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Glial Calcium Signalling in Alzheimer’s
Disease

Dmitry Lim, Virginia Ronco, Ambra A. Grolla, Alexei Verkhratsky,
and Armando A. Genazzani

Abstract The most accredited (and fashionable) hypothesis of the pathogenesis of
Alzheimer Disease (AD) sees accumulation of f-amyloid protein in the brain
(in both soluble and insoluble forms) as a leading mechanism of neurotoxicity.
How f-amyloid triggers the neurodegenerative disorder is at present unclear, but
growing evidence suggests that a deregulation of Ca** homeostasis and deficient
Ca®* signalling may represent a fundamental pathogenic factor. Given that symp-
toms of AD are most likely linked to synaptic dysfunction (at the early stages)
followed by neuronal loss (at later and terminal phases of the disease), the effects of
B-amyloid have been mainly studied in neurones. Yet, it must be acknowledged that
neuroglial cells, including astrocytes, contribute to pathological progression of
most (if not all) neurological diseases. Here, we review the literature pertaining
to changes in Ca”* signalling in astrocytes exposed to exogenous p-amyloid or in
astrocytes from transgenic Alzheimer disease animals models, characterized by
endogenous B-amyloidosis. Accumulated experimental data indicate deregulation
of Ca®* homeostasis and signalling in astrocytes in AD, which should be given full
pathogenetic consideration. Further studies are warranted to comprehend the role of
deficient astroglial Ca”* signalling in the disease progression.
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1 Introduction

Neuroglial cells, astrocytes, oligodendrocytes, NG2 cells, and microglia contribute
to pathological progression of most (if not all) neurological diseases. The role of
glia is either primary (e.g., in Alexander disease or in hepatic encephalopathy) or
secondary (e.g., in stroke); with neuroglial reactions being fundamental for defining
progression and outcome of neurological disorders (Giaume et al. 2007
Verkhratsky et al. 2013). Nonetheless, neurodegenerative diseases are considered
primarily from the neurono-centric angle, which is somewhat surprising because
the pathological potential of neuroglia in neurodegenerative pathology was recog-
nized already at the beginning of the twentieth century (Alzheimer 1910). Contri-
bution of neuroglial cells in the progression of various neurodegenerative diseases
is multifaceted; all types of glia are affected and their pathological remodelling is
disease-specific (Pekny et al. 2014; Sofroniew 2014; Verkhratsky et al. 2013). In
Alzheimer’s disease (AD), which represents a progressive neurodegenerative
pathology with a characteristic histological profile of senile plaques and neuronal
tangles (Alzheimer 1907; Braak et al. 1998), astrocytes undergo both atrophy and
reactive gliosis (Verkhratsky et al. 2010), oligodendrocytes show generalized
atrophy with significant white matter lesions (Rodriguez and Verkhratsky 2011)
and microglia shows increased density and activated phenotypes in association with
functional paralysis (Krabbe et al. 2013; Rodriguez et al. 2013).

The B-amyloid hypothesis of AD regards accumulation of -amyloid protein
(in both soluble and insoluble forms) as a leading mechanism of neurotoxicity.
Although considerable evidence has been accumulated regarding the effects of
B-amyloid on neurones (Bezprozvanny and Mattson 2008; Popugaeva and
Bezprozvanny 2014; Stutzmann 2007; Stutzmann and Mattson 2011), its action
on glial cells has been investigated to a much lesser extent. How -amyloid leads to
neurodegeneration is at present controversial, although the possibility that it leads
to a chronic deregulation of cellular calcium homeostasis has been gaining credi-
bility in recent years. Indeed, it has been postulated that AD might represent a
“chronic calciumopathy” (Stutzmann 2007). Here we shall overview the glial side
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of this hypothesis and narrate the fundamental role of deregulation of glial Ca**
homeostasis and signalling in -amyloid-associated cellular pathology.

2 Calcium Signalling in Neuropathology

Tight control over intracellular Ca** concentrations, that in the cytosol of all living
cells does not exceed 50 to 100 nM, reflects an early evolutionary choice of
phosphate (i.e., ATP) as a universal energy saving molecule; indeed reactions
involving phosphate ultimately require low Ca®* (Burnstock and Verkhratsky
2012; Case et al. 2007). Molecular cascades responsible for Ca?* homeostasis are
evolutionally conserved, many of them being present in prokaryotes and in the most
ancient eukaryotes (Plattner and Verkhratsky 2013). The steep concentration gra-
dient for Ca®* aimed at the cytosol is successfully employed for signalling, with
dynamic intracellular Ca>* changes being arguably the most ubiquitous and versa-
tile signalling system universally expressed through all life forms (Berridge
et al. 2000; Carafoli et al. 2001). Deregulation of Ca** homeostasis represents a
similarly universal mechanism of cellular pathology, because its failure inevitably
triggers cell malfunction and often deregulated Ca**-handling appears as the main
mediator of necrotic or programmed (apoptosis, autophagy, anoikis, etc.) cell death
(Carafoli 2004; Orrenius et al. 2003; Zhivotovsky and Orrenius 2011).

Molecular cascades controlling Ca** homeostasis and signalling are represented
by Ca”* channels (that mediate transmembrane Ca”* diffusion), Ca** exchangers,
ATP-dependent Ca”* transporters, Ca**-binding proteins, and Ca®*-dependent
enzymes (e.g., kinases, phosphatases, etc). (Petersen et al. 1994). The combination
of different types of proteins involved in Ca** homeostasis determines cell-specific
Ca** toolkits (Berridge et al. 2000). These toolkits define specific cellular responses
to external stimuli. Furthermore, these toolkits have a high degree of plasticity so
that the Ca”* signalling machinery can rapidly adapt to environmental challenges.
The universal role of Ca>* for cell signalling and metabolism defines the patholog-
ical potential of the Ca®* homeostatic machinery.

In neuropathology, slow and relatively minor modifications of Ca®* homeo-
static/signalling toolkits may contribute to pathological progression through
impacting, for example, on synaptic transmission, neuronal metabolism, and ulti-
mately on neuronal survival. These aberrant, abnormal or asthenic calcium signals
have been implicated in a wide variety of neurological and neuropsychological
disorders including ischemia, malignant hyperthermia, major depression, autistic
spectrum disorders, epilepsy, migraine, and neurodegeneration (Gargus 2009;
Kullmann 2010; Stutzmann 2007; Stutzmann and Mattson 2011). Deregulation of
Ca”* homeostasis in chronic disorders, including AD, is most likely determined by
subtle alterations developing over decades and accumulating to reveal detectable
footprints of the disequilibrium, which ultimately contribute to the appearance of
specific symptoms (Stutzmann 2007).
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In non-excitable neuroglial cells, Ca** signals are considered to be one of the
main substrates for cellular excitability, as stimulation of glia with various neuro-
transmitters, neuromodulators, and neurohormones almost invariably triggers cyto-
plasmic Ca®* responses, which in turn regulate and control glial physiological
processes (Verkhratsky et al. 1998, 2012). In pathology the aberrant Ca>* signalling
can play a leading role in modifying glia-dependent neuroprotection, glial reactivity
as well as glia-derived neurotoxicity (Nedergaard et al. 2010). For example, glial
calcium signals and calcium waves contribute to survival of neurones in stroke
penumbra (Takano et al. 2009), purinoreceptor-mediated Ca** signals regulate
microglial motility and activation (Kettenmann et al. 2011), whereas InsP3-
receptors (InsP;Rs) induced Ca’* release is fundamental for initiation of reactive
astrogliosis (Kanemaru et al. 2013)

3 Amyloid Hypothesis of Alzheimer’s Disease

The amyloid hypothesis of AD postulates that an abnormal production and accu-
mulation of toxic B-amyloid peptides, which derive from the amyloid precursor
protein (APP) through cleavage by p-secretase and y-secretase, underlies neuronal
death and atrophy of the brain with consequent dementia. The amyloid protein
associated with AD was initially purified from vascular amyloid deposits (Glenner
and Wong 1984b); with the very same amyloid protein being identified in the brains
of patients affected by Down’s syndrome (Glenner and Wong 1984a). Subse-
quently, f-amyloid was detected in the senile plaques of AD patients and numerous
experiments have demonstrated neurotoxicity of fibrillar B-amyloid (Forloni
et al. 1993; Mattson et al. 1992) as well as of its various soluble forms and specific
fragments (Brouillette et al. 2012; Mucke and Selkoe 2012; Ono et al. 2009).

The consolidation of the amyloid hypothesis of AD was further assisted by the
identification of pathological genes associated with autosome-dominant early onset
family AD (which accounts for <1% of all cases of AD). Indeed, these familiar
forms are associated with mutations in genes encoding the amyloid precursor
protein (APP), presenilin 1 or 2 (PS1, PS2), which are all components of the
enzymatic complex responsible for APP processing directly associated with gen-
eration of B-amyloid (Selkoe 2001). The AD hypothesis, however, remains the
matter of much dispute, and numerous clinical trials targeting either f-amyloid
production or aimed at P-amyloid clearance have signally failed (Castellani
et al. 2009; Castellani and Smith 2011; Chakroborty and Stutzmann 2013; Lemere
and Masliah 2010). Similarly unclear remains the physiological role for f-amyloid,
which may be involved in the regulation of synaptic activity (Kamenetz et al. 2003)
and in neuroprotection (Pearson and Peers 2006). Removal of -amyloid from
mixed neuronal cultures either by inhibiting APP cleavage or by immune-depletion
induces death of neurones but does not affect neuroglia; addition of B-amyloid;_4
into these cultures was neuroprotective in concentrations between 10 pM and 1 nM
(Plant et al. 2003).
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Fig. 1 Molecular cascades which may contribute to deregulated Ca>* homeostasis and Ca>*
signalling in the context of AD. Deregulation of Ca** homeostasis signalling in AD may involve
increased Ca>* influx through plasmalemmal voltage- or ligand-gated channels as well as through
TRP and ORAI channels. These channels can be modified through interactions with p-amyloid
peptide, which, in addition, may form Ca2+-permeable ionophores in the plasmalemma, albeit in
high concentrations. Exposure to b-amyloid also increases expression of RyRs and augments Ca>*
release mediated by GPCR-InsP;Rs cascade. Mutant presenelins localized in the ER membrane
also can increase Ca”* release and thus contribute to excitotoxicity

4 Deregulated Ca** Signalling in Experimental AD

The abnormalities in Ca** homeostasis and aberrant neuronal Ca** signalling are
generally believed to be pathologically relevant for the development of AD (Fig. 1),
contributing to synaptic dysfunction and loss in synaptic connectivity, increased
B-amyloid production, cognitive deficiency, and ultimately resulting in neuronal
loss (Bezprozvanny 2013; Bezprozvanny and Mattson 2008; LaFerla 2002;
Stutzmann 2007). The very first calcium hypothesis of ageing and AD was pro-
posed by Zaven Khachaturian, who based his ideas on the experiments of Phillip
Landfield (Khachaturian 1987; Landfield 1987). This hypothesis proposed that
deregulation of Ca** homeostasis (with a chronic increase in cytosolic Ca** and
the consequent excitotoxic cell death) was the key factor in both normal ageing and
AD, the main differences being the speed of Ca®* homeostatic failure — slow in
ageing and faster in disease (Toescu et al. 2004; Verkhratsky and Toescu 1998). As
it were, the Ca®* deregulation in ageing appeared to be extremely mild and
physiological ageing was proven to proceed without substantial loss of neural
cells (Pakkenberg et al. 2003; Toescu and Verkhratsky 2007; Verkhratsky
et al. 2004). In neurodegenerative AD pathology however, more substantial
changes in Ca®* homeostasis have been revealed and their pathological potential
considered.
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Exposure to p-amyloid has been shown to affect Ca** homeostasis and Ca®*
signalling in neurones. The mechanisms that underlie these events remain a matter
of debate. A direct action on the permeability of the plasma membrane to Ca** has
been proposed (Mark et al. 1997). Moreover, B-amyloid peptides (albeit in high
concentrations) can act as membrane ionophores permeable to Ca** ions and thus
establish a pathological pathway for Ca®* influx (Arispe et al. 1993; Lashuel
et al. 2002). Alternatively, B-amyloid can interact and modify plasmalemmal
Ca”* channels and Ca**-permeable ionotropic receptors (e.g., NMDA or acetylcho-
line receptors) increasing therefore Ca®* influx and hence cellular Ca** overload
(Demuro et al. 2010). In addition -amyloid was reported to increase expression of
ryanodine receptors (RyR) and increase their open probability thereby increasing
Ca”* induced Ca®* release in skeletal muscle (Shtifman et al. 2010). Similarly,
exposure to f-amyloid increases InsP5-induced Ca”* release in neurones by directly
interacting with the InsP; receptor or by affecting mGluR5 metabotropic glutamate
receptors (Stutzmann and Mattson 2011).

The link between genetic abnormal AD-related background and perturbations in
cellular Ca** homeostasis is provided by presenilins. Neurones isolated from
transgenic animals expressing AD-associated mutant PS1 gene show increased
susceptibility to Ca**-mediated excitotoxicity, the latter being initiated by exces-
sive Ca®" release from the endoplasmic reticulum (Guo et al. 1999; Keller
et al. 1998). Increase in Ca** release can reflect direct interactions between mutant
PS and InsP;R resulting in an increased InsPsR open probability, appearance of
channel opening bursts and an increase in the channel sensitivity to InsP; (Cheung
et al. 2008, 2010; Goussakov et al. 2010). These effects can be further exacerbated
by increases in Ca**-induced (i.e., RyR-mediated) Ca”* release. Expression of
RyRs was found to be elevated in PC12 expressing the PS1 mutant gene as well
as in neurones from PS1 mutant knock-in mice (Chan et al. 2000). An increase in
RyR-mediated Ca®* signalling was also observed in cultured neurones (Smith
et al. 2005; Zhang et al. 2010), and in slices from 3xTg-AD mice (bearing mutated
genes for APP, PS1, and tau) and from TAS/TPM AD mice (expressing mutant APP
and PS1 genes). In these last experiments, RyR-mediated Ca** release was sub-
stantially elevated in dendrites, dendritic spines, and somata of both AD strains
when compared with non-transgenic controls (Goussakov et al. 2010; Stutzmann
et al. 2006). Importantly, aberrant Ca®* release was observed in AD mice of all
ages, being already present in very young animals, being therefore potentially an
early marker for pathology.

Last, PS1 has been proposed to mediate, at least in part, the Ca?* leak from the
ER, the precise nature of which remains somewhat enigmatic (Hammadi
et al. 2013; Lang et al. 2011). Indeed, it has been shown that mutations of PS1
affect the Ca®*-leak from the endoplasmic reticulum thereby leading to an overload
and an altered Ca** homeostasis and signalling (Nelson et al. 2007; Tu et al. 2006);
this hypothesis remains however a matter of controversy and debate (Shilling
et al. 2012).
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5 Astroglia in Neurodegeneration and AD

Neurodegenerative diseases are chronic disorders that ultimately result in the death
of neurones, atrophy of the brain, and profound functional and cognitive deficits.
The progression and symptoms of neurodegenerative disorders are highly polymor-
phic, and yet their outcome is inevitably fatal and curative strategies are purely
symptomatic. While, undoubtedly, the symptoms of neurodegenerative disorders
reflect neuronal dysfunction (e.g., synaptic failure and loss of synaptic connectivity)
or neuronal death, the underlying cause of the disorder might reside (at least in part)
in other brain cells, which possibility has not been pursued avidly in contemporary
studies of most neurodegenerative disorders.

The contribution of astroglia to neurodegenerative disorders is multifaceted and
complex. In toxic encephalopathies such as brain poisoning with heavy metals
(mercury, lead, or aluminium) or with ammonia (hepatic encephalopathy or Reye’s
syndrome) loss of astroglia-dependent glutamate clearance and K* buffering with
subsequent excitotoxicity and brain oedema represents a key pathogenic step
(Brusilow et al. 2010; Butterworth 2010; De Keyser et al. 2008; Struys-Ponsar
et al. 2000; Verkhratsky et al. 2013; Yin et al. 2007). Similarly, profound loss of
astroglial glutamate transporters is the triggering factor in Wernicke—Korsakoff
encephalopathy (Hazell 2009; Hazell et al. 2009).

Astrocyte degeneration was recently identified as an early and possibly leading
factor defining death of motoneurones and hence pathological progression of
amyotrophic lateral sclerosis (ALS). Glial atrophy and emergence of apoptotic
and degenerative astrocytes preceded neuronal damage and clinical symptoms
(Rossi et al. 2008; Rossi and Volterra 2009; Valori et al. 2014). Specific expression
of the mutant human superoxide dismutase (hSOD1) gene (associated with familiar
form of ALS) in astrocytes led to an increased vulnerability to glutamate, to
activation of microglia and neurotoxicity; whereas silencing of this gene specifi-
cally in astrocytes delayed ALS progression (Yamanaka et al. 2008). The patho-
genesis of ALS is also linked to down-regulation of astroglial glutamate
transporters with ensuing excitotoxicity; transgenic deletion of GLT-1/EAAT2
glutamate transporter in mice caused death of motor neurones, thus reproducing a
key pathological feature of the disease (Staats and Van Den Bosch 2009).
Astrodegeneration and astroglial death were also described for other types of
neurodegenerative dementia such as fronto-temporal dementia, Pick’s disease,
fronto-temporal lobar degeneration, thalamic dementia, and HIV-associated
dementia (Broe et al. 2004; Kersaitis et al. 2004; Potts and Leech 2005). In
Huntington disease (HD), the expression of pathological huntingtin with a large
polyQ repeat in astrocytes increased neurotoxicity and the susceptibility to
glutamate-induced seizures, which may reflect a down-regulation of glutamate
uptake (Bradford et al. 2010).

In Alzheimer’s disease, atrophic changes in astroglia have been reported in
several mouse models including 3xTG-AD and PDAPP-J20 mice carrying
the Swedish and Indiana APP human mutations (Beauquis et al. 2013;
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Kulijewicz-Nawrot et al. 2012; Olabarria et al. 2010, 2011; Yeh et al. 2011). This
atrophy, manifested in the decrease in GFAP-, glutamine synthetase-, and/or s100-
B-immunoreactive astroglial profiles preceded plaque formation and showed strong
region-dependence. Atrophic changes appeared very early (at 1 month of age) in the
entorhinal cortex, around 6 months of age in the prefrontal cortex and ~12 months
of age in the hippocampus.

Astrodegeneration and astroglial atrophy in neurodegeneration is also
complemented by reactive astrogliosis, which usually develops at later stages of
the pathology reflecting most likely appearance of disease-specific lesions (such as
loss of motoneurones in ALS or B-amyloid depositions in AD). Astrogliosis in
neurodegenerative diseases is of a relatively mild variety with no signs of glial scar
formation (Rodriguez and Verkhratsky 2011; Verkhratsky et al. 2010). Inciden-
tally, in experimental AD, reactive astrogliosis in response to f-amyloid deposi-
tions is region dependent: it is prominent in the hippocampus and absent in the
entorhinal and prefrontal cortex (Kulijewicz-Nawrot et al. 2012; Olabarria
etal. 2010; Yeh et al. 2011), possibly being associated with the higher vulnerability
of the two portions of the brain to AD pathology.

6 pB-Amyloid and Astroglial Calcium Signalling

The majority of studies investigating the effects of f-amyloid have been performed
in vitro, in cultured primary astrocytes. There is very little homogeneity between
the models used, as the source of astrocytes differs with regard to the brain area
investigated, to the quality of cultures (mixed neurone/astrocyte or purely astro-
cytic), and to the extent to which microglia was removed from the cultures. To add
to the complexity, there is heterogeneity in the concentrations of B-amyloid, the
species of f-amyloid (monomers, oligomers, fibrils), the length of the f-amyloid
peptide (1-42, 1-40, or 25-35), the conformity of the preparation of these species,
and the duration of exposure to f-amyloid. Moreover, the majority of groups
working in this area are focusing on different outcomes. The reasons for the paucity
and heterogeneity of studies on the effects of f-amyloid on cultured astrocytes may
reflect a bias towards a neurono-centric hypothesis of AD, which makes attempts to
study astrocytes somewhat perfunctory. It should be acknowledged that the issues
raised above are not unique to investigations of astrocytes; they similarly mirror
studies on neurones. Nonetheless, the abundance of reports describing neuronal
behaviors in the presence of f-amyloid makes the heterogeneity less apparent when
attempting to generate unifying concepts.
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6.1 Does ff-Amyloid Exposure Induce Calcium Signals
in Astrocytes?

Exposure to exogenous oligomeric f-amyloid has been reported to induce a variety
of effects in astrocytes, including fast [Ca2+] ; transients (Alberdi et al. 2013; Chow
et al. 2010; Jalonen et al. 1997; Stix and Reiser 1998) and Ca®* oscillations
(Abramov et al. 2003, 2004). These observations, however, are not uniform because
several similarly designed studies failed to observe any acute effects of f-amyloid
on astroglial [Ca2+] ; (Casley et al. 2009; Lim et al. 2013; Toivari et al. 2011). The
key difference in experimental designs seems to be associated with f-amyloid
concentrations. Micromolar concentrations trigger acute Ca”* responses, whereas
lower concentrations (<1 pM) yield either no or less reproducible effects. While
this is generally true, a recent article suggested that low (200 pM) concentrations of
B-amyloid can modulate the a7nAChRs receptor thereby altering the frequency and
amplitude of spontaneous or evoked Ca”* waves (Lee et al. 2014). It should be
noted that f-amyloid concentrations may vary both in physiological conditions and
in AD (which, for example, might reflect the distance to the plaque (Koffie
et al. 2009)) and therefore the fact that only high concentrations induce reproduc-
ible effects should not be dismissed outright as irrelevant. Other mechanisms of
p-amyloid-induced [Ca®*]; transients may involve various Ca**-entry pathways
(Abramov et al. 2003, 2004; Chow et al. 2010) as well as Ca”’*-release from
intracellular stores (Alberdi et al. 2013; Chow et al. 2010; Stix and Reiser 1998).
There are emerging data indicating that f-amyloid can also modify astroglial
responses to neurotransmitters. Exposure of cultured cortical astrocytes to low
(200 pM) concentrations of p-amyloidys.;s5 did not cause acute Ca>* responses,
but significantly potentiated serotonin- and glutamate-induced [Ca?*]; transients
(Toivari et al. 2011). This report has not been followed up but it would be of interest
to postulate that p-amyloid per se induces Ca®*-responses only at high concentra-
tions but modulates action of other signalling molecules at lower concentrations.
The effect of sub-acute (up to 12 h) p-amyloid exposure has been reported to
induce a rise in basal calcium levels in hippocampal (Lim et al. 2013) and cortical
(Haughey and Mattson 2003) primary astrocytes. The rise was modest (basal
calcium concentrations were doubled) and was confined to cell subpopulations.
Furthermore, this sub-acute treatment in cortical astrocytes also increased fre-
quency and amplitude of mechanically induced intercellular Ca®*-waves (Haughey
and Mattson 2003). An increase in time-delayed intercellular spontaneous waves
between astrocytes in cultured cortical rat astrocytes has also been noted following
exposure to 5 pM B-amyloid;_4, (Chow et al. 2010). A modest increase in basal
[Ca®*]; in the presence of P-amyloid could be sufficient to trigger signalling
cascades that might have long-term repercussions on astrocyte function (see
below). Yet, it should be acknowledged that in other studies (which, however,
employed somewhat different conditions) these changes have not been observed
(Jalonen et al. 1997) or, surprisingly, a decrease in basal calcium has been detected
(Meske et al. 1998). Longer exposures (2472 h) of astrocytes to 100 nM f-amyloid
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have shown an increase in mGluR5 signalling and in store-operated calcium entry
(Casley et al. 2009; Lim et al. 2013) in hippocampal and cortical astrocytes.

Several transgenic mouse models of AD that carry various combinations of
relevant mutated human genes have been developed in the last decade (Gotz and
Ittner 2008; Gotz et al. 2004; Oddo et al. 2003). These model animals mimic, to
various degrees, histopathological features and some clinical symptoms of AD,
although they do not faithfully reproduce the pathology, especially when it con-
cerns the sporadic form of the disease. Most of the studies performed on these
models focus on neuronal function, although several attempts to study astroglia
have also been reported.

An obvious strategy to investigate changes in calcium signalling is capitalizing
on primary cultures from these mice, with the generic limitations associated with
the in vitro settings. In particular, these primary cultures are prepared from newborn
animals, when the disease is not yet apparent although the genetic defects are
evidently already present. In hippocampal astroglial cultures from 3xTg-AD trans-
genic animals, a significant increase in ATP- and DHPG-induced [Ca**); transients
and an increase in store-operated Ca>* entry when compared to wild-type controls
were observed (Grolla et al. 2013b; Ronco et al. 2014). These effects could also be
induced in wild-type astrocytes by incubation with B-amyloid for 72 h. Similar
treatment with B-amyloid of hippocampal astroglial cultures prepared from 3xTG-
AD failed to modify [Ca**]; dynamics, suggesting that the two experimental pro-
tocols (exogenous B-amyloid application vs. transgenic animals) share the same
molecular pathways (Grolla et al. 2013b). Remodelling of the Ca?* signalling
toolkit was region specific and was completely absent in astroglial cultures pre-
pared from entorhinal cortex from the same animals (Grolla et al. 2013b). Inciden-
tally, the entorhinal astrocytes failed to mount astrogliotic response to f-amyloid
depositions in the 3xTg-AD mice in vivo (Yeh et al. 2011). The InsP;-dependent
Ca”* signalling is critical for astrogliosis initiation (Kanemaru et al. 2013), and
absence of f-amyloid effects on InsP;-dependent toolkit in astroglial cells from
entorhinal cortex may be associated with their astrogliotic deficiency. An increase
in basal [Ca”*]; levels and enhanced thapsigargin-induced Ca®* transients
(reflecting depletion of the ER due to an unopposed Ca”* leak) were also found
in astrocytes from Trisomy 16 mice, an animal model of Down syndrome that
shares certain pathological features with AD (Bambrick et al. 1997). A lack of
effect on store-operated Ca®*-entry was reported on cortical astrocyte cultures
prepared from Tg5469 animals (which overproduce human APP). In contrast, in
cortical astrocytes cultured from mice with genetic deletion of APP the store-
operated Ca’*-entry was decreased (Linde et al. 2011). Although the conditions
and protocols used in experiments on cultured astrocytes obtained from genetically
modified mice are difficult to compare, it seems that some form of Ca** deregula-
tion in glial cells is evident in most, if not in all, models. This conclusion is
supported by experiments on brain slices. For example, in acute brain slices
prepared from Tg2576 mice (in which a pathologically mutant form of APP,
APPK670/671L is overexpressed), astrocytic Ca** spikes display a significantly
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higher frequency compared to wild-type animals (Pirttimaki et al. 2013; Riera
et al. 2011).

Monitoring cellular Ca”* signals in the intact animals is challenging and only
sporadic attempts in the context of AD have been made hitherto. Yet, these studies
strongly support a deregulation of Ca”* signalling in astroglia in AD-type pathol-
ogy. For example, basal astrocyte calcium was almost doubled (compared to WT
controls) in cells from APP/PS1 mice studied with two-photon microscopy through
a chronic cranial window (Kuchibhotla et al. 2009). This increase in resting [Ca2+] i
was paralleled with an appearance of spontaneous Ca”* activity, synchronous
hyperactivity, and long-range aberrant Ca®* waves in astroglial syncytia
(Kuchibhotla et al. 2009). This aberrant activity was independent of neurones, as
it could not be blocked by tetrodotoxin and was evident only at advanced disease
stages when plaques were already present. At the earlier stages of pathology,
studied in the APPg,,. mice (which carries another mutant human APP gene)
when they were 2—4 months old, i.e. prior to accumulation of extracellular amyloid
deposits a higher frequency of spontaneous Ca”* oscillations was observed when
compared to non-transgenic controls (Takano et al. 2007). In the 3xTG-AD mice,
this aberrant behavior was evident only in selected sub-populations of astrocytes
while no changes were observed in the Dutch/Iowa mice (Takano et al. 2007).
Interestingly, the same authors showed that intravenous administration of
p-amyloid (0.4 mg/Kg) was associated with an increase in astrocyte Ca>* oscilla-
tions in wild-type animals and in Dutch/Towa mice (Takano et al. 2007).

6.2 Effects of f-Amyloid on the Astroglial Calcium Toolkit

When analyzing gene expression in human AD brains using microarray assays,
changes in genes associated with the Ca®* signalling toolkit have been among the
most consistently reported (Cooper-Knock et al. 2012). These results highlight that
a general deregulation of Ca®" homeostasis develops in AD pathology and further
supports the Ca®* hypothesis of AD, although these experiments do not discrimi-
nate between neuronal and glial changes. Recently, by using laser-capture micro-
dissection, astrocytes from the temporal cortex of patients with different Braak
stages were compared. In total 32 genes of the Ca’* signalling pathway
(as classified by Kyoto Encyclopaedia of Genes and Genomes, KEGG), including
a number of CaMKII isoforms, plasma membrane Ca2+-ATPases, RyRs, and
InsP;Rs, were found to be decreased at more advanced stages of the disease
(Braak 5-6) compared to earlier stages (Braak 1-2) (Simpson et al. 2011). Obvi-
ously, as no control brains were available, it is not possible to ascertain whether
earlier stages presented changes in the Ca®* signalling toolkit. Inmunohistochem-
istry is more informative and selective changes have also been observed using this
approach in astrocytes from AD brains. For example, the MRC Cognitive Function
and Ageing Study Group has recently reported that calpain-10, a Ca®*-dependent
protease, is significantly up-regulated in astrocytes but not in neurones from the
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temporal cortex of AD brains (Garwood et al. 2013); increase in expression of
calpain-10 correlated with the density of neuritic plaques, neurofibrillary tangles,
and Braak stage of the disease. Calpain-10 is by no means the only protein of the
Ca”* toolkit with altered expression in AD brains, as an increase in mGluR5 (Casley
et al. 2009; Grolla et al. 2013a), calcineurin (Norris et al. 2005), calsenelin (Jin
et al. 2005), NFkB (Grolla et al. 2013a), and NFAT3 (Abdul et al. 2009). A decrease
in EAAT2 (Abdul et al. 2009) has also been reported.

6.3 Cultured Astrocytes Provide Clues that the Ca’*
Signalling Toolkit is Altered Upon Exposure
to p-Amyloid

Chronic (24-72 h) treatment of rat cultured cortical and hippocampal astrocytes with
low concentrations (0.1-100 nM) of p-amyloid;_4, oligomers induces an
up-regulation of nicotinic acetylcholine receptors of a7nAChR, o4nAChR, and
B2nAChR types at the transcriptional level (Xiu et al. 2005). The relevance of these
data is strengthened by the findings that the a7nAChR subunit is also up-regulated in
astrocytes in post-mortem AD human tissue, as revealed by PCR and immunohisto-
chemistry (Hellstrom-Lindahl et al. 1999; Teaktong et al. 2003; Yu et al. 2005).
Transcriptional effects of f-amyloid on Ca®*-regulating genes in astrocytes also
include mGIluRS and InsP; receptors (Casley et al. 2009; Grolla et al. 2013a; Lim
et al. 2013). This most likely explains the increased Ca”* responses to DHPG, a
specific mGIuR5 agonist, observed in p-amyloid-treated astrocytes (Grolla
et al. 2013a, b). Furthermore, an up-regulation of mGIluR5 in plaque-associated
astrocytes has been shown in AD model mice expressing mutant PS1 (Shrivastava
et al. 2013), as well as in post-mortem AD human brains (Lim et al. 2013). Finally,
expression of mRNA for transient receptor potential (TRP) and Orai channels
(associated with receptor- and store-operated Ca”* entry) also appears to be modu-
lated by p-amyloid treatment of astrocyte cell cultures (Ronco et al. 2014).

It is universally acknowledged that calcineurin, a Ca**-dependent phosphatase,
is activated by small long-lasting increases in [Ca2+] ; (Dolmetsch et al. 1997; Klee
et al. 1998). Overexpression of CaN in plaque-associated astrocytes has been shown
in AD model mice (Norris et al. 2005) as well as in AD human brains (Lim
et al. 2013). It is therefore not surprising that inhibition of this enzyme, either by
pharmacological or molecular means, is able to counteract the up-regulation of
InsP;R and mGIluRS induced by pB-amyloid (Lim et al. 2013; Notris et al. 2005).
This transcriptional regulation was suggested to proceed via the transcription factor
NFAT (Abdul et al. 2009). Targeting of astrocytes in APP/PS1 AD model mice
with adeno-associated virus vector which induced expression of the peptide VIVIT
that interferes with calcineurin/NFAT signalling pathway improved synaptic plas-
ticity and cognitive function as well as reduced P-amyloid load (Furman
et al. 2012). Furthermore, up-regulation of mGIuR5 and InsP3R type 2 expression
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Fig. 2 Ca®"-hypothesis of AD seen from the astrocyte angle. f-amyloid triggers small cytosolic
calcium rises or aberrant oscillations in cultured astrocytes and in astrocytes in vivo. These in turn
are sufficient to activate Ca**-dependent enzymes and Ca®*-dependent transcription factors
(Ca®*-TF). So far, activation of the CaN-NFAT and CaN-NFkB pathways have been demon-
strated, but other pathways may also be involved. Activation of Ca>*-dependent gene expression
leads to re-programming of the Ca**-toolkit. Again, a number of changes have been seen in cell
culture, animal models, or in various brain preparations, but others could also occur. Changes may
be specific to particular brain areas. Last, it is likely that, at the same time, similar changes (more
or less important, we cannot establish at this moment) occur in microglia and in neurones and the
interplay between all cell types with deregulated Ca**-signalling eventually leads to synaptic
failure and neuronal cell death

induced by B-amyloid is suppressed by both calcineurin and by NFkB inhibition,
suggesting that NFAT may not be the only Ca**-dependent transcription factor
involved (Lim et al. 2013).

7 Future Perspectives

The data currently available suggest that f-amyloid affects calcium signalling in
astrocytes by remodelling the Ca®*-signalling toolkit. Furthermore, data from intact
animals using the cranial window technique and data from post-mortem tissues
corroborate that these two events indeed occur in AD. At present, calcineurin would
be an ideal link between the Ca**-signals and genetic reprogramming (see Fig. 2 for
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a hypothetical model), but other signalling pathways are almost certainly involved
and should be considered. Importantly, remodelling of Ca** signalling toolkit by
B-amyloid is profoundly different from that induced by pro-inflammatory agents
such as LPS, IL-1p or TNF-a (Ronco et al. 2014), indicating thus that f-amyloid
induces specific changes in astrocytes in AD.

Many critical questions, however, need to be addressed, which might have
repercussions in the field and could impact on possible therapeutic strategies.

First, how does f-amyloid trigger Ca**-elevations in the different animal models
of the disease? The possible mechanisms are only partially described in neurones
(Supnet and Bezprozvanny 2010) and therefore it would be important to understand
if the same pathways are operative in glia. In neurones, a number of receptors at the
postsynaptic membrane have been proposed to interact with A including receptors
for glutamate and PrP(C) (see Dinamarca et al. 2012 and Um et al. 2013 for details
and references). It would be imaginative to speculate that a receptor also exists in
astroglia by which p-amyloid leads to Ca®*-rises.

Second, does B-amyloid-dependent Ca**-deregulation in astrocytes occur as a
consequence of neuronal dysfunction, does it precede neuronal dysfunction and is
therefore the mysterious early event or does it develop simultaneously and inde-
pendently? Given that the concentrations of f-amyloid affecting neurones and glia
in vitro are in the same range, it is difficult to imagine that the changes in astrocyte
signalling are “late” events in the disease. Furthermore, at least in the 3xTg AD
animal model, we have observed Ca** deregulation in cultures from neonatal pups
(Grolla et al. 2013a, b), suggesting, again, that astrocytes are among the first to be
affected. While astrogliosis is a general hallmark of late-stage AD, it is likely that
the subtle changes on Ca”*-signalling are unrelated to this and that astrocytes
undergo different changes at the earlier stages of the disease; as indeed the atrophy
observed in the pre-plaque phase of AD pathology in animal models would suggest
(Olabarria et al. 2010; Verkhratsky et al. 2010).

Third, and likely the most important question of them all, is whether p-amyloid-
induced astrocyte Ca**-deregulation is at all relevant to initiation and progression
of AD. To this end, it is almost certain that the symptomatology of mild cognitive
impairment and of developed AD reflects synaptic deficits and neuronal loss and
therefore, if a role of astrocytes is to be found, it is in their ability to protect and
maintain the neuronal networks, or else mediate neurotoxicity.

Fourth, what is the correlation between changes induced by f-amyloid in
neurones, in microglia, and in astrocytes? At present, most of the literature focuses
on a single cell type, and this may not give us a full picture of what happens in a
brain where, simultaneously, microglia, astrocytes, and neurones respond to envi-
ronmental challenges in a concerted and mutually interdependent manner.
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