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Calcium signaling is critical to neuronal function and regulates highly diverse processes such
as gene transcription, energy production, protein handling, and synaptic structure and func-
tion. Because there are many common underlying calcium-mediated pathological features
observed across several neurological conditions, it has been proposed that neurodegenera-
tive diseases have an upstream underlying calcium basis in their pathogenesis. With certain
diseases such as Alzheimer’s, Parkinson’s, and Huntington’s, specific sources of calcium
dysregulation originating from distinct neuronal compartments or channels have been
shown to have defined roles in initiating or sustaining disease mechanisms. Herein, we will
review the major hallmarks of these diseases, and how they relate to calcium dysregulation.
We will then discuss neuronal calcium handling throughout the neuron, with special em-

phasis on channels involved in neurodegeneration.

alcium is one of the most ubiquitous signal-
Cing messengers in the brain, and as such it
has fundamental roles in maintaining neuronal
health and function (Berridge 1998; Berridge
et al. 2000; Clapham 2007; Bootman 2012). In
the extracellular space between cells in the brain,
calcium levels are typically maintained between
1.1 and 1.4 mm, whereas resting cytosolic levels
within neurons is tightly regulated and main-
tained around the 100 nm range (Kawamoto
et al. 2012). This substantial calcium gradient
allows for the initiation of signaling cascades
that underlie neuronal functions, including gene
transcription, synaptic transmission, memory
encoding, apoptosis, and many others (Berridge
1998). Calcium enters neurons primarily

through plasma membrane-localized channels
and is quickly sequestered by buffers, calcium-
binding proteins, and internal organelles, such as
the endoplasmic reticulum (ER), mitochondria,
and lysosomes. Upon activation of plasma mem-
brane channels or release from internal stores,
the calcium concentration may rise by 2-3 orders
of magnitude near the mouth of the channel,
cueing complex signaling cascades, the nature
of which is highly dependent upon cellular local-
ization, calcium concentration, and metabolic
state (Berridge 1998). With the intricate regula-
tory strategies dedicated to maintaining specific
calcium parameters, abnormalities in intracellu-
lar calcium handling and homeostasis can con-
tribute to, and sustain, a variety of neurodegen-
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erative diseases (Khachaturian 1987) such as Alz-
heimer’s disease (AD), Huntington’s disease
(HD), and Parkinson’s disease (PD). Subsequent
years of research have detailed the mechanisms
by which neuronal calcium dysregulation con-
tributes to motor and/or cognitive dysfunction
in these diseases (Mattson et al. 1999; Stutzmann
2007; Surmeier et al. 2017¢; Pchitskaya et al.
2018). With the increased understanding of the
role of calcium dysregulation as an early or up-
stream mechanism in neurodegenerative disease,
targeting specific calcium channels is increasing-
ly considered as a viable strategy for therapeutic
development (Chakroborty et al. 2012; Oules
et al. 2012; Chami and Checler 2014; Surmeier
etal. 2017a).

In this review, we will first introduce the
most predominant neurodegenerative diseases
(AD, PD, and HD) and provide the context
by which calcium signaling plays a role in their
pathogenesis. Following this, we will walk
through the major calcium channels and sources
to expand on how their deficiencies contribute
to symptoms or features of specific neurodegen-
erative diseases.

ALZHEIMER’S DISEASE (AD)

First described in 1907 by Dr. Alois Alzheimer,
sporadic AD (SAD) is the most common form of
dementia, affecting 1 in 10 people over the age of
65 (Alzheimer’s Association 2019). In SAD, age
is the greatest risk factor and the disease is typ-
ically diagnosed in people over 65 years of age.
The most prominent and defining feature is
the progressive and irreversible impairment in
memory and cognitive functions resulting from
defects in vulnerable brain regions critical for
memory encoding and storage, such as the
hippocampus and associated cortices. As AD
advances, other brain functions become im-
paired such as speech, motor function, and affect
(Wolk and Dickerson 2019). The etiology of AD
is unknown, and no treatment currently exists
that cures or prevents the disease progression.
FDA-approved therapies, such as acetylcholin-
esterase inhibitors and N-methyl-p-aspartate re-
ceptor (NMDAR) antagonists, can provide tem-
porary symptom support, but do not stop the

inevitable decline. Life expectancy of a patient
postdiagnosis is typically 8-10 years, albeit with
a high degree of variability depending upon pre-
sentation, comorbidities, etc. (Alzheimer’s As-
sociation 2019; Wolk and Dickerson 2019).

From a histopathological perspective, AD
features two prominent hallmarks: accumula-
tion of extracellular plaques composed of -
amyloid (Ap), and intracellular neurofibrillary
tangles composed of hyperphosphorylated mi-
crotubule-associated protein tau (tau). The vast
majority of AD cases are sporadic (>95%), with
no known cause although several genetic risk
factors have been identified. The highest risk
factor associated with SAD is expression of E4
alleles of apolipoprotein E (ApoE), which in-
creases the likelihood of developing AD by
threefold for one allele, and 12-fold for two al-
leles (Mahley et al. 2007; Kim et al. 2009). ApoE
has three variants, with ApoE4 expression con-
ferring increased risk for AD, ApoE3 considered
the “normal” allele, and ApoE2 considered pro-
tective against AD (Holtzman et al. 2012). ApoE
functions in lipid homeostasis and cholesterol
transport, and it is thought that ApoE4 has in-
creased affinity for the pathogenic forms of AP
thus increasing amyloid burden in the central
nervous system (CNS) (Carter 2005).

Familial AD (FAD), which accounts for 1%-—
5% of cases, is caused by mutations in presenilin
1 (PS1), presenilin 2 (PS2), or amyloid precursor
protein (APP) genes. These autosomal-domi-
nant mutations are 100% penetrant, and result
in a more aggressive, earlier onset (as early as
30-40 years of age) form of AD than SAD, al-
though the symptoms and disease phenotypes
are nearly identical. Because the ER-localized
PS1 protein is part of an enzymatic complex
that cleaves APP into AP fragments, this associ-
ation in FAD has helped spur the “amyloid cas-
cade hypothesis,” which posits that formation
and aggregation of AP is the cause of AD (Hardy
and Higgins 1992; Selkoe 2000; Hardy and Sel-
koe 2002; Shirwany et al. 2007; Selkoe and Har-
dy 2016). As such, targeting APP processing and
AP plaques have been prioritized for clinical de-
velopment. These therapeutic strategies have
shown varying degrees of success in clearing
plaques from brains of AD patients, but to
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date, the more than 15 phase III clinical trials
have failed to alter the progression of cognitive
decline in early-late-stage AD patients in a pos-
itive manner (Kametani and Hasegawa 2018;
Makin 2018). These consistently negative out-
comes, in combination with the lack of correla-
tion between brain amyloid levels and cognitive
status (rather, it is synaptic loss that correlates
with memory loss in AD; DeKosky and Scheff
1990; Lassmann et al. 1993; Scheff et al. 2006,
2014), support the need for considering alterna-
tive mechanisms driving AD-related memory
impairment. Further studies exploring upstream
pathogenic mechanisms identified that FAD
mutations lead to calcium dysregulation prior
to the emergence of plaques and tangles. The
initial sources of the aberrant calcium originated
from the ER via inositol 1,4,5-trisphosphate re-
ceptor (IP;R)- and ryanodine receptor (RyR)-
evoked calcium release (Etcheberrigaray et al.
1998; Leissring et al. 2000; Mattson and Chan
2001; LaFerla 2002). Calcium signaling/homeo-
stasis defects may occur at several points
throughout the neuronal calcium-handling
system such as through plasma membrane chan-
nels, possibly through a feedforward modifica-
tion by AP (Texidd et al. 2011). Additionally,
AP oligomers alone can form calcium-permeable
pores on the plasma membrane (Arispe et al.
1993), which leads to increased cytosolic calci-
um concentrations (Demuro et al. 2011). These
and other sources of calcium dyshomeostasis
will be discussed in further detail below (see
Fig. 1; Stutzmann et al. 2004, 2006; Nelson
et al. 2007; Shilling et al. 2014).

HUNTINGTON’S DISEASE (HD)

First described as an inheritable disease by
George Huntington in 1872 (Huntington 1872;
Lanska 2000), HD is an autosomal-dominant
disease that affects about 1 in 7500 people world-
wide. HD presents with choreiform motor
movements: uncontrolled abrupt and “jerky”
movements of the face, body, and limbs. This
lack of motor control progresses rapidly, and
leaves patients unable to walk or balance, and
progresses to difficulty breathing and death.
HD can also present with cognitive and psycho-
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logical impairments consistent with deteriora-
tion of frontostriatal motor control pathways
(Suchowersky 2019). The age of onset is typical-
ly in one’s 40s, although this varies inversely
with the number of CAG repeats (see below).
There are no cures or effective treatments for
HD, and the life expectancy of a person with
HD is typically 10-20 years after initial diagnosis
(Suchowersky 2019).

Unlike the other neurodegenerative diseases
discussed here, the genetic basis of HD is fairly
well understood. The Huntingtin gene (Htt) is
on chromosome 4 and the nonmutant Htt pro-
tein interacts with over 200 other proteins, and
has roles in development, cellular trafficking,
and apoptosis (MacDonald et al. 1993; Nasir et
al. 1995; Duyao et al. 1995; Zeitlin et al. 1995;
Dragatsis et al. 2000; Caviston et al. 2007). What
makes mutant Htt pathogenic is the increased
number of CAG repeats, which results in
abnormally long polyglutamine chains at the
amino-terminal end of Htt, placing HD in the
polyglutamine family of disorders such as spi-
nocerebellar ataxia (MacDonald et al. 1993).
Mutant Htt is proteolytically cleaved and the
amino-terminal fragments aggregate to form in-
clusion bodies within neurons (Arrasate and
Finkbeiner, 2012). The age of onset and severity
of HD is strongly influenced by the number of
CAG repeats in the Htt gene (Penney et al. 1997;
Langbehn et al. 2010; Keum et al. 2016), where
repeats of 10-35 are considered normal and
CAG repeats of 40 or above (termed mHtt) result
in HD pathology. Interestingly, Htt is expressed
throughout the body but the GABAergic medi-
um spiny neurons (MSNs) within the neostria-
tum are most affected in the disease.

The mHtt gene interferes with a variety of
transcriptional targets involved in calcium ho-
meostasis, including up-regulation of calretinin,
presenilin 2, calmyrin 1, and down-regulation of
calmodulin, ORAI2, and septin 4 (Czeredys
et al. 2013, 2018). In line with these transcrip-
tional changes, MSNs in the R6/2 HD mouse
model (Li et al. 2005) display abnormally
high-resting calcium levels (Hannson 2001).
This is influenced by the mutant Htt protein
interaction with IP;Rs, which results in exagger-
ated calcium release from ER stores (Tang et al.
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Endoplasmic reticulum Alzheimer’s disease
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* Increased RyR2 expression in the hippocampus
and cortex
* Increased |IP;R-evoked calcium in soma
* STIM2 increases to refill ER calcium stores
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Voltage-gated calcium channels

¢ Increased calcium influx via B amyloid
modification

¢ CALHM1 polymorphisms implicated in
production and metabolism of § amyloid

Mitochondria

* Excess calcium release from ER stores
results in mitochondrial overfilling,
leading to increased production of ROS

and triggering apoptotic cascades

AB and tau

* Increased calcium up-regulates APP-
cleavage enzymes and increases
pathogenic AP species

« Calcium increases kinase activity,
increasing tau phosphorylation and
formation of neurofibrillary tangles

* AB,4, can create calcium-permeable
pores in the plasma membrane
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Synaptic changes

* NMDARs: Increased glutamate drive leading
to excess calcium entry, synaptic loss,
impaired LTP, and reduced dendritic spines from
increased calcium responses

* nACHRs: Reduced expression; activation via
calcium-dependent signaling cascades is
neuroprotective

* Fewer presynaptic vesicles associated with
increased calcium tone

Figure 1. Calcium-handling defects in Alzheimer’s disease (AD). In AD, exaggerated ryanodine receptor (RyR)
calcium responses in AD neurons contribute to synaptic decline, with increased RyR2 expression seen in the
hippocampus and cortex. Increased inositol-1,4,5-trisphosphate receptor (IP;R)-evoked calcium is seen in the
soma, and stromal interaction molecule 2 (STIM2) expression and activation increases to refill ER calcium stores.
As aresult of excess calcium release from ER stores, mitochondrial calcium overload occurs, leading to metabolic
dysfunction, increased production of reactive oxygen species (ROS), and apoptotic engagement. Increased
calcium also up-regulates APP-cleavage enzymes and increases pathogenic B-amyloid species. Ay, in particular
can create calcium-permeable pores in the plasma membrane, contributing to calcium dysregulation. B-amyloid
modification also increases calcium influx through voltage-gated calcium channels (VGCCs). Increased cytosolic
calcium enhances the activity of kinases that phosphorylate tau, leading to increased tau phosphorylation and
ultimately the formation of neurofibrillary tangles. At the synapse, expression of neuronal nicotinic acetylcholine
receptors (NACHRs) is reduced through neuronal loss, while activation of nACHRs via calcium-dependent
signaling cascades that are neuroprotective. Increased glutamate drive on N-methyl-p-aspartate receptors
(NMDARs) leads to excess calcium entry, synaptic loss, and impaired long-term potentiation (LTP), and reduced
dendritic spines from increased calcium responses. Fewer presynaptic vesicles result in increased calcium tone at
terminals.
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2003), leading to overactivation of store-operat-
ed calcium entry (SOCE) (Wu et al. 2011, 2016;
Vigont et al. 2015). In total, this increase in
cytosolic calcium concentration contributes to
mitochondrial calcium-handling defects driv-
ing reactive oxygen species (ROS) production,
cellular stress responses, and apoptotic engage-
ment (see Fig. 2; Giacomello et al. 2013).

PARKINSON’S DISEASE (PD)

First described by James Parkinson in 1817 (see
Parkinson 2002), PD presents with distinct mo-
tor impairments and may later incorporate cog-
nitive decline and psychiatric conditions (Ba-
rone 2009). Specific motor symptoms include
slowed, delayed, or loss of voluntary movement
(akinesia), tremors, rigidity, and postural insta-
bility (Chou 2019). The incidence of dementia in
later-stage PD is also high with deficits in exec-
utive function and visuospatial recognition (Lit-
van et al. 2012; Chou 2019). These symptoms
arise from the selective death of midbrain dop-
amine neurons in the substantia nigra pars com-
pacta (SNpc), dramatically reducing dopamine
(DA) levels in target brain regions important for
controlling movement such as the striatum.
Levodopa, which is converted to dopamine in
the brain and thus acutely boosts CNS dopamine
levels, is an effective but temporary intervention
for PD that can ameliorate both motor and cog-
nitive deficits, but can also lead to dyskinesia or
irregular movements. The average age of diag-
nosis ranges from 60 to 70 years, with a mean
survival time of 6-22 years (Chou 2019). Like
AD, PD exists in both a familial form (FPD) with
four known mutations inherited in an autoso-
mal-dominant pattern, and the more common
idiopathic form (IPD), which accounts for >80%
of cases (Schiesling et al. 2008).

In the familial forms, polymorphisms, du-
plications, and triplications in the SNCA gene
(previously identified as Park1) have been iden-
tified (Rajput et al. 1984). SNCA encodes
o-synuclein, which is highly expressed in pre-
synaptic compartments and plays a role in syn-
aptic function by maintaining and clustering
supplies of synaptic vesicles and regulating their
release; thus, SNCA mutations are associated
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with decreased nigrostriatal DA transmission
in PD (Vargas et al. 2017). One of the major
histological features of PD is aggregation of mu-
tant o-synuclein into structures known as Lewy
bodies, which are associated with synaptic de-
cline and calcium dyshomeostasis (Maroteaux
et al. 1988; Maroteaux and Scheller 1991).

Additional sources of calcium dyshomeosta-
sis in PD include the Ca,1.2 and Ca,1.3 voltage-
gated calcium channels (Surmeier et al. 2017b).
SNpc DA neurons rely on the pace-making ac-
tivity of these calcium channels to regulate DA
release, and in PD, there is thought to be a shift in
the relative roles of these channels from Ca, 1.2 to
Ca,1.3, which leads to increases in cytosolic
calcium, mitochondrial stress, and eventually
neuronal death (Hurley et al. 2013; Berger and
Bartsch 2014; Dragicevic et al. 2015). Further-
more, aberrant ER calcium flux has been ob-
served through RyRs (Bruzzone et al. 2003)
and GWAS identified calcium homeostasis
genes in Parkinson’s disease (Saad et al. 2011),
indicating that intracellular calcium-handling
and voltage-gated calcium entry may be working
concurrently to mediate mitochondrial stress
(see Fig. 3).

SOURCES OF CELLULAR CALCIUM
DYSREGULATION DRIVING
NEURODEGENERATIVE DISEASE

Here we selected the major contributing calcium
pathways implicated in neurodegenerative dis-
ease, beginning with sites at the plasma mem-
brane and continuing through to internal stores,
and discuss the mechanisms by which they con-
tribute to a disease state.

lonotropic Glutamate Receptors

Ionotropic glutamate receptors (iGluRs) include
the NMDA, AMPA, and kainate receptors (So-
bolevsky 2015), which serve as the primary me-
diators of excitatory synaptic transmission in the
brain. Of these, the NMDARs are often impli-
cated in cellular pathophysiology based upon
their relatively high calcium permeability (Vyk-
licky et al. 2014). NMDARs are heterotetra-
mers composed of subunits NR1-3. Typically,
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Endoplasmic reticulum Huntington’s disease

* mHtt forms a complex with IP3R1 and HAP1A,
leading to sensitization of IP,Rs and release
of ER calcium stores into the cytosol

* RyR inhibitors show therapeutic effects

* STIM 2 levels increase to refill ER calcium stores

{ Mitochondria

R * Calcium release from overloaded ER

! results in mitochondrial overfilling, leading
P = to increased production of ROS and
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Synaptic changes
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to excess calcium entry, excitotoxic cascades,
and cell death in MSNs; mHitt protein
aggregation

Figure 2. Calcium-handling defects in Huntington’s disease (HD). In HD, the mHtt protein forms a complex
with inositol-14,5-trisphosphate receptor 1 (IP;R1) and Huntingtin-associated protein 1 (HAP1A), leading to
sensitization of IP;Rs and release of ER calcium stores into the cytosol. RyR inhibitors also show therapeutic
effects in HD, suggesting that RyR-mediated calcium release is involved in neurodegeneration. As ER calcium
stores are released and become depleted, stromal interaction molecule 2 (STIM2) increases to refill ER calcium
stores by traveling to the plasma membrane and recruiting ORAI channels to allow calcium entry. Much like AD,
calcium release from the overloaded ER results in mitochondrial overfilling, which in turn leads to increased
production of reactive oxygen species (ROS) and triggers apoptotic cascades. At the synapse, increased glutamate
drive at N-methyl-p-aspartate receptors (NMDARs) leads to excess calcium entry, excitotoxic death in medium
spiny neurons (MSNs), and mHtt protein aggregation.

6 Cite this article as Cold Spring Harb Perspect Biol 2020;12:a035212



g’é’gﬁb Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

? ~ " Lewy body

Voltage-gated calcium channels
* PD patients show increased expression of Ca,1.3-
type VGCCs in SNc neurons relative to aged
non-PD patients
* Blocking of Ca, 1.3 protects neurons from 6-OHDA

Calcium and Neurodegenerative Disease

4

Parkinson’s disease

Mitochondria
¢ Calcium-mediated overload leads to
oxidative stress

and MPTP-induced apoptosis

Synaptic changes
* nAChRs: Reduced expression; activation via
calcium-dependent signaling cascades is
neuroprotective

Figure 3. Calcium-handling defects in Parkinson’s disease (PD). In PD, patients show increased expression of
Ca,1.3-type voltage-gated calcium channels (VGCCs) in SNc neurons compared to aged non-PD patients,
leading to increases in cytosolic calcium. Blocking Ca,1.3-type VGCCs has been shown to protect neurons
from 6-OHDA (synthetic neurotoxin selectively targeting dopaminergic and noradrenergic neurons) and
MPTP (mitochondrial toxin that produces PD-like pathology)-induced apoptosis. In mitochondria, calcium-
mediated overload leads to oxidative stress. At the synapse, expression of nicotinic acetylcholine receptors
(nAChRs) is reduced, while activation of nAChRs via calcium-dependent signaling cascades resulting in up-
regulation of antiapoptotic proteins is neuroprotective as in AD.
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NMDARSs consist of two NR1 and two NR2 sub-
units: NR1 is required for channel function, and
additional cation conductance variability is in-
troduced with NR2 (NR2A-D) and NR3 (A-B)
subunits (Papadia and Hardingham 2007; Hen-
son et al. 2010; Sanz-Clemente et al. 2013). No-
tably, among the isoforms, NR2B has the highest
calcium conductance and its expression is en-
hanced during early stages of development. NR3
containing NMDARs are understudied, but as
NR3 subunits display reduced calcium conduc-
tance, they act as dominant-negative inhibitors of
NMDAR activity (Cavara and Hollmann 2008;
Henson et al. 2010). Unlike AMPARs, which
can be activated solely by glutamate binding,
NMDARSs require both glutamate and membrane
depolarization to displace bound Mg>" to con-
duct. This tightly regulated strategy of calcium
entry functions as a coincidence detector, such
that calcium-dependent signaling pathways in
the postsynaptic compartment are not activated
unless there is sufficient glutamatergic input, al-
lowing for the selective strengthening of synapses.

NMDAR-mediated calcium dysregulation is
thought to contribute to AD through several
means. One proposal is through NMDAR inter-
action with AB42 peptides, which potentiates
NMDAR activity and contributes to synapse
loss (Lacor et al. 2004; DeFelice and Goswami
2007; Bezprozvanny 2008; Ronicke 2011; Zhang
etal. 2016). Under normal conditions, sustained
NMDAR activation results in dendritic spine re-
modeling through calcium-dependent signaling
cascades involving kinase activation, protein syn-
thesis, and actin polymerization (Bosch et al.
2014). However, in AD mouse models and hu-
man AD samples, there are fewer mature or stable
spines, possibly through aberrant NMDAR-gen-
erated and/or RyR-evoked calcium signals,
providing a mechanism by which calcium dysre-
gulation leads to synaptic decay (Spires-Jones et
al. 2007; Spires-Jones and Hyman 2014; Chakro-
borty et al. 2019). Notably, while NMDAR-me-
diated calcium entry appears normal in AD
mouse models, calcium entry through this
channel triggers a large RyR-evoked calcium re-
sponse within dendritic spines, demonstrating a
cooperative pathogenic signaling cascade that
underlies spine loss in AD (Goussakov et al.

2010, 2011). Preventing the NMDAR-triggered
calcium-induced calcium response (CICR) with
the RyR negative allosteric modulator, dantro-
lene, normalized the overall calcium response,
and prevented spine and synaptic loss in the AD
models (Chakroborty et al. 2019).

ApB potentiation of NMDARS, likely through
the enhanced calcium response, has been shown
to increase localization of the phosphatase calci-
neurin (PP2B) in synapses, which counteracts
long-term potentiation (LTP) encoding and
promotes synaptic depression. Indeed, the amy-
loid-induced calcium dysregulation may activate
molecular pathways more consistent with long-
term depression (LTD), resulting in synapse
shrinkage and eventual synapse loss (Snyder
et al. 2005; Roselli et al. 2009; Yamin et al. 2009).

The contribution of NMDAR-calcium dys-
regulation in AD can also be inferred through
the therapeutic effects achieved when targeting
the channel. Selectively down-regulating the
NR2B subunit mitigates the deleterious effects
of AP on synaptic structure and function (Da-
nysz and Parsons 2003; Rogawski and Wenk
2003; Costa 2012; Bazzari et al. 2019), and the
weak NMDAR antagonist memantine is one of
two FDA-approved drug classes for AD. The
effectiveness is limited, but memantine provides
moderate and short-lived improvements to
memory and cognitive performance in AD pa-
tients (Lipton 2004; Kishi et al. 2017).

NMDARSs also play a role in HD pathology
primarily by sensitizing MSNs to excitotoxic cas-
cades and cell death (Fernandes and Raymond
2009). Increased NMDAR currents (Starling et
al. 2005), as well as enhanced cellular swelling in
response to NMDAR activation (Cepeda et al.
2001), have been observed in MSNs from HD
models. This may reflect the enhanced NR2B-
containing NMDARs in MSNs in HD (Li et al.
2003), resulting in larger calcium influx and
vulnerability to NMDAR-mediated cell death
(Zeron et al. 2002). The pathological cascade
can become cyclical in that NMDAR activation
facilitates mHtt protein aggregation (Okamoto
et al. 2009), thus escalating until cell death.
Again, use of memantine leads to reduction of
NMDAR activation, curtailing excess calcium
influx, and neuronal death in HD (Levine et al.
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2010). Both AD and HD exhibit forms of “exci-
totoxicity,” where disruptions in synaptic regu-
lation, or local injury, result in increased gluta-
mate release, excessive NMDAR activation, and
subsequent excess calcium entry. If sustained,
this leads to mitochondrial depolarization, or-
ganelle failure, apoptosis, and neuronal death
(Dong et al. 2009; Zhou et al. 2013). The notable
differences are the cellular specificity and brain
regions affected; however, in these and other
neurodegenerative disorders, it is still unclear
what exactly is driving the anatomical and cell-
specific nature of the diseases.

NMDAR-mediated excitotoxicity is not
thought to initiate the degeneration observed
in PD (Ambrosi 2014). However, as SNpc
dopaminergic neurons are often depolarized
through their pace-making activity, the Mg**
block of NMDARSs is often relieved, increasing
NMDAR open probability and calcium current,
which then likely contributes to calcium dysho-
meostasis, synaptic dysfunction, and excitotox-
icity (Surmeier and Schumacker 2013). Indeed,
weak NMDAR antagonists have demonstrated
neuroprotection in MPTP or 6-OHDA lesioned
rodent models, where use of memantine or MK-
801 reduced the loss of dopaminergic neurons in
the SNpc and reduced rotational behavior, sug-
gesting therapeutic value in humans (Greena-
myre et al. 1991; Blandini et al. 2001; Wild
et al. 2013). Furthermore, NR2B levels are dra-
matically reduced in PD denervation models (a
late-stage PD model), suggesting that loss of
dopamine alters NDMAR composition (Picconi
et al. 2012). In humans, the role of NMDA ac-
tivity and glutamatergic transmission in PD re-
mains to be determined. NMDAR antagonists
have shown mixed results in treating PD-asso-
ciated dementia (Aarsland et al. 2009; Emre et al.
2010), and limited success in treating both PD
dyskinesias and Levodopa-induced dyskinesias
(LIDs) (Greenamyre et al. 1991; Verhagen Met-
man et al. 1998; Johnson et al. 2009).

Nicotinic Acetylcholine Receptors

Neuronal nicotinic acetylcholine receptors
(nAchRs) are in the cys-loop family of receptors
that form pentameric structures, and are com-
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posed of two families of subunit isomers (a2-0.7,
09, 010, and B2-B4; Dani 2015). Cholinergic
projections are vastly distributed throughout
the brain and as such are involved in a variety
of processes, although they are often associated
with attention and arousal. Ionotropic nAchRs
are permeable to Na*, K", and calcium, and will
display differing cation conductances based on
subunit composition. The 0.7 subunit expressing
nAchRs have the highest calcium conductance
of the nAchRs and are found in brain regions
vulnerable in AD, including the hippocampus
(Philie and Choremis 1997; Broide and Leslie
1999; Albuquerque et al. 2009; Cheng and Yakel
2015).

Interest in nAchRs as a neurodegenerative
disease mechanism gained favor in the 1990s
with an epidemiological study finding a relation-
ship between long-term smokers and reduced
incidence of PD, and suggested that cigarette
smoking offered protection (Morens et al.
1995). The neuroprotective mechanisms are
not completely clear, but nicotine remains un-
der consideration as a therapeutic agent for PD.
Long-term nicotine use paradoxically increases
nAchRs expression, which may counter the re-
duced nAchRs levels observed in PD patients
(Wonnacott 1990; Maggio et al. 1997; Quik
et al. 2008; Mehta et al. 2012). In vitro studies
demonstrated that nicotine treatment on cul-
tured neurons prevents MPTP (a mitochondrial
toxin that produces profound PD-like pathology
in humans and animal models) from inducing
apoptosis, further confirming that nAchR acti-
vation protects against otherwise devastating in-
sults (Jeyarasasingam et al. 2002). The protective
mechanism for nicotine on nigrostriatal neu-
rons may be through a calcium-mediated signal-
ing cascade initiated through o7-containing
nAchRs. Here, their stimulation is coupled to
activation of PI3K through calmodulin, and
the subsequent up-regulation of antiapoptotic
protein Bcl2. This pathway offers an intrinsic
mechanism by which nAchR activation protects
against neuronal loss in PD (Séguéla et al. 1993;
Toulorge et al. 2011; Quik et al. 2015).

In AD, acetylcholinesterase inhibitors are
used to treat early-to-moderate AD. Though un-
able to stop the progression of AD, they provide
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symptom support in the early stages of the dis-
ease. The “cholinergic hypothesis of AD” was
born of research in the 1980s, when it was dis-
covered that AD patients display an early loss of
cholinergic neurons, reduced levels of AchR and
nAchRs, and increased butyryl-cholinesterase
(Bartus et al. 1982). Further work revealed that
neurons expressing the a7 and 04 subunits (Na-
gele et al. 2002; D’ Andrea and Nagele 2006) are
uniquely vulnerable in AD, with those neurons
being most highly associated with amyloid
plaques (Wevers et al. 1999). Degeneration of
cholinergic neurons in AD has been widely re-
ported in the cortex, locus coeruleus, and cho-
linergic nucleus basalis (Lyness et al. 2003).
Boosting acetylcholine levels delays the pro-
gression of neurodegeneration in AD through
similar calcium-dependent mechanisms as pro-
posed in PD (e.g., activation of 07 containing
nAchRs), recruiting calcium-dependent cas-
cades resulting in the up-regulation of anti-
apoptotic proteins such as Bcl2 and Bcl-xl
(Robertson et al. 2000; Geerts et al. 2005; Karl-
noski et al. 2007; Xu et al. 2019).

Voltage-Gated Calcium Channels (VGCCs)

VGCC:s consist of two main subtypes: high-volt-
age activated (HVA) and low-voltage activated
(LVA) channels based upon their activation
threshold. As suggested by their name, HVAs,
such as L-type VGCCs, activate quickly in re-
sponse to large changes in membrane potential,
such as action potentials, and display slower, cal-
cium-dependent inactivation properties (Simms
and Zamponi 2014). In contrast, LVAs, such as
the T-type VGCCs are sensitive to subthreshold
changes in membrane potential and exhibit
rapid voltage-dependent inactivation. HVAs
are composed of multiple subunits consisting
of Cay0, Ca,B, and Ca,d, while LVAs are only
composed of Ca,o and B subunits. As the main
determinant of calcium conductance of either
HVAs or LVAs is the Ca,a subunit, VGCCs are
organized into three families, Ca,1-3. Each fam-
ily has specialized roles based upon their con-
ductance and localization, and have diverse
functions ranging from activating gene expres-
sion through neurotransmitter release. Their

complexity underscores their role in regulating
calcium signaling, and are therefore important
in our discussion of calcium in neurodegenera-
tion (Simms and Zamponi 2014).

In PD, it has been demonstrated that the
pace-making activity of the SNpc neurons is vul-
nerable to VGCC-mediated calcium dysregula-
tion. SNpc neurons are autonomous pace-mak-
ers (Guzman et al. 2009), and release dopamine
through rhythmic depolarizations dependent on
Ca,1 family VGCCs. As SNpc neurons age, their
pace-making activity becomes more dependent
on Ca,l.3, and is thought to contribute to their
vulnerability. Dopaminergic SNpc neurons pri-
marily depend on Ca,1.2 for their pace-making
activity early in life, and shift to Ca,1.3 as they
mature. Notably, PD patients have increased
Ca,1.3 expression relative to aged non-PD pa-
tients (Hurley et al. 2013). Upon blocking Ca,1.2
and Ca,1.3 with israpidine, a VGCC blocker in
the dihydropyridine class, neurons are protected
from both 6-OHDA- and MPTP-induced
apoptosis, suggesting that the observed shift in
Ca,1.3 dependence in PD results in increased
sensitivity to insults (Ilijic et al. 2011). To this
end, new relatively selective Ca,1.3 inhibitors
are being explored as a potential therapeutic in
PD (Zaichick et al. 2017; Surmeier 2018).

In AD, AP potentiates calcium influx
through VGCCs, possibly through inducing
or changing surface expression of Ca,l.2 and
Ca,1.3, or directly interacting with the 33 sub-
units of L-type VGCCs to increase channel ac-
tivity (Yang et al. 2009; Kim and Rhim 2011;
Pourbadie et al. 2015). These observations were
largely made from studies in cultured neurons in
which exogenous application of ABincreases cal-
cium influx, and is inhibited by calcium channel
inhibitors such as nimodipine (Pourbadie et al.
2015). However, in brain slice preparations from
adult AD mouse models, there have been little or
no observed changes in VGCC responses from
either an electrophysiological or calcium signal-
ing standpoint (Stutzmann et al. 2006; Goussa-
kov et al. 2010; Chakroborty et al. 2012). The
discrepancy may reflect the model systems
used, and acute effects of supraphysiological lev-
els of AP on cultured cells rather than a sustained
pathogenic mechanism in AD brains. Further-
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more, clinical trials and epidemiological studies
searching for cognitive benefits in AD in patients
taking L-type channel inhibitors for hyperten-
sion or cardiac conditions have not revealed any
positive relationships (Lawlor et al. 2018); al-
though there is evidence that amyloid levels
may be reduced in patients taking VGCC inhib-
itors, they did not have a significantly reduced
risk of AD or AD-related cognitive impairment
(Yasar et al. 2005). Notably, the use of dihydro-
pyridines was associated with a significant re-
duction in the risk of developing dementia in
elderly hypertensive patients (Hussain et al.
2018). Thus, the dissociation between amyloid
load and cognitive status in AD is suggested in
these observations, with a different functional
relationship existing between VGCC activity
and memory retention in hypertension-related
pathology.

Purinergic Receptors

Purinergic receptors are a family of plasma
membrane localized channels and are widely
distributed throughout most mammalian tis-
sues. They are divided into three families: the
P1 and P2Y, which are G-protein-coupled re-
ceptors (GPCRs), and the P2X, which are li-
gand-gated ionotropic channels permeable to
calcium, K*, and Na* (Takenouchi et al. 2010;
Burnstock 2017, 2018). The seven subunit sub-
types of the P2X receptors (P2X1-7) can form
both heterotrimeric and homotrimeric recep-
tors each sensitive to ATP. The distribution of
receptor subtype is varied by cell type and region
throughout the CNS, but the P2X2, P2X4, and
P2X6 are most highly expressed in neurons, with
evidence for both pre- and postsynaptic locali-
zation. Common to several neurodegenerative
diseases are the overactivation of P2X receptors,
leading to cell death by way of sustained mem-
brane depolarization, mitochondrial stress, and/
or ROS production. Interestingly, P2X receptors
are present on microglia, where they have been
implicated in neurodegeneration through in-
flammation.

Consistent with the variety and range of P2X
receptors, their roles in pathology can be quite
varied. In AD, elevated P2X7 levels in microglia
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have been measured in postmortem brain tissue
from AD patients, and are thought to contribute
to enhanced inflammatory responses in early
AD (McLarnon et al. 2006; Sanz et al. 2009;
Lee et al. 2011; Illes et al. 2019). Subsequent in
vitro studies indicate that P2X7 receptor activa-
tion triggers the NLRP3 inflammasome on mi-
croglia, leading to the production of proinflam-
matory cytokines. This suggests that P2X7
receptors on microglia are critical in generating
the innate immune response in AD. Where ini-
tially this response may be helpful in clearing
debris from dying neurons, the chronic immune
stimulation through continued neuronal death
may result in unconstrained inflammation and
ultimately be harmful. Microglia harvested from
P2X7 KO mice stimulated with AB produced
significantly less IL-1f compared to the wild-
type (WT) controls, suggesting an interactive
relationship with pathogenic peptide species
(Sanz et al. 2009). Likewise, pharmacological in-
hibitors of P2X7 receptors, such as Brilliant Blue
G (BBQG), have demonstrated neuroprotective
effects. Studies of primary hippocampal neurons
suggest that BBG reduces AB-induced dendritic
spine loss (Jana et al. 2016), and promotes
protective mechanisms, including activation of
o-secretase to reduce AP peptide production
(Diaz-Hernandez et al. 2012) and resistance
to apoptotic engagement (Kong et al. 2005;
Woods et al. 2016). Reporter animals expressing
EGFP-P2X7R crossed with the J20 AD model
demonstrate that AB-induced neuroinflamma-
tion increases P2X7R expression on microglia
throughout neuroinflammation, and reduces
neuronal expression in early and advanced, but
notlate AD (Martinez-Frailes et al. 2019). In line
with this discovery, P2XR7 genetic knockdown
resulted in reduced plaque size, and improved
behavior scores (Martin et al. 2019), suggesting
P2XR?7 as a potential therapeutic target. P2X4
has also been implicated in AD, with putative
roles in unregulated calcium influx resulting in
apoptosis (Varma et al. 2009).

In PD, P2X7 receptor signaling also contrib-
utes to ROS production and apoptotic engage-
ment (Belarbi et al. 2017; Miras-Portugal et
al. 2017; Munoz et al. 2017). In animal models
of hemi-parkinsonism generated by 6-OHDA
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lesioning of the basal ganglia, P2X7 antagonists
increase dopamine production, reduce rotation-
al behavior, and suppress cell death (Carmo
et al. 2014; Ferrazoli et al. 2017). P2X7 is not
the only ATP receptor implicated in PD, as
P2X1 receptor involvement has been reported
as well. ATP was shown to induce lysosome dys-
function and o-synuclein aggregation in vitro,
where P2X1 antagonism or genetic knockout
improved lysosome function and reduced aggre-
gation (Gan et al. 2015). Indeed, the purinergic
receptors may provide a link between neurode-
generation and deleterious inflammatory pro-
cesses.

CALHM1

The calcium homeostasis modulator 1 channel
(CALHM1) is a recently identified voltage-gated
channel that increases cytosolic calcium influx
in response to decreases in extracellular calcium
(Dreses-Werringloer et al. 2008; Ma et al. 2012).
The channel is composed of six subunits, each
containing four TMDs with an intracellular
ATD and CTD (Siebert et al. 2013). Multiple
cellular kinase signaling cascades are activated
by CALHM1 activity in neurons (Dreses-Wer-
ringloer et al. 2013). The role of CALHM1 in the
development of neurodegenerative disease is
currently debated, with the controversy based
around the discovery of polymorphisms in the
genomes of AD patients. The frequency of a
CALHMI polymorphism (P86L) was initially
shown to be increased in five independent
SAD cohorts (Dreses-Werringloer et al. 2008).
A competing study demonstrated no association
between CALHM1 and the risk of AD in the
analysis of more than 8100 subjects (Feher
et al. 2011). However, studies comparing the
WT protein and a P86L polymorphism in trans-
fected cells have shown that the mutant resulted
in increased levels of AB1-40 and AB1-42, indi-
cating a role in the development of AD (Dreses-
Werringloer et al. 2008). Additional studies of
CALHMI function have suggested roles in the
production and metabolism of AP, as well as
links of protein polymorphisms to early-onset
AD (Koppel et al. 2011; Rubio-Moscardo et al.
2013; Vingtdeux et al. 2014).

INTRACELLULAR CALCIUM HOMEOSTASIS

Endoplasmic Reticulum

Several channels that regulate the influx and ef-
flux of calcium between the ER and the cytosol
(Berridge 1998) have been implicated in neuro-
degenerative disease. IP;Rs, RyRs, and sarco-
plasmic reticulum (SR)-ER (calcium)-ATPase
pumps (SERCA) are the main contributors
to ER-cytosol homeostasis (Berridge 1998). De-
fects in stromal interaction molecule 2 (STIM?2)
proteins, which are part of the STIM-Orai com-
plex that allows for refilling of ER calcium stores,
have also been implicated (Pascual-Caro et al.
2018; Secondo et al. 2018).

IPsR

The IP;R is a tetrameric calcium channel found
in the ER membrane (Maeda et al. 1991; Ber-
ridge 1995; Yamazaki and Mikoshiba 2009). The
IP3R agonist, InsP3, is generated through acti-
vation of Gg- or certain tyrosine kinase-coupled
receptors and subsequent hydrolysis of mem-
brane-bound phosphatidylinositol 4,5-bisphos-
phate (Berridge 2005, 2009). There are three
IP;Rs isoforms distributed throughout the
body, particularly within muscle cells, secretory
cells, and neurons, and their expression levels
differ depending on location and developmental
stage (Berridge 2009). Regulation of IP;Rs func-
tion is complex, involving numerous cofactors
and binding proteins as well as calcium itself
(Mak et al. 1998; Shilling et al. 2014).

Altered IP;R-mediated calcium signal was
one of the first pathways implicated in AD and
HD pathogenesis in both human cells and ani-
mal models (Etcheberrigaray et al. 1998; Tang
et al. 2003; Stutzmann et al. 2004; Bezprozvanny
2011). In AD, early studies demonstrated that
exogenous expression of mutant PS1 in oocyte
models potentiated IP;R-calcium responses rel-
ative to WT PSI1 (Leissring et al. 1999a,b). Just
prior to this, human cells obtained from pre-
symptomatic FAD patients demonstrated en-
hanced calcium responses to IP;-generating
stimuli relative to age-matched non-AD cohorts
and non-FAD family members (Etcheberri-
garay et al. 1998). This phenomenon was again
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confirmed in PS1 knockin mice and other pre-
symptomatic AD mouse models (Stutzmann
et al. 2004, 2006; Goussakov et al. 2010), sug-
gesting that the FAD mutations can drive calci-
um dyshomeostasis and emerges prior to other
salient features of AD, such as protein aggrega-
tion and cognitive impairments. Following this
discovery, further research found a variety of
calcium signaling abnormalities in presenilin
mutants (Tu et al. 2006; Nelson et al. 2007;
Cheung et al. 2010; Kipanyula et al. 2012; Rya-
zantseva et al. 2018) and APP mutations (Pchit-
skaya et al. 2015). Complementary studies have
demonstrated that reduction in IP;R expression
can normalize exaggerated calcium responses,
and restore hippocampal LTP in two AD mouse
models (Shilling et al. 2014).

In HD, IP;Rs have been implicated in pathol-
ogy. Using a yeast 2-hybrid screen, and later con-
firmed in a high-throughput unbiased screen,
it was discovered that the mutant Htt protein
is capable of forming a complex with IP;R1
and Huntington’s associated protein 1 (HAP1)
(Tang et al. 2003; Kaltenbach et al. 2007). Lipid
bilayer reconstructions revealed that not only do
these proteins interact, but their interaction pro-
motes ER calcium release. mHtt dramatically in-
creases the open probability of IP;R1, and this is
further increased when HAPI is present, sup-
porting a direct role for IP;R regulation in HD
pathology. This potentiation contributes to neu-
ronal dysfunction and death through a variety
of mechanisms, including caspase activation,
calpain activation, and apoptotic engagement
(Tang et al. 2005).

RyRs

RyRs are homotetramer proteins localized in the
ER membrane of neurons, and with a total mo-
lecular mass of more than 2 MDa (each subunit
is >550 kDa), it is one of the largest and most
complex calcium channels (Inui et al. 1987; Lai
et al. 1988; Meissner 2017). RyRs are found in
many tissues and cell types, particularly in mus-
cle, secretory cells, and the CNS; the three iso-
forms (RyR1-3) show tissue-type specificity,
with RyR1 largely in skeletal muscle, RyR2 in
cardiac muscle and CNS, and RyR3 predomi-
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nantly in smooth muscle and the brain (Meiss-
ner 2017). The primary activation mechanism
in neurons is via calcium-induced calcium re-
lease, with the evoked calcium signal regulating
a broad range of downstream effects, the nature
of which depends upon cellular localization,
amount of calcium released, and temporal pat-
terns of release (Hamilton and Serysheva 2009;
Del Prete et al. 2014; Arias-Cavieres et al. 2018).
The RyR channel properties are also tuned by
several phosphorylation, nitrosylation, and oxi-
dation sites on the channel, and, thus, alterations
in cellular state can change the activation and
inactivation properties of RyR-calcium release
(Marx et al. 2000; Wehrens et al. 2006; Niggli
etal. 2013; Lacampagne et al. 2017; Nikolaienko
et al. 2018). Because RyRs are found in synaptic
compartments as well as dendrites and soma,
their actions on cellular physiology are broad
and include modulation of synaptic plasticity,
activation of kinase/phosphatase/enzymatic cas-
cades, and mitochondrial and protein-handling
responses, among others (McPherson etal. 1991;
Sukhareva et al. 2002; Abu-Omar et al. 2018;
Mustaly-Kalimi et al. 2018). Thus, the RyR is
subject to multiple means of regulation and dys-
regulation, and is implicated in several neurode-
generative disease mechanisms.

Following the identification of potentiated
IP;R-mediated calcium responses in AD mod-
els, it was discovered that increased RyR calcium
signaling is evident prior to the emergence of
histopathology and cognitive decline (Chan et
al. 2000; Stutzmann et al. 2006, 2007). In AD,
aberrant posttranslational modifications of the
RyR have been implicated in the excessive re-
lease, including oxidation, phosphorylation,
and nitrosylation on specific residues (SanMar-
tin et al. 2017; More et al. 2018). In addition to
these modifications, increased RyR2 expression
within vulnerable brain regions such as the hip-
pocampus and cortex have been identified in
animal models and in human brains from AD
patients (Chakroborty et al. 2009; Bruno et al.
2012). The resulting exaggerated RyR calcium
responses in AD neurons are linked to impaired
neurophysiology and synaptic signaling events,
such as increased calcium-dependent K" cur-
rents, decreased synaptic vesicle stores, and
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reduced postsynaptic spines, all of which may
contribute to memory impairments (Stutzmann
et al. 2006; Chakroborty et al. 2009, 2012; Briggs
et al. 2017). Particularly notable in terms of
synaptic pathology are the supraphysiological
RyR-evoked calcium responses within dendritic
spines and synaptic compartments in AD neu-
rons, which appear to drive synaptic depression
and morphological defects, and thus impede
proper memory-encoding processes (Fitkova
et al. 1983; Chakroborty et al. 2009, 2012,
2019; Segal and Korkotian 2014). Also, RyR-me-
diated calcium release up-regulates secretases
that increases APP cleavage, resulting in in-
creased AP fragments and plaque load in AD
(Oules etal. 2012). In parallel, calcium-regulated
kinases that hyperphosphorylate tau also appear
to be up-regulated by increased RyR-dependent
calcium deregulation, resulting in increased
phospho-tau pathology.

Recently, several studies independently have
focused on the RyR as a therapeutic target for
neurodegenerative disorders. In AD mouse
models, subchronic treatment with negative al-
losteric modulators such as dantrolene, and CNS
penetrant versions such as Ryanodex, have re-
sulted in broad therapeutic outcomes. These in-
clude a reduction in amyloid and tau pathology,
normalized intracellular calcium responses, re-
stored synaptic structure and synaptic density,
normalized synaptic plasticity, and enhanced
behavioral performance on cognitive and mem-
ory tasks (Stutzmann et al. 2006; Chakroborty
et al. 2012, 2019; Oules et al. 2012; Peng et al.
2012). Not only do these outcomes support a
central and upstream role of dysregulated ER
calcium signaling in AD pathogenesis, but also
serves as proof of principle for therapeutic strat-
egies. Dantrolene has also been shown to have
beneficial effects in HD models, further suggest-
ing a role of RyR-mediated calcium release in
neurodegeneration (Chen et al. 2011)

Store-Operated Calcium Entry (SOCE)

The release of calcium from the ER is balanced
by a complex refilling process through STIM
mobilization and SERCA pumps. In the brain,
two forms of STIM are expressed (STIM1 and

STIM2), with a predominance of STIM1 in the
cerebellum, and STIM2 in the hippocampus and
cortex (Kraft, 2015; Secondo et al. 2018). Upon
depletion of ER calcium stores, the low calcium
concentration is detected by STIM, where it then
aligns with the plasma membrane. Once in
proximity to the plasma membrane, STIM trig-
gers calcium-permeable Orai channels or tran-
sient receptor potential channels (TRPCs),
allowing calcium entry and ER refilling through
the SERCA pumps. This mechanism for main-
taining ER calcium has been found to contribute
to calcium dysregulation in neurodegeneration
(Hogan and Rao 2015; Bollimuntha et al. 2017;
Secondo et al. 2018). STIM2 overexpression in
the AD models resulted in a restoration of spine
morphology, strongly implicating SOCE in AD
pathology (Sun et al. 2014; Popugaeva et al.
2015).

In AD, presenilin mutations leave neurons
vulnerable to synaptic decay and dendritic spine
loss, and targeting SOCE may help restore func-
tion. In AD mouse models, hippocampal neu-
rons have altered spine morphology in addition
to their physiological deficits. Additionally, syn-
aptic SOCE is impaired in hippocampal neu-
rons, resulting in decreases in calcium entry at
the synapse, which inhibits critical signaling
pathways for spine function.

SOCE is dysregulated in HD through mu-
tant Htt (Wu et al. 2011, 2016; Vigont et al.
2015). In the YAC128 HD model, mutant Htt
protein and HAPI1 sensitize IP;Rs, leading to
lowered ER calcium stores, and a near-continu-
ous SOCE activation (Czeredys et al. 2018). This
excess calcium influx contributes to MSN loss.
Of note, shRNA silencing of HAP1 normalized
SOCE currents presumably through normaliza-
tion of STIM 2 expression, suggesting that
targeting SOCE may be a viable strategy for
treating HD.

Mitochondrial Calcium Handling

Mitochondria calcium handling oversees several
complex roles in neurons, ranging from signal
transduction to energy production. The electro-
chemical gradient produced by the electron
transport chain (ETC) allows mitochondria to
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take up calcium from the cytosol through the
mitochondrial calcium uniporter (MCU) com-
plex, and exported through the Na*/calcium
antiporter (Nicholls and Crompton 1980; De
Stefani et al. 2011; Tarasov et al. 2012; Marchi
and Pinton 2014). This ability allows mitochon-
dria to synchronize calcium-signaling events in
neurons with upticks in energetic demands. This
process depends heavily on mitochondrial
subcellular localization, and through mitochon-
drial-associated ER membranes (MAMs), the
mitochondria receive calcium through specific
microdomains associated with the ER, Golgi,
and plasma membrane. This association is im-
portant, as it provides mechanistic links for de-
fined processes such as exaggerated ER calcium
release that results in mitochondrial damage, or
the associated loss of mitochondrial calcium
buffering at synapses in AD. When this process
runs awry, mitochondrial calcium overload
(MCO) results in decreased mitochondrial func-
tion, and eventual formation of the mitochon-
drial to permeability transition pore (mPTP),
which initiates apoptosis. As apoptosis is a com-
mon mechanism of cell death in AD, PD, and
HD, it is important to consider whether mito-
chondrial calcium dysregulation is unique to
any one disease, or a consequence of neuronal
stress. In AD, the case is clear that mitochondrial
calcium dysregulation is a culprit in pathology
(DiMauro and Schon 2008; Cali et al. 2012; Miil-
ler et al. 2018).

In several models, A has been shown to
induce cell death. This process may reflect in-
creased ER calcium levels, leading to exaggerat-
ed calcium release and associated mitochondrial
stress. This is consistent with several electron
microscopy (EM) studies, suggesting that mito-
chondrial expression, shape, and turnover rates
are negatively affected in AD, all of which could
contribute to disturbed signaling and apoptotic
engagement. More recent studies suggest a dual
role for AB in both ROS generation and in-
creases in ER calcium, which culminate in sen-
sitizing RyRs on the ER, leading to MCO and
further ROS production. This feedforward cycle
may represent a means by which calcium dys-
regulation, in any form, ultimately leads to syn-
aptic dysfunction and neuronal death (Hirai
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et al. 2001; Ferreiro et al. 2008; Wang et al.
2009; SanMartin et al. 2017).

In PD, the link to mitochondrial stress ap-
pears to be mediated through Ca,1.3 activity, as
described earlier. An additional mitochondrial
connection to PD has also been inferred through
the recreational use of synthetic heroin contam-
inated with MPTP, now known to be a mito-
chondrial complex I inhibitor. Recounted by
Langston and originally published in 1983, he
was confronted with a modern “medical mys-
tery” when a patient in his 40s was presented
with catatonic schizophrenia, with symptoms
emerging overnight. Langston’s observations
fit with advanced PD, and through communica-
tion with the local hospitals and law enforce-
ment uncovered several other patients with
“rapid-onset severe PD” who had taken the con-
taminated drug. MPTP has since become a tool
in PD modeling. Further research will reveal the
tull role of mitochondrial calcium dysregulation
in PD (Furukawa et al. 2006; Danzer et al. 2007;
Hettiarachchi et al. 2009; Cali et al. 2012; Lang-
ston 2017).

The linkage between HD and mitochondrial
dysfunction haslongbeen hypothesized through
the observation that HD patients exhibit weight
loss throughout the progression of the disease.
Though the complete functions of the Htt pro-
tein is still debated, there is evidence to suggest
that mHtt leads to mitochondrial calcium dys-
regulation, decreased threshold for mPTP, and
apoptotic engagement. The mechanism by
which this occurs is still debated, but emphasizes
the link between calcium and degeneration in
HD. This may also tie neatly into the observation
that Htt potentiates IP;Rs responses, which, if
the mitochondria are at a lower threshold for
mPTP, could readily lead to MCO (Choo et al.
2004; Milakovic et al. 2006; Gellerich et al. 2008;
Lim et al. 2008).

CONCLUSIONS

Calcium is a ubiquitous secondary messenger,
which requires precise spatial and temporal reg-
ulation. While cells possess the means to main-
tain physiological homeostasis in the short term
if calcium levels are perturbed, sustained dys-

Cite this article as Cold Spring Harb Perspect Biol 2020;12:a035212 15



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

S. Schrank et al.

regulation of cellular calcium homeostasis leads
to a more global breakdown in cellular function
and structure. In neurodegenerative diseases,
vulnerable brain regions or specific neuronal
subtypes exhibit unique patterns of calcium sig-
naling alterations that are closely tied to the
disease symptomology and cellular pathophysi-
ology. Whether it is the memory-encoding hip-
pocampal circuitry in AD, dopaminergic cell
bodies in PD, or striatal neurons in HD, each
of these devastating diseases exhibit early calci-
um signaling abnormalities that can initiate or
sustain the pathological cascades that define the
disease. It is hopeful to consider that targeting
the respective sources of calcium dysregulation
could serve as an effective therapeutic strategy,
and provide a more complete understanding of
disease etiology.
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