral ischemia, can be metabolized to
20-hydroxyeicosatetraenoic acid (20-HETE). 20-HETE is a potent vasoconstrictor that may contribute
to ischemic injury [67]. Synthetic 20-HETE has been shown to activate TRPC6 [77]. Thus,
inhibition of 20-HETE production by HET0016 reduces TRPC6 activation [158]. Inhibition of
20-HETE synthesis by N-hydroxy-N’-(4-n-butyl-2-methylphenyl)formamidine (HET0016, Table 1)
decreases infarct volumes and increases cortical cerebral blood flow in cerebral ischemia induced
by asphyxia cardiac arrest in rat pups [69] and in transient MCAO-induced ischemia in adult
rats [121]. In neonatal piglets subjected to 6 min of acute asphyxia, HET0016 potentiates the
neuroprotective effects of delayed hypothermia, increasing neuronal viability, preventing seizure
development, and reducing neurological deficit [122,123]. Another 20-HETE inhibitor known
as N-(3-chloro-4-morpholin-4-yl)phenyl-N′-hydroxyimidoformamide (TS-011, Table 1) markedly
decreases infarct volumes and improves functional recovery in rats and primates [67,68].

We are unaware of any direct investigations of neuroprotective effects of HET0016 and TS-011
(Table 1) in AD models. However, since patients with Alzheimer’s disease show an accumulation
of (2E)-4-hydroxy-2-nonenal (HNE) adducts [159], and HET0016 is a potent inhibitor of ω- and
ω-1-hydroxylation of HNE/HNA (4-hydroxynonanoic acid) [160], HET0016 could be of interest
regarding its potential neuroprotective properties in AD.

In mice with closed-head traumatic brain injury, larixyl acetate, a naturally occurring diterpene,
ameliorates endothelial dysfunction [74], which is closely associated with cerebral ischemia as
well [161]. In isolated mouse lungs, larixyl acetate prevents the development of the acute hypoxic
ventilatory response [72]. TRPC6 inhibition is now considered to be the primary mechanism of larixyl’s
neuroprotective action [72,74].

Mefenamic (2-(2,3-dimethylphenyl)aminobenzoic acid) (MFA), meclofenamic (2-(2,6-dichloro-3-
methylanilino)benzoic), and niflumic (2-{[3-(trifluoromethyl)phenyl]amino}pyridine-3-carboxylic)
acids (Table 1), non-steroidal anti-inflammatory drugs structurally related to flufenamic acid, are potent
inhibitors of TRPC6 and some other closely related ion channels [151]. These compounds have been
shown to attenuate glutamate-evoked excitotoxicity in cultured rat embryonic hippocampal neurons
similarly to flufenamic acid [119,124]. In a 3xTgAD mouse AD model, MFA ameliorates cognitive
impairments [125].

Maier et al. discovered a novel TRPC3/6/7 inhibitor, the aminoindanol derivative 4-[[(1R,2R)-
2-[(3R)-3-Amino-1-piperidinyl]-2,3-dihydro-1H-inden-1-yl]oxy]-3-chlorobenzonitrile dihydrochloride
(SAR7334, Table 1), with a higher selectivity towards TRPC6 (IC50 of 7.9 nM, as indicated by patch-clamp
data) [71]. Hou et al. found that TRPC6 knockout or inhibition by SAR7334 mitigates oxidative
stress-induced apoptosis of renal proximal tubular cells, which is considered to play a major role
in renal ischemia/reperfusion [73]. SAR7334 and the tryptoline derivative 8009-5364 are reported
to diminish acute hypoxia-induced pulmonary vasoconstriction and pulmonary arterial pressure in
isolated mouse lungs [70,71]. SAR7334 has no effect on SOCE in primary cortical neurons [126].

Some rare-earth metal ions, including La3+ and Gd3+, have been shown to inhibit
TRPC6 activity [106,127,133]. But since those ions inhibit all channels of the TRP family (except TRPM2),
they cannot be used as selective TRPC6 antagonists. Clotrimazole (1-[(2-chlorophenyl)diphenyl-
methyl]-1H-imidazole) is an imidazole compound, which inhibits TRPM2, TRPM3, TRPV4,
and TRPC6 channels [90]. In SOCE mechanism studies, 2-aminoethoxydiphenyl borate (2-APB) [90]
and 1-[2-[3-(4-methoxyphenyl)propoxy]-2-(4-methoxyphenyl)ethyl]-1H-imidazole hydrochloride
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(SKF-96365) [162] are identified as agents targeting TRPC6. 2-APB blocks TRPC6 [163] and was
later found to impact Orai channel functioning [164]. 2-APB has also been shown to block Ca2+ influx
induced by acetylcholine or thapsigargin application but not by DAG [163]. SKF-96365 is considered to
be an inhibitor of receptor- and store-operated elevation of intracellular calcium levels via entry through
voltage-independent channels [162,165]. Studies have demonstrated successful blocking of TRPC6 using
SKF-96365 (IC50 = 2 μM), but a less pronounced effect on TRPC3 is also observed (IC50 = 12 μM) [90].
8009-5364 is another highly specific TRPC6 antagonist, which has an IC50 of 3.2 μM, and is considered
a promising agent for the treatment of pulmonary hypertension [70]. Investigation of neuronal SOCE
mechanism in striatal neurons has revealed 4-N-[2-(4-phenoxyphenyl)ethyl]quinazoline-4,6-diamine
(EVP4593, Table 1) (IC50 = 300 nM [126]) to be an inhibitor of TRPC1 channels [166]. EVP4593 has also
been found to target heteromeric but not homomeric TRCP1 channels [166]. Later on, EVP4593 was
demonstrated to block Orai channels at 300 nM concentration [126]. In cultured hippocampal
neurons exhibiting PSEN1ΔE9 mutation, TRPC6 hyperactivation is blocked by 30 nM EVP4593 [24].
EVP4593 has been shown to inhibit the nuclear factor kappa-b (NF-Kb) [167]. It has been also observed
that NF-Kb downregulates TRPC6 protein expression [168]; thus, EVP4593-mediated inhibition of
the NF-Kb pathway might cause an increase in TRPC6 protein expression. Whether this increase in
TRPC6 protein expression would compete with EVP4593-mediated blockade of TRPC6-dependent
SOCE is an open question.

8. Conclusions

The present review summarizes current knowledge on the role of TRPC6 channels in
the development of two neurological disorders: Alzheimer’s disease and cerebral ischemia.
Cerebral ischemia serves as a risk factor for AD, and vice versa. It is becoming evident that both diseases
can be caused by either upregulation or downregulation of TRPC6 channels. Thus, understanding the
nature of the disruption of this molecular pathway in each particular patient is extremely important
for appropriate drug prescription.

TRPC6 is structurally similar to TRPC3 and 7, and therefore the majority of compounds
do not act selectively on either of these three isoforms, making it difficult to develop selective
TRPC6 pharmacological modulators. Moreover, a number of TRPC6 channel modulators are
cross-reactive to other cellular targets, thus limiting their pharmacological potential. Toxicity profiles of
some known TRPC6 modulators (such as FFA) require further structural optimization. The presence of
a wide range of different chemical substances that are known to interact with TRPC6 channels as well
as the availability of cryo-electron microscopy structures of TRPC6 and 3 [169] may allow determining
the pharmacophore in order to design selective TRPC6 activators and inhibitors in the future. In turn,
the development of selective TRPC6 channel modulators could help slow down the progression of AD,
cerebral ischemia, and, most likely, other TRPC6-dependent diseases.
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Abstract: Alzheimer’s disease (AD) is the most common form of dementia, affecting millions of
people worldwide. Unfortunately, none of the current treatments are effective at improving cognitive
function in AD patients and, therefore, there is an urgent need for the development of new therapies
that target the early cause(s) of AD. Intracellular calcium (Ca2+) regulation is critical for proper cellular
and neuronal function. It has been suggested that Ca2+ dyshomeostasis is an upstream factor of many
neurodegenerative diseases, including AD. For this reason, chemical agents or small molecules aimed
at targeting or correcting this Ca2+ dysregulation might serve as therapeutic strategies to prevent the
development of AD. Moreover, neurons are not alone in exhibiting Ca2+ dyshomeostasis, since Ca2+

disruption is observed in other cell types in the brain in AD. In this review, we examine the distinct
Ca2+ channels and compartments involved in the disease mechanisms that could be potential targets
in AD.

Keywords: calcium homeostasis; Alzheimer’s disease; therapeutics; amyloid; tau; endoplasmic
reticulum; mitochondria; lysosomes

1. Calcium Dysregulation Is a Hallmark of Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia, affecting more than 30 million
people worldwide. It is characterized by accumulation of extracellular amyloid β (Aβ) plaques—or
senile plaques—composed of Aβ peptide, intraneuronal fibrillary tangles (NFTs) comprising
hyperphosphorylated and misfolded microtubule-associated protein tau, and selective neuronal
loss, particularly in brain regions like the neocortex and hippocampus, eventually leading to memory
loss and a decline in cognitive function. Most AD cases are sporadic (SAD), with less than 1% due
to genetic mutations. Risk factors, such as aging, lifestyle, obesity, or diabetes, or genetic factors
such as carrying the allele ε4 in the apolipoprotein E (ApoE) gene predispose individuals to SAD
development [1]. Genetically inherited forms of AD (familial AD, FAD) show early onset and are
caused by mutations in genes coding for presenilin (PS) 1, PS2, or amyloid precursor protein (APP), all
involved in the Aβ generation pathway. Other than the onset, there are no clear differences regarding
symptoms or histopathological features between SAD and FAD. Different hypotheses have been
proposed to explain the origin of AD. The relation to genetics in FAD supported the “amyloid cascade
hypothesis”, which suggests that AD pathogenesis is initiated by overproduction of Aβ and/or failure
of its clearance mechanisms, upstream of tau dysregulation [2]. However, other hypotheses that
explain the etiology of AD are being considered. The “cholinergic hypothesis” [3], “tau propagation
hypothesis” [4], “inflammatory hypothesis” [5], or “glymphatic system hypothesis” [6] are among the
most relevant.

Intracellular calcium (Ca2+) is an important second messenger that regulates multiple cellular
functions, such as synaptic plasticity, action potentials, and learning and memory. Ca2+ dyshomeostasis,
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on the other hand, contributes to detrimental mechanisms such as necrosis, apoptosis, autophagy deficits,
and neurodegeneration. Perturbations in intracellular Ca2+ are involved in many neurodegenerative
diseases including AD, Parkinson’s disease, and Huntington’s disease [7]. Back in the mid-1980s,
Khachaturian proposed that Ca2+ dysregulation led to neurodegeneration, suggesting that a sustained
imbalance of cellular Ca2+ could disrupt normal neuronal functions and lead to neurodegenerative
diseases such as AD [8]. Since then, many reports have shown Ca2+ dysregulation in AD (both
in SAD [9,10] and in FAD [11]), animal models of the disorder [12–19], and cells from human AD
patients [20]. The “Ca2+ hypothesis of Alzheimer’s disease” [21] postulates that activation of the
amyloidogenic pathway causes a remodeling of normal neuronal Ca2+ signaling pathways, which
then alters Ca2+ homeostasis and leads to the disruption of the mechanisms involved in learning
and memory. Neuronal Ca2+ dyshomeostasis seems to manifest early in AD progression prior to the
development of histopathological markers or clinical symptoms [22]. Similarly, AD is also marked by
Ca2+ disruption in other cells in the brain such as astrocytes and microglia. Whether disruption of
Ca2+ homeostasis is cause or consequence of AD pathology is still a matter of debate.

Up to date, there are only two types of Food and Drug Administration (FDA)-approved therapies
for AD treatment (www.alzforum.org)—acetylcholinesterase inhibitors and N-methyl-d-aspartate
receptor (NMDAR) antagonists—and neither can cure or reverse the disease, but can, at least, transiently
relieve patients’ symptoms [23]. Unfortunately, drugs targeting Aβ have been mostly unsuccessful.
Although these therapies have shown some success in clearing Aβ plaques from the AD brain, they
have failed to relieve the cognitive decline of AD patients in clinical trials [24], with the exception
of aducanumab, which demonstrated both clearance of plaques and modest gains in cognitive
function [25]. In addition, the well-known lack of correlation between cognitive symptoms and Aβ

deposition further supports the idea of the need for different approaches [26]. Ca2+ dyshomeostasis is
an early molecular defect in AD and might precede Aβ and tau deposition [22]. Therefore, therapeutics
that stabilize Ca2+ signals may represent an alternative strategy for treating AD. In the remaining
sections, we review human data and those generated from experimental models, and we discuss the
different strategies for targeting Ca2+ dysregulation—including specific Ca2+ channels and different
cell types—that could be used as therapeutics in AD.

2. Neuronal Ca2+ as a Therapeutic Target in AD

Ca2+ is a fundamental regulator of neuronal fate; thus, intracellular Ca2+ homeostasis must be
finely tuned in physiological conditions. In the extracellular space, Ca2+ concentration is maintained
between 1.1 and 1.4 mM, whereas resting cytosolic levels within neurons are maintained in the nM
range (50–300 nM) [27]. After cell activation, intracellular Ca2+ concentrations increase rapidly to
the μM range. This Ca2+ gradient allows the initiation of different signaling cascades. Ca2+ levels in
the endoplasmic reticulum (ER) are nearly a thousand times higher than those of the cytoplasm [28].
Ca2+ signals are generated by the influx of Ca2+ from the extracellular space or by Ca2+ release from
intracellular stores. Ca2+ enters neurons mainly through plasma membrane channels and is then
buffered by Ca2+-binding proteins and organelles such as mitochondria. Even though the mechanisms
responsible for neuronal Ca2+ dysregulation in AD are not completely understood, as discussed in the
sections below, evidence shows that different compartments and/or organelles are involved (Figure 1).
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Figure 1. Neuronal Ca2+ as a therapeutic target in Alzheimer’s disease (AD). Schematic of Ca2+

dysregulation in neurons in AD that could be used as potential targets. In AD, Ca2+ dysregulation is
present in many of the different compartments within neurons. In the plasma membrane, voltage-gated
Ca2+ channels (VGCCs) and receptor operated Ca2+ channels, including N-methyl-d-aspartate receptors
(NMDARs) and nicotinic acetylcholine receptors (nAChRs), allow for the influx of Ca2+ ions into
the neuron after depolarization or ligand binding, respectively. Both Aβ and tau overactivate these
channels and increase their function (A). In the endoplasmic reticulum (ER), Ca2+ is released via
ryanodine receptors (RyRs) and inositol 1,4,5-trisphosphate receptors (IP3Rs) to the cytosol after
stimulation. Ca2+ is then extruded by the sarco-endoplasmic reticulum ATPase (SERCA) pump,
which actively consumes ATP while bringing Ca2+ into the lumen. AD-associated presenilin (PS)
mutations impair IP3R and RyR signaling, increasing Ca2+ release into the cytosol, and diminish SERCA
activity, increasing cytosolic Ca2+ concentration. Following ER Ca2+ depletion, the stromal-interacting
molecule (STIM) interacts with the Orai channel in the plasma membrane to activate the store-operated
Ca2+ entry (SOCE) pathway. SOCE is decreased by diverse familial AD (FAD) PS mutations and by
soluble Aβ. Lastly, in order to facilitate the communication between mitochondria and ER, contact
points known as mitochondrial-associated membranes (MAMs) are established. Increased association
between the ER and mitochondria and enhanced Ca2+ transfer have been observed in AD (B). In the
mitochondria, the voltage-dependent anion-selective channel protein (VDAC) lets Ca2+ across the outer
mitochondrial membrane (OMM), and the mitochondrial Ca2+ uniporter (MCU) complex allows the
influx of Ca2+ across the inner mitochondrial membrane (IMM). Ca2+ efflux is partially managed by the
Na+/Ca2+ exchanger (NCLX). Both Aβ and tau (phospho-tau, p-tau) have been found in mitochondria.
Elevated mitochondrial Ca2+ levels and decreased NCLX activity have been observed in AD (C). In the
lysosome, the P/Q type VGCCs in their membrane regulate Ca2+ efflux into the cytosol, while the
V-ATPase and Ca2+/H+ exchanger are in charge of lysosomal Ca2+ refilling (D). Additionally, Aβ and
tau accumulate extracellularly and intracellularly, respectively, and lead to loss of dendritic spine
density and synaptic function.
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2.1. Targeting Plasma Membrane Receptors and Cytosolic Ca2+

Proper intracellular Ca2+ homeostasis is crucial for many neuronal functions. Disruption of this
homeostasis might be one of the main mechanisms via which Aβ and tau exert their neurotoxicity.
The main plasma membrane channels involved in neuronal Ca2+ influx from the extracellular space
are voltage-gated Ca2+ channels (VGCCs), which allow Ca2+ influx following neuronal depolarization,
and receptor-operated Ca2+ channels (ROCs), which open upon specific binding of the agonist, with
NMDARs among the most important examples.

Toxic Aβ increases cytosolic Ca2+, which may affect a variety of enzymes (such as proteases or
phosphatases), promote cytoskeletal modifications, cause the generation of free radicals, or trigger
neuronal apoptosis [29]. It has been proposed that Aβ can overactivate channels and/or form pores
in the cytosolic plasma membrane, allowing massive influx of Ca2+ from the extracellular space and
increasing the overall Ca2+ levels in the cytosol, severely limiting normal cellular function [30,31].
Aβ potentiates Ca2+ influx through VGCCs, particularly L-type VGCCs. Excessive Ca2+ influx
through these channels has been observed in cultured neurons following Aβ exposure and was shown
to be blocked by the L-type VGCC inhibitor nimodipine [32]. This phenomenon, however, was
not observed in brain slices from AD mouse models [33]. In addition, AD patients taking L-type
VGCCs inhibitors such as nilvadipine (NILVAD multicenter trial) showed reduced Aβ levels but no
improvement in cognitive decline [34,35]. Acute application of tau aggregates has also been observed
to increase cytosolic Ca2+ and elevate reactive oxygen species (ROS) production via nicotinamide
adenine dinucleotide phosphate (NADPH), an effect that can be prevented by nifedipine and verapamil,
both L-type VGCC inhibitors [36]. This suggests that tau fibrils could also incorporate into the cell
membrane to activate VGCCs and lead to neuronal dysfunction [36].

CALHM1 (Ca2+ homeostasis modulator protein 1) is a Ca2+ channel highly expressed in neurons
in the hippocampus that allows cytosolic Ca2+ influx in response to decreases in extracellular Ca2+ [37].
Its activation triggers different kinase signaling cascades in neurons. The CALMH1 polymorphism
P86L has been proposed as a risk factor for late-onset SAD [9,37], an argument that has been challenged
by other groups [38,39]. Nevertheless, increased levels of Aβ have been observed in transfected
cells expressing the P86L polymorphism, suggesting a role for CALMH1 in AD [37]. Additionally,
the P86L polymorphism alters the channel permeability to Ca2+ [37]. A recent study demonstrated
that CALHM1 deficiency in mice leads to cognitive and neuronal deficits, which manifest memory
impairment and hippocampal long-term potentiation (LTP) [40], pointing to CALHM1 as a potential
treatment target in AD.

NMDARs are a subfamily of ionotropic glutamate receptors involved in the excitatory synaptic
transmission and synaptic plasticity of the brain. Specific types of NMDARs are much more permeable
to Ca2+ than other ionotropic glutamate receptors and are often implicated in neuronal pathophysiology.
NMDARs are mainly composed of GluN2A and GluN2B in the brain areas most affected in AD [41].
Extra-synaptic GluN2B-containing NMDARs have been associated with excitotoxicity (the excessive
neuronal death induced by cellular Ca2+ overload due to excessive stimulation of glutamate receptors)
and the toxic effect of Aβ oligomers in AD [42,43]. For this reason, selective GluN2B subunit antagonists
may be a strategy to prevent synaptic dysfunction in AD. Aβ42 peptides interact with NMDARs,
potentiating their activity and leading to increased Ca2+ influx, thus contributing to the synapse loss
observed in AD [44,45]. Additionally, as demonstrated in mouse models of AD, glutamate-induced
excitotoxicity is inhibited by tau reduction [46] and exacerbated by tau overexpression [47,48]. In turn,
glutamate-induced excitotoxicity increases tau expression [49] and phosphorylation [50], while
activation of extra-synaptic NMDAR leads to tau overexpression, neuronal degeneration, and cell
loss [51]. Memantine—a weak NMDAR antagonist—is one of the two FDA-approved drugs to treat
AD patients and the only NMDAR antagonist [23]. It provides modest improvements to memory
and cognitive performance in moderate to severe AD patients [52,53]. Memantine restricts excessive
Ca2+ influx, thus reducing neuronal excitotoxicity, and, due to its low activity, the basal NMDAR
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function is preserved. Memantine has also shown neuroprotective effects against oxidative stress,
neuroinflammation, and tau phosphorylation [54,55].

Ionotropic neuronal nicotinic acetylcholine receptors (nAChRs) respond to the neurotransmitter
acetylcholine (ACh) and to drugs such as the agonist nicotine. They are permeable to Na+, K+,
and Ca2+. The nAChRs expressing the α7 subunit have the highest conductance for Ca2+ and are
found in brain regions most susceptible to AD [56]. In the basal forebrain, cholinergic neuronal loss
and decreased levels of ACh mediate cholinergic impairment, which eventually leads to short-term
memory loss [57–59]. The loss of cholinergic innervation in early AD led to the “cholinergic hypothesis
of AD” [3]. Galantamine and rivastigmine (for use in mild to moderate AD) and donepezil (in mild
to severe AD) are the cholinesterase inhibitors FDA-approved to treat AD [23]. These drugs act by
increasing ACh levels, which delay the progression of AD through Ca2+-dependent mechanisms.
Furthermore, supplemented with memantine, it has been proposed that this combination could provide
greater benefits on behavior, cognition, and global outcomes in AD [60].

Exposure of hippocampal and cortical neurons to tau also increased intracellular Ca2+ levels
through muscarinic receptors [61]. Interestingly, Ca2+ activates many kinases, including those
responsible for tau phosphorylation—such as glycogen synthase kinase 3β (GSK3β)—and, therefore,
Ca2+ dyshomeostasis may increase tau phosphorylation and NFT formation [62]. Given that tau
pathology correlates better with cognitive impairments than Aβ deposition, tau targeting is expected
to be more effective once clinical symptoms emerge [63]. It has long been known that tau-expressing
cells secrete normal and pathological tau [64], which can be taken up by other cells, seeding and
spreading tau pathology [4,65–67]. Led by immunotherapy approaches, the efforts to target tau with
therapeutics focus on reducing tau pathology by limiting the spread of extracellular tau across brain
regions [68]. Anti-tau immunotherapy has shown potential in numerous clinical studies. Both active
and passive tau immunization seem to offer a promising option by reducing tau pathology [69]. Active
tau immunization, however, seems to elicit a risk of adverse immune reactions from targeting the
normal protein. Other tested approaches involve reducing tau expression (with small interfering
RNA or antisense oligonucleotides; siRNA and ASOs, respectively), targeting tau modifications,
reducing tau aggregation, and stabilizing microtubules. Preventing or reducing pathologic tau has
been shown to improve cognitive and motor impairments in animal models with neurofibrillary
pathology, and several tau antibodies and vaccines have been tested in preclinical studies in the last
years. Immunotherapy is currently at the stage of drug development (recently reviewed in [68–70]),
and, as of today, eight humanized tau antibodies and two tau vaccines are under clinical trial for AD or
frontotemporal dementia [71] (www.alzforum.org).

The use of intravital imaging and transgenic mouse models of AD have allowed for direct
observation of cytosolic Ca2+ dysregulation. In vivo, neuronal cytosolic Ca2+ dyshomeostasis is more
likely to be observed in the vicinity of amyloid β plaques, but is detectable in neurons throughout the
cortex [15]. Higher Ca2+ levels were observed in neurons close to amyloid plaques in a commonly used
mouse model of cerebral amyloidosis (APPSwexPS1ΔE9, APP/PS1) [15], but only after plaque deposition
and not before. Cytosolic Ca2+ overload was absent in mice harboring only the PS1 mutation (typically
lacking plaque deposition). The mechanisms of Ca2+ dysregulation involved activation of calcineurin
(CaN), a Ca2+/calmodulin-dependent protein phosphatase sensitive to subtle rises in intracellular Ca2+

levels, and whose activation induces long-term depression (LTD). Ca2+ dysregulation in neurites was
linked to neurodegeneration (neuritic blebbing and beading), which can be partially prevented by
inhibiting CaN [15]. Elevated Ca2+ levels in the neurites impair synapses, by increasing the frequency
of spontaneous synaptic potentials and reducing plasticity. In addition, pathological increases in
neuronal network activity—observed as increased frequencies of somatic Ca2+ transients—potentiate
Aβ release into the extracellular space [72,73]. In the APP23/PS45 mouse model of AD (overexpressing
mutant APPSwe and mutant PS1G348A), neuronal hyperactivity was observed around amyloid plaques
in the cortex, only after plaque deposition [14]. Hyperactive neurons, however, were found in the CA1
region of the hippocampus in pre-depositing animals [13]. Direct application of soluble Aβ onto the
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wild-type (Wt) naïve brain increased cytosolic Ca2+ levels [12] and induced neuronal hyperactivity [13].
Acute treatment with the γ-secretase inhibitor LY-411575, which reduces soluble Aβ levels, normalized
the frequency of Ca2+ transients prior to plaque deposition [13].

Interestingly, AD patients are more prone to developing epileptic seizures [74]. Blocking network
hyperactivity with the antiepileptic drug levetiracetam improves learning and memory, reverses
behavioral abnormalities, and reverts synaptic deficits in the hippocampus in an AD mouse model [75].
In the same way, it has been observed that tau is implicated in neuronal circuit deficits in mouse models
of AD expressing both Aβ and tau. Tau effects dominate those of Aβ and are mostly dependent on the
presence of soluble tau [16]. According to the authors, this dramatic effect could suggest a possible
cellular explanation contributing to disappointing results of anti-Aβ therapeutic trials. This abnormal
network activity and its resultant AD-related cognitive deficits in mice point to neuronal hyperactivity
as a promising therapeutic target in AD.

Aducanumab is a high-affinity, fully human immunoglobulin G1 (IgG1) monoclonal antibody
that selectively binds to aggregated Aβ fibrils and soluble oligomers (and not monomers) in the brain
parenchyma [25]. It was shown that it could ameliorate Ca2+ dysregulation in AD. Using multiphoton
microscopy and a Ca2+ reporter, it was observed that a single topical application of the antibody onto
the brain surface of mice depositing amyloid plaques (Tg2576 AD model) led to a reduction in existing
amyloid deposits [76]. Peripheral administration of the antibody over a period of 6 months rescued
Ca2+ overload in transgenic neurites, restoring them to control levels within 2 weeks. The authors
suggested that aducanumab exerted its function by targeting amyloid deposits, including soluble
oligomeric Aβ [76]. In March 2019, the termination of all aducanumab clinical trials was announced
after an interim analysis of EMERGE and ENGAGE trials predicted the phase III placebo-controlled
studies would not meet their primary end points. However, in a subsequent analysis of a larger
dataset from the EMERGE trial, aducanumab met the primary end point, and the FDA accepted the
aducanumab application for review [77]. If the case is approved, aducanumab would be the first drug
to combat the root causes of AD.

2.2. Targeting ER Ca2+ and SOCE

The ER is an important subcellular organelle involved in protein synthesis, modification,
and folding. Additionally, it is a dominant Ca2+ reservoir in the cell, critical for maintaining intracellular
Ca2+ levels [27]. Ca2+ is released from the ER after activation of either inositol 1,4,5-trisphosphate
receptors (IP3Rs) or ryanodine receptors (RyRs). Ca2+ efflux from the ER modulates a range of
neuronal processes, including regulation of axodendritic growth and morphology or synaptic vesicle
release [78]. The sarco-endoplasmic reticulum ATPase (SERCA) pump, which actively consumes ATP,
is important for extruding Ca2+ into the ER lumen, where it is sequestered by binding to proteins such
as calsequestrin and calretinin, priming this organelle as a critical component of Ca2+ buffering.

Impaired IP3R signaling in the ER was an early discovery in AD. It was shown that human
cells from FAD patients exhibited enhanced Ca2+ release in response to IP3R-generating stimuli [79].
Fibroblasts from asymptomatic members of AD families [80], as well as PS1 knock-in mice and other
presymptomatic AD mouse models, showed the same enhancement [81]. These observations suggested
that FAD mutations contribute to Ca2+ dysregulation, even before pathology deposition or cognitive
impairments were evident. A reduction in IP3R expression can normalize Ca2+ homeostasis and restore
hippocampal LTP in mouse models of AD [82]. PSs are transmembrane proteins found in the ER
membranes and form the catalytic core of the γ-secretase complex that processes APP and other type 1
transmembrane proteins, such as Notch [83,84]. PSs are essential for learning and memory, as well
as neuronal survival during aging in the murine cerebral cortex [85,86]. Mutations in PSs have been
shown to affect APP processing, leading to increased production of the more hydrophobic neurotoxic
form Aβ42 [87–89] or increasing the Aβ42/40 production ratio [90]. It has also been proposed that
PSEN mutations cause a loss of presenilin function in the brain, triggering neurodegeneration and
dementia in FAD [91]. Mutations in PS1 and PS2 might stimulate IP3Rs, leading to exaggerated Ca2+

128



Cells 2020, 9, 2513

release through these channels [79–81]. An alternative hypothesis suggested that PSs function as
passive low-conductance leak channels in the ER membrane. AD-associated PS mutations might
impair this leak function, resulting in ER Ca2+ overload [92] and leading to exaggerated increases in
cytosolic Ca2+ upon stimulation of Ca2+ release. However, these observations have not been supported
by other groups [93,94], and, despite extensive research, this subject is still a matter of controversy.
Recently, it was proposed that the ER-based transmembrane and coiled-coil domain TMCO1 could be
responsible for the ER Ca2+ leak [95].

RyR Ca2+ dysregulation was also observed before the histopathology and cognitive decline
in AD. Both human brain tissue from AD patients and AD mouse models have shown increased
expression of RyR (particularly RyR2) in affected brain regions in AD [96]. Exaggerated Ca2+ release
from RyR has been related to impaired neurophysiology and synaptic signaling events, contributing
to memory impairment in AD [33,97,98]. The FAD PS mutations also exaggerate Ca2+ release
through the RyR, as a result of either increased expression of RyRs or sensitization of the channel
activity [99,100]. Furthermore, RyR-mediated Ca2+ release upregulates secretases, increasing APP
cleavage, Aβ fragments, and plaque deposition, and its blockage leads to Aβ reduction and improved
memory impairment [101]. RyRs can also themselves be activated by Ca2+, which amplify IP3R activity
via Ca2+-induced Ca2+ release mechanisms [102]. Additionally, Aβ aggregates themselves trigger
ER Ca2+ release through IP3Rs and RyRs [103,104]. Recently, stabilization of RyR2 macromolecular
complex by S107 (Rycal)—a benzothiazepine that prevents the dissociation calstabin2 from the RyR2

complex—showed therapeutic potential in vitro and in mouse models of AD in vivo. Application or
administration of S107 reversed ER Ca2+ leak, reduced APP cleavage and Aβ production, and restored
synaptic plasticity and cognitive deficits [105,106].

It has been found that, in cells lacking PS1, PS2, or PS1/2, or cells expressing either PS2 or FAD-PS2,
SERCA activity is diminished, resulting in increased cytosolic Ca2+ [107]. Conversely, other studies
have shown that mutations in PS influence SERCA by accelerating Ca2+ sequestration via ATPase [108],
leading to an overfilled ER. In any case, these data suggest that normal PSs are required for normal
SERCA functioning and suggest that PSs are a candidate target for development of therapeutics,
independent of their role in APP processing.

Increased Ca2+ release from intracellular ER Ca2+ stores might exacerbate disease-mediated
pathology. Accordingly, dantrolene, a negative allosteric modulator of RyR—and its central nervous
system (CNS)-penetrant version Ryanodex—has been shown to reduce amyloid pathology, normalize
ER Ca2+ homeostasis, restore synaptic structure and density, normalize synaptic plasticity, and improve
behavioral performance in mouse models of AD [101,109,110]. This builds on RyR as a therapeutic
target for AD, and further emphasizes the role of dysregulated ER Ca2+ as a key component in the
AD pathogenesis.

ER Ca2+ depletion triggers a sustained extracellular Ca2+ influx to the cytosol through the
store-operated Ca2+ entry (SOCE) pathway by activating STIM (stromal-interacting molecule)
protein—which senses low Ca2+ concentration upon depletion of the ER stores—and plasma membrane
channels Orai and TRPC (transient receptor potential canonical) [111]. Two forms of STIM are expressed
in the brain (STIM1, predominantly in the cerebellum, and STIM2 in the hippocampus and cortex) [112].
SOCE refills the ER, keeping it ready for the next ER Ca2+ signal [113]. Disrupted SOCE has been
observed in AD. SOCE is decreased by diverse FAD PS mutations [114,115] and in the presence of soluble
Aβ [116]. It has also been proposed that SOCE deficits may be due to the decreased expression of STIM1
and/or STIM2 in FAD-linked PS1 mutations [117]. Related to this, overexpression of the dominant
negative PS1 variant potentiates SOCE [118]. It has also been proposed that SOCE deficits might result
from overfilled ER Ca2+ stores [114]. These findings, however, are inconsistent, as other groups have
observed no differences or decreased ER Ca2+ concentration in mutant PS expressing cells [11,93,107].
Recently, it has been proposed that neuronal SOCE is required for maintaining the morphology of
mushroom spines, modulating Aβ production and promoting memory functions [117,119]. Ca2+ entry
via SOCE activates Ca2+/CaM-dependent kinase II (CamKII), which is upstream of gene transcription
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for maintenance of mature spines. Attenuated SOCE-mediated Ca2+ influx might reduce CaMKII
activity while inducing destabilization of mushroom spines. This can reduce LTP-mediated memory
formation [117]. Attenuated SOCE may also lead to inadequate ER refill, which might induce neuronal
cell death via apoptosis [120,121]. STIM2 overexpression in AD models restores spine morphology,
implicating SOCE in AD [122] and suggesting that targeting SOCE in AD may avoid or restore dendritic
spine loss. Additionally, it was recently found that expression of TRPC1, a subfamily of TRPCs,
is decreased in AD cells and mouse models. While deletion of TRPC1 did not impair cognitive function
or lead to cell death in physiological conditions, it did exacerbate memory deficits and increase neuronal
apoptosis induced by Aβ. On the contrary, overexpression of TRPC1 inhibited Aβ production and
decreased apoptosis [123]. Together, these studies suggest another mechanistic target for therapeutic
development within the Ca2+ hypothesis of AD.

2.3. Targeting Mitochondrial Ca2+

Mitochondria are crucial organelles that provide energy to the cell in the form of adenosine
triphosphate (ATP) via the process of oxidative phosphorylation. Mitochondria form a dynamic tubular
network that extends throughout the cytosol, undergoing fusion and fission, which regulates the
morphology and structure of the mitochondrial network [124]. Neurons rely strictly on mitochondria to
produce ATP, with mitochondria being recruited in areas like synapses, where high energy is required.
Mitochondria also buffer Ca2+ and shape its signal [125], which is involved in neurotransmission
and maintenance of the membrane potential along the axon. At the synaptic level, mitochondria
regulate the Ca2+ levels necessary for synaptic functions [126]. Mitochondrial Ca2+ uptake activates
some dehydrogenases at the electron transport chain (ETC), activating mitochondrial respiration and
ATP production [127]. The electrochemical gradient created by the ETC allows mitochondria to take
up Ca2+. This mitochondrial Ca2+ participates in signal transduction and the production of energy.
Mitochondria contain two major membranes, the outer mitochondrial membrane (OMM), which
contains voltage-dependent anion-selective channel protein (VDAC), permeable to most molecules,
and the inner mitochondrial membrane (IMM), which is impermeable to molecules and ions, unless
they contain specific channels or transporters.

Ca2+ is taken up into the mitochondrial matrix through the mitochondrial Ca2+ uniporter (MCU)
complex, a highly Ca2+-sensitive ion conductance channel [128,129]. The MCU is a macromolecular
complex of proteins, which includes the pore and several regulatory subunits. It is ubiquitously
expressed among organisms and defines the pore domain of the complex [128]. Two other
proteins participate in the Ca2+ permeant pore: MCUb, whose expression is restricted to most
vertebrates [130,131], and the essential MCU regulator (EMRE) [132]. The response of the MCU to
extramitochondrial Ca2+ is regulated by the mitochondrial Ca2+ uptake (MICU) family of proteins,
which are in the intermembrane space. MICU1 and MICU2 act as Ca2+ sensors, each with two
Ca2+-binding EF-hand motifs that confer sensitivity to Ca2+ [133]. MICU1 and MICU2 also act
as gatekeepers of MCU [134], with MICU1 getting involved when the extramitochondrial Ca2+

concentration is high, activating the channel open state. At low concentrations, the main player seems
to be MICU2, leading to minimal accumulation of Ca2+ within mitochondria [135,136], thus preventing
mitochondrial Ca2+ overload at resting conditions. MICU3, a paralog of MICU1 and MICU2, is
mainly expressed in the CNS [137], and has been proposed to enhance mitochondrial Ca2+ uptake in
neurons [138]. In regulating the MCU pore, the mitochondrial Ca2+ uniporter regulator 1 (MCUR1) also
plays a role [139]. It has been suggested as a necessary player in MCU-mediated mitochondrial Ca2+

uptake. The small Ca2+-binding mitochondrial carrier protein (SCaMC, also known as SLC25A23) [140]
seems to also participate in the mitochondrial Ca2+ uptake by interacting with MCU and M1CU1.

Mitochondrial Ca2+ efflux occurs via the Na+/Ca2+ exchanger (NCLX) [141] and leucine zipper-
and EF hand-containing transmembrane protein 1 (Letm1), located at the IMM [142]. Excessive
Ca2+ in the mitochondrial matrix induces the activation of the mitochondrial permeability transition
pore (mPTP) and allows the release of Ca2+ ions and small molecules such as cytochrome c [143].
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Mitochondrial Ca2+ levels are tightly regulated since excessive levels of Ca2+ within mitochondria, i.e.,
mitochondrial Ca2+ overload, result in the impairment of mitochondrial function, suppression of ATP
production, increase in reactive oxygen species (ROS) production, and mPTP opening. This can lead to
caspase activation and cell death via apoptosis [144].

Mitochondrial function has long been considered one of the intracellular processes compromised
at the early stages in AD and likely in other neurodegenerative diseases. Moreover, the “mitochondrial
cascade hypothesis” was proposed to explain the onset of SAD [145], which posits that mitochondrial
dysfunction is the primary process to trigger the cascade of events that lead to late-onset AD.
Even though the validity of this hypothesis has yet to be demonstrated, numerous mitochondrial
functions are disrupted in AD [146], including mitochondrial morphology and number [147], oxidative
phosphorylation, mitochondrial membrane potential, ROS production [148], mitochondrial DNA
(mtDNA) oxidation and mutation [149], mitochondrial–ER contacts [150], and mitochondrial dynamics,
including mitochondrial transport along the axon and mitophagy [151]. Additionally, both Aβ and
tau have been found in mitochondria. Aβ is imported to mitochondrial matrix via translocase of
the outer membrane (TOM) [152], and a fraction of intracellular tau has been found within the inner
mitochondrial space [153]. Once in mitochondria, they interact with specific intramitochondrial
targets, leading to the dysfunction of the organelle. Furthermore, tau accumulation in mitochondrial
synaptosomes has been proposed to correlate with synaptic loss in AD brains [154].

Mitochondrial Ca2+ dysregulation is considered a fingerprint of AD. Mitochondrial Ca2+ overload
can be a result of three different processes: (i) increased mitochondrial Ca2+ influx (following Ca2+

influx from extracellular space or Ca2+ transfer from ER), (ii) decreased mitochondrial Ca2+ efflux
through NCLX, or (iii) reduced mitochondrial Ca2+ buffering. Neurotoxic Aβ can lead to mitochondrial
Ca2+ overload, as shown in in vitro and in vivo models [155–157]. Primary neurons in culture
exposed to Aβ oligomers triggered mitochondrial Ca2+ overload, leading to mPTP opening, release
of cytochrome c, and cell death via mitochondrial-mediated apoptosis [156]. Additionally, studies
in mouse neuroblastoma N2a cells co-transfected with the Swedish mutant APP and Δ9 deleted
PS1 showed similar mitochondrial impairment, evidenced by the increased mitochondrial apoptotic
pathway and caspase-3 activity [158]. Furthermore, Aβ can interact with cyclophilin D—a regulator
of mPTP—and promote the release of cytochrome c through the opening of mPTP [159]. This causes
neuronal injury and decline of cognitive functions, as shown in a mouse model of AD. Genetic deletion
of CypD in Tg AD mice rescues mitochondrial impairment and improves learning and memory [160],
suggesting that CypD could represent a potential therapeutic target in AD.

Recently, we showed mitochondrial Ca2+ overload in a mouse model of cerebral amyloidosis
(APP/PS1). Using in vivo multiphoton imaging and a ratiometric Ca2+ reporter, we demonstrated
increased levels of mitochondrial Ca2+ following Aβ deposition, which preceded neuronal cell death.
Moreover, naturally secreted soluble oligomers applied to the healthy brain of Wt mice also increased
mitochondrial Ca2+ levels, a process that could be prevented by MCU inhibition with the specific
channel blocker Ru360 [157]. We also showed, for the first time, that the expression of mitochondrial
Ca2+ transport-related genes in brain tissue from AD patients was impaired compared to control cases.
In particular, genes involved in mitochondrial Ca2+ uptake (MCU complex) were downregulated,
whereas the only one encoding for Ca2+ efflux (NCLX) was upregulated, suggesting a compensatory
response to prevent mitochondrial Ca2+ overload [157]. However, others reported that different
techniques used for evaluating expression showed conflicting results [161]. Another mechanism
proposed for mitochondrial Ca2+ overload in AD is impairment of mitochondrial Ca2+ efflux. Loss of
NCLX expression and functionality has also been suggested in AD, whereas genetic rescue of NCLX
expression in neurons restored cognitive decline and cellular impairment in transgenic mouse models
of AD [161]. Additionally, the more general cytosolic Ca2+ overload observed in vivo (as previously
cited) may contribute to the observed mitochondrial Ca2+ overload. These observations suggest that
restoring mitochondrial Ca2+ levels in AD could be a promising new therapeutic target against AD.
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It has been previously proposed that nonsteroidal anti-inflammatory drugs (NSAIDs) may
help in preventing the cognitive decline associated with aging [162]. Unfortunately, results from
several clinical trials have given rather pessimistic results [163–165], partly due to inadequate CNS
drug penetration of existing NSAIDs, suboptimal doses, unknown molecular targets (and, therefore,
unknown pharmacodynamics), and toxicities. Nevertheless, in vitro studies have shown that NSAIDs
such as salicylate and the enantiomer (R)-Flurbiprofen lacking anti-inflammatory activity, at low
concentrations, are able to depolarize mitochondria and inhibit the driving force for mitochondrial Ca2+

uptake [166,167]. They act as mild mitochondrial uncouplers without altering cytosolic Ca2+ levels.
This mild mitochondrial depolarization was able to prevent NMDA- and Aβ-induced mitochondrial
Ca2+ uptake and cell death [155,156,168]. These results point to mitochondrial Ca2+ as a key player in
Aβ-driven neurotoxicity and suggest a new mechanism of neuroprotection by NSAIDs independent
of their anti-inflammatory activity. Another compound, TG-2112x, has been recently suggested
as neuroprotective and proposed as a new therapeutic opportunity. Tg-2112x partially inhibits
mitochondrial Ca2+ uptake without affecting the mitochondrial membrane potential or mitochondrial
bioenergetics, protecting neurons against glutamate excitotoxicity [169].

Abnormal tau hyperphosphorylation also influences mitochondrial transport along the neuronal
axon, which leads to a reduction in and impairment of mitochondria at the presynaptic terminal with
detrimental consequences and eventual cell death [170,171]. In vitro and in vivo studies have shown
that tau dysregulates Ca2+ homeostasis in mitochondria. Mitochondrial Ca2+ buffering and homeostasis
are disrupted in cells overexpressing tau and those exposed to extracellular tau aggregates [61,172].
Additionally, basal mitochondrial Ca2+ levels have been shown to be elevated in patient-derived
human induced pluripotent stem cell (iPSC) neurons expressing a tau mutation, likely due to the
inhibition of NCLX by tau [173]. Elevation in mitochondrial Ca2+ levels by tau also increased the
vulnerability to Ca2+-induced cell death [173]. Phosphorylated tau has also been found to interact
with VDAC in AD brains, leading to mitochondrial dysfunction [174].

Mitochondria and ER membranes are juxtaposed and establish contact points known as
mitochondrial-associated membranes (MAMs). They are dynamic lipid rafts enriched in cholesterol
and sphingomyelin, as well as in proteins associated with Ca2+ dynamics [175,176]. MAMs allow for
communication between ER and mitochondria, including metabolic pathways and Ca2+ transfer
from ER to mitochondria [177]. Increased contacts between ER and mitochondria have been
found in human fibroblast cells derived from FAD patients, human brain tissue, and AD mouse
models [178,179]. An increased association between the ER and mitochondria has also been observed
in a Tg mouse model of tauopathy [180]. Increased contact promotes mitochondrial bioenergetics,
but excessive Ca2+ transfer can contribute to mitochondrial Ca2+ overload and suppression of normal
mitochondrial functions, and Aβ oligomers have been found to induce massive Ca2+ transfer from ER
to mitochondria [116,181–183].

Mitochondria-targeted protective compounds that prevent or minimize mitochondrial dysfunction
could represent potential therapeutic strategies in the prevention or treatment of AD. However, several
compounds targeting mitochondrial function have been tested in AD without a favorable outcome [184].
Nevertheless, the idea of AD as a multifactorial disease is widespread, and mitochondria as a therapeutic
target combined with other medications is emerging as a valid therapy for AD. The list of pharmacologic
approaches that directly target mitochondria includes antioxidants (such as vitamin E and C, coenzyme
Q10, mitoQ, and melatonin) and phenylpropanoids (such as resveratrol, quercetin, or curcumin) [185].
Antioxidants are generally used to decrease oxidative stress and slow the progression of symptoms
that generally accompany AD. Antioxidants such as coenzyme Q10 and mitoquinone mesylate (MitoQ)
are antioxidants that directly target mitochondria [186]. Currently, there is a small clinical trial testing
MitoQ on cerebrovascular blood flow in AD [187]. The Szeto-Schiller (SS) tetrapeptides, an alternative
type of antioxidants that target mitochondria, are small molecules that can reach the mitochondrial
matrix and act as antioxidants [188]. Specifically, SS31 (also known as elamipretide) selectively binds
to cardiolipin and promotes electron transport while optimizing mitochondrial ATP synthesis [189].
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In addition, SS31 inhibits mitochondria swelling and oxidative cell death. In mouse models of
cerebral amyloidosis, it was shown that SS31 reduces Aβ production and mitochondrial dysfunction,
and enhances mitochondrial biogenesis and synaptic activity [190]. Recently, SS31 combined with the
mitochondrial division inhibitor 1 (Mdivi1) was tested in vitro with a positive outcome, suggesting
this combination as a possible type of mitochondria-targeted antioxidant in AD [191]. Ongoing clinical
trials regarding mitochondria in AD are reviewed in [187,192] and at www.clinicaltrials.gov.

2.4. Targeting Lysosomal Ca2+

Lysosomes are acidic organelles that participate in the endolysosomal system. They are important
for autophagy and intracellular Ca2+ storage (with comparable Ca2+ levels to those of the ER) [193].
The Ca2+ transport in and out of the lysosomal lumen provides signals that modulate the fusion
of autophagosomes and lysosomes. In order to maintain lysosomal Ca2+ homeostasis, lysosomes
contain P/Q type VGCCs expressed in the lysosomal membrane that provide Ca2+ to the cytosol.
Dysregulation in lysosomal Ca2+ release via VGCCs leads to defective autophagic fusion and flux [194].
The vacuolar-type H+-ATPase (V-ATPase) and Ca2+/H+ exchanger are in charge of lysosomal Ca2+

refilling [195]. It has been suggested that this refilling is largely dependent on ER Ca2+ [196]. V-ATPase
activity predominantly maintains lysosomal pH; however, other ion channels localized to the lysosomal
membrane participate in pH regulation during lysosomal proteolysis, including the chloride channel
CLC7 [197] and the Ca2+ channel TRPML1 (mucolipin) [198,199]. Additionally, Ca2+ microdomains
generated at the mouth of these channels have been suggested to take part in the regulation of
autophagy [200].

Lysosomal Ca2+ efflux has been linked to changes in lysosomal pH. Recent reports suggested
that decreased lysosomal Ca2+ in AD-linked mutations or PS1 knockout (KO) cells is a consequence of
elevated lysosomal pH [201]. Raising lysosomal pH leads to autophagy defects and lysosomal Ca2+

efflux. PS1 mutant cells exhibit these defects. PS1 KO cells show deficiencies in lysosomal V-ATPase
content and function, defective autophagy, and abnormal Ca2+ efflux. [201]. Reversal of lysosomal
pH abnormalities in PS1 KO cells, but not Ca2+ efflux deficits, was sufficient to rescue these same
deficits [201]. These data suggest that lysosomal Ca2+ defects are secondary to lysosomal pH elevation,
and that lysosomal Ca2+ dyshomeostasis contributes significantly to the overall Ca2+ dysregulation
observed in PS1-deficient cells. However, other studies do not support these arguments, citing that,
although the autophagosome and lysosome accumulation was apparent in PS1 or PS2 cells, defective
lysosome acidification was not found [202]. In addition, defects in lysosome acidification or Ca2+

homeostasis have not been observed in FAD-PS2 models [203]. On the contrary, other studies have
shown both reduced cytosolic Ca2+ signal and lower ER content in FAD-PS2 models. In particular,
it was proposed that FAD-PS2 decreases ER and cis–medial Golgi Ca2+ levels by reducing SERCA
activity, which could lead to defective autophagosome–lysosome fusion [203]. Further studies are
necessary to confirm these observations and demonstrate whether or not lysosomal Ca2+ or pH could
be potential therapeutic targets for AD.

Autophagy is a lysosomal degradative pathway responsible for the recycling of different cellular
constituents. Especially important under conditions of metabolic stress, this pathway aids in the cellular
turnover of damaged or obsolete organelles in order to eliminate misfolded and aggregated proteins
left behind by the ubiquitin-proteasome system [204]. Materials are engulfed within double-membrane
vesicles (autophagosomes) and targeted to lysosomes for degradation of molecular components.
Disruption of autophagy results in accumulation of autophagic vacuoles within swollen dystrophic
neurites of affected neurons [205]. Lysosomal Ca2+ has been proposed to trigger transcriptional
activation of autophagic proteins [200]. Impairment of the autophagy–lysosomal pathway has
been described as a hallmark of AD related to lysosomal Ca2+ dyshomeostasis. This dysregulation
impacts clearance of Aβ and hyperphosphorylated tau, and contributes to their accumulation in the
brain [206,207].
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3. Astrocytic Ca2+ as a Therapeutic Target in AD

Astrocytes, the most abundant cells in the brain, are key regulators of molecular homeostasis in the
nervous system. They provide trophic and metabolic support to neurons, sense and modulate neuronal
network excitability, and participate in neurovascular coupling and maintenance of the blood–brain
barrier [208–210]. Astrocytes do not generate action potentials, but exhibit Ca2+ transients followed
by a release of gliotrasmitters—such as ATP, glutamate, or gamma-aminobutyric acid (GABA)—in
response to neurotransmitters [211]. It has been proposed that the Ca2+ global signals—propagating
waves—rely on Ca2+ release from the ER (mostly mediated by IP3R). Local Ca2+ microdomains, on the
other hand, result from Ca2+ influx via ionotropic receptors, TRPs, SOCE, mitochondrial Ca2+ activity,
or reversed Na+/Ca2+ exchangers [212].

In AD, astrocytes become activated. Reactive astrogliosis is characterized by the biochemical,
functional, and morphological reshaping of astrocytes aimed at neuroprotection [213]. Reactive
astrocytes upregulate activation markers such as glial fibrillary acidic protein and vimentin. Using
postmortem human tissue, it has been shown that reactive astrocytes associated with plaques express
higher levels of the glutamate metabotropic receptor mGluR5, which induces Ca2+ release form
intracellular stores [214]. In vitro, exposure of astrocytes to Aβ increases basal intracellular Ca2+ levels
as a result of extracellular Ca2+ entry, release from mGluR5 and IP3R, and induced Ca2+ oscillations or
transients [214,215]. Pharmacological inhibition of ER Ca2+ release blocks the Aβ-induced astrogliosis
both in cultured astrocytes and in organotypic slices [216]. As observed in co-cultures of neurons
and astrocytes, the Aβ-induced astrocytic Ca2+ transients are followed by neuronal death, suggesting
that aberrant astrocytic Ca2+ signal results in neurotoxicity [217]. These results, however, are not
universal, and other groups have not replicated these observations [218]. It has also been suggested
that APOE4 dysregulates Ca2+ excitability in astrocytes by modifying membrane lipid composition.
This phenomenon was observed in hippocampal slices from APOE3 and APOE4 mice, specifically
in male mice [219], suggesting that the APOE genotype modulates Ca2+ fluxes in astrocytes in a
lipid and sex-dependent manner. As demonstrated in primary cortical co-cultures of neurons and
astrocytes, exposure to insoluble aggregates of tau failed to induce a Ca2+ response in astrocytes [36].
Unfortunately, little else is known about the effects of tau on astrocytic Ca2+, and further research is
clearly warranted.

In the intact brain in vivo under physiological conditions, astrocytes show sporadic Ca2+ transients
as a hallmark of astrocytic activity [220]. As demonstrated in cortical astrocytes of amyloid-depositing
mice (APP/PS1), under pathological conditions, the frequency of spontaneous Ca2+waves increases [18].
These same astrocytes exhibit higher resting Ca2+ levels. While overall astrocytic hyperactivity was
noticed throughout the cortical tissue and not just in the vicinity of amyloid plaques, the astrocytes
initiating the intracellular Ca2+ waves were located in plaque vicinity [18]. Further studies are needed
to determine whether this was an effect of soluble Aβ oligomers or Aβ fibrils. Ca2+ hyperactivity in
astrocytes has been associated with abnormal purinergic signaling, suggesting that reactive astrocytes
release excessive amounts of ATP. This in turn activates P2Y purinoceptors mediating abnormal
cytosolic Ca2+ signaling [17]. It has also been suggested that alterations in extracellular Ca2+ levels can
be involved in astrocytic hyperactivity. During increased neuronal activity, extracellular Ca2+ decreases
following ionotropic glutamate receptor and VGCC activation. Astrocytes sense the extracellular Ca2+

decrease and release ATP in response [221]. Increases in extracellular ATP trigger astrocytic Ca2+

transients and could contribute to AD-associated astrocytic hyperactivity.

4. Microglial Ca2+ as a Therapeutic Target in AD

Microglia are the major immune cells in the brain. They sense and react to alterations in brain
homeostasis. They are also involved in synaptic pruning, which occurs during the first weeks of
postnatal development and is critical for the maturation of neuronal networks [222]. Microglial
activation is characterized by morphological alterations and production of pro- and anti-inflammatory
mediators [223]. Intracellular Ca2+ regulates microglial activation from its homeostatic resting state
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to a neurotoxic-activated state. Some microglial functions, including the production and release
of proinflammatory factors, such as nitric oxide (NO) and certain cytokines, are Ca2+-dependent
processes [224]. In turn, proinflammatory cytokines, tumor necrosis factor α (TNFα), interleukin 1β,
and interferon γ, all increase intracellular Ca2+ levels in microglia [225–227], while anti-inflammatory
cytokines decrease them [228].

AD has long been linked to microglial activation. Microglia surround amyloid plaques [229]
after they get recruited within the first days after plaque formation [230]. Once activated, microglia
internalize and break down Aβ. Microglia activation is an early process in AD, and it has been shown
to be correlated with cognitive deficits [231]. Released proinflammatory cytokines (such as IL-1β
and TNF-α) by microglia might stimulate the release of proinflammatory substances by astrocytes,
amplifying the inflammatory signal and its neurotoxicity [232,233]. Therefore, neurons and astrocytes
in the vicinity of these plaques are likely subjected to high levels of proinflammatory mediators
released by activated microglia. These mediators can cause alterations in the Ca2+ homeostasis of
these cells [234]. Additionally, microglial cultures exposed to Aβ increase their immune response
(i.e., cytokine production) and intracellular Ca2+, a process that can be blocked by the dihydropyridine
nifedipine and the non-dihydropyridine L-type VGCC antagonist verapamil or diltiazem [235].

Observations from in vitro data have shown that intracellular Ca2+ homeostasis is impaired in
activated microglia. Microglia isolated from AD brain tissue have elevated cytosolic Ca2+ levels
compared to controls and exhibit reduced responsiveness to stimuli in vitro [236]. Additionally,
mouse microglia activated by lipopolysaccharide (LPS) display increased basal Ca2+ levels and a
reduced agonist-induced Ca2+ signal [224]. Ramified activated microglia display large intracellular Ca2+

transients in response to the damage of individual cells in their vicinity. The use of in vivo Ca2+ imaging
and multiphoton microscopy has allowed the study of microglial Ca2+ dynamics in the intact living brain.
Microglia display rare Ca2+ transients in their resting state, but respond with larger Ca2+ transients
when activated [237]. Microglial Ca2+ transients are attributed to Ca2+ release from intracellular stores
and are prevented by the activation of ATP receptors [237]. Blocking SOCE—via knocking down or
knocking out STIM1/2 and Orai—reduces immune functioning, including phagocytosis, migration,
and cytokine production in primary isolated murine microglia [238,239]. On the other hand, blocking
RyR prevents LPS-induced neurotoxicity mediated by microglia [240]. Although they have not been
studied in depth, it has been suggested that microglia display Ca2+ microdomains. Some observations
suggest that global Ca2+ elevations in microglia trigger phagocytosis and migration, whereas local
Ca2+ increases in their processes regulate acute chemotactic migration [241]. Taken together, elevated
Ca2+ levels seem to be a hallmark of activated microglia and their regulation, a potential therapeutic
target for AD therapy.

Microglia express P2X receptors, a subfamily of purinergic ionotropic receptors, located in the
plasma membrane which are permeable to Ca2+, Na+, and K+ [242]. Overactivation of P2X receptors
may lead to cell death via membrane depolarization, mitochondrial stress, and ROS production [243].
As measured in postmortem brain tissue from AD patients, P2X7 expression is upregulated in microglia
in AD [244]. This same effect was shown in plaque-associated microglia in an AD mouse model and
after intrahippocampal injection of Aβ42 [245]. It is believed that these high levels of P2X7 contribute
to the enhanced inflammatory responses observed in AD [244,246,247]. Inhibition of P2X7 receptors
has been shown to be neuroprotective as it reduces the dendritic spine loss induced by Aβ [248], as
well as Aβ production in general [249]. P2X7 KO mice express reduced plaque size and improved
behavioral scores [250], suggesting P2X7 as a potential therapeutic target in AD. Additional in vitro
studies have shown that P2X7 activation leads to microglial NOD-, LRR- and pyrin domain-containing
protein 3 (NLRP3) inflammasome activation, which requires Ca2+ mobilization from intracellular
stores [251,252]. Aβ also triggers this NLRP3 activation [253], and NLRP3 is highly activated in
microglial cells surrounding amyloid plaques [253]. NLRP3 KO mice show reduced amyloid burden
in the brain and have reduced memory impairment [254]. This confirms that P2X7 and NLRP3 could
be candidate targets for AD therapeutics.
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The triggering receptor expressed on myeloid cells 2 (TREM2) gene has been recently identified
as a risk gene for AD [255]. Its low-frequency variants increase the risk of developing AD similar to
the APOE4 allele. TREM2 is a transmembrane protein receptor expressed on microglia. It stimulates
phagocytosis and suppresses inflammation [255]. TREM2 overexpression in a mouse model of AD
(APP/PS1) decreased AD-related pathology and improved cognitive functions [256], suggesting that
modeling microglial functions could be a protective target in AD. Immunotherapy using antibodies to
stimulate TREM2 signaling in order to improve AD pathology is currently being developed by different
groups. Stimulation with anti-TREM2 antibodies in vitro produced Ca2+ influx and extracellular
signal-regulated kinase (ERK) signaling activation in human dendritic cells [257]. When to stimulate
TREM2 to treat AD, however, is not clear, and it must be kept in mind that the use of these antibodies
could alter the binding of other TREM2 ligands. Further studies will be needed to fully understand
TREM2 function and its role in AD therapy.

5. Conclusions and Future Directions

AD is a multifactorial complex disease that leads to progressive dementia. Its nature brings upon
the equally complex task of developing a treatment strategy. Current medications for Alzheimer’s
disease only treat the symptoms and cannot stop the damage that AD pathology causes to brain cells.
Therefore, an urgent need exists for new target discovery that directly targets AD pathology and
alters the course of its progression. On the basis of a wide range of studies, evidence suggests that
treatment should be initiated in AD’s earliest stages, before the start of deposition of pathology and
occurrence of irreversible mental decline. Ca2+ dyshomeostasis is an early event in the AD timeline.
Ca2+ dysregulation in AD comes as a result of hyperactivity of Ca2+ channels in the plasma membrane
and intracellular compartments. It does not seem to be restricted to neurons, but rather is a global
phenomenon that affects many cell types in the brain (Figure 2).

Intracellular Ca2+ homeostasis is mediated by several organelles, such as the ER, mitochondria,
and lysosomes, which contribute to cell stress regulation. Increased Ca2+ concentrations in these
compartments disrupt normal homeostasis, eventually leading to accumulated pathogenic proteins,
which in turn further impair Ca2+ homeostasis, leading to severe alterations in neuronal circuitry. With
these underlying data, it is clear that isolating potential therapeutic strategies aimed at normalizing
Ca2+ levels is important. Current FDA-approved AD treatments target plasma Ca2+ channels, but more
specific approaches are needed to target other prevalent and disrupted intracellular Ca2+ signaling
pathways, such as those of the ER or mitochondria. As our knowledge in Ca2+ dysregulation in AD
grows, it seems more obvious that targeting these other sources of Ca2+ dysregulation could be an
effective therapeutic strategy.

A better understanding of the onset and progression of neurodegenerative diseases will facilitate
rapid diagnosis and target selection, allowing for early treatment. A truly effective method for
preventing or treating Alzheimer’s disease will likely involve a combination approach for targets, such
as Aβ plaque clearance or soluble tau removal. Additionally, reversal of cellular processes that are
disrupted by Aβ or tau accumulation (including Ca2+ dyshomeostasis), early diagnosis, and/or lifestyle
changes would also be necessary for successful therapeutic intervention. Gene therapy is an emerging
therapeutic strategy for the treatment of neurodegenerative disorders, including AD, particularly when
traditional therapies are not responsive to well-validated genetic targets. Gene therapy has already
shown efficacy in preclinical studies, utilizing different routes for gene delivery [258,259]. Recently,
different groups proposed gene therapy as a strategy in the battle against AD, as it is designed to
focus on one specific target in affected brain regions. Several gene therapy strategies for AD have
already been tested. These include acting directly on APP metabolism, neuroprotection, targeting
inflammatory pathways, or modulating genes related to lipid metabolism [260]. Unfortunately, they
have not provided an encouraging outcome so far, as they sometimes show unexpected or undesirable
side effects. One of the ongoing clinical trials is designed to evaluate gene therapy use in AD patients
(already clinically diagnosed) that are APOE4 homozygotes (www.clinicaltrials.gov). The study aims
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to evaluate whether intracisternal administration of APOE2 to APOE4 homozygotes AD patients will
lead to conversion of the APOE protein isoforms from APOE4 homozygotes to APOE2–APOE4, which
has given positive results in mice and monkeys previously [261,262]. If this therapy slows the illness in
people with advanced AD, this could also function as a method for disease prevention, reducing the
risk of disease development in healthy people. A combination of these targets and therapies should
reduce stress levels and cell death in AD, offering pathological and potentially symptomatic relief.

Figure 2. Astrocytic and microglial Ca2+ as a therapeutic target in AD. Schematic of glial Ca2+ cells
dysregulation in the presence of AD pathology. In astrocytes, P2Y purinoceptors and glutamate
metabotropic receptors mGluR5, when activated, cause Ca2+ increase by releasing Ca2+ from
intracellular stores. As shown in red, all three receptors are upregulated in AD. In addition, cytosolic
Ca2+ levels are increased in astrocytes, and they exhibit Ca2+ transients (A). In microglia, P2X receptors
are upregulated in AD, thus leading to Ca2+ dysregulation. SOCE, with involves STIM and Orai, is also
responsible for Ca2+ influx, specifically into the lumen of the endoplasmic reticulum (ER). This pathway
is downregulated in AD (shown in blue). RyRs mediate Ca2+ efflux from the ER, a process that is
upregulated in AD. Microglia also show Ca2+ dysregulation by showing cytosolic Ca2+ transients (B).
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