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Ca®* dyshomeostasis is a critical causative mechanism
underlying the functional impairment of the central nervous
system seen in ‘healthy’ aging [, specifically in normal
brain aging processes in the absence of disease-causing
mutations or external causes. It is generally thought that such
impairments result from the gradual accumulation of small
changes at the molecular level, such as oxidative damage to
the structure and function of synapses that ultimately cause
the loss of biological function 2. Alzheimer’s disease (AD)
is a multifactorial pathology directly related to aging and
with age as a primary risk factor 1. Neurons affected by AD
have an elevated cytosolic calcium ion concentration [, It
has not yet been determined if the observed elevation of
cytosolic calcium is contributing to or results from AD
pathology, but there is mounting evidence in support of the
Calcium Hypothesis of brain aging *°l. The two presenilin
genes found in vertebrates are ubiquitously expressed as the
transmembrane proteins presenilin-1 (PS1) and presenilin-2
(PS2), respectively, in the endoplasmic reticulum (ER). They
are part of the y-secretase enzyme complex catalyzing the
processing of amyloid precursor protein (APP), which - if
aberrant under disease conditions - can result in the
generation of neurotoxic amyloid-beta (AB) peptides 19 (Fig.
1). Approximately 80% of the mutations linked to familial
AD have been found in PS1 [ and clinically relevant PS1
mutations exert effects on cytosolic calcium concentrations
(10, 121 While both presenilins affect cytosolic calcium

concentrations, the PS1 isoform binds to several proteins
essential to the regulation of intracellular calcium signaling,
e.g. the inositol 1,4,5-trisphosphate receptor (IPsR) 191, the
N-methyl-D-aspartate (NMDA) receptor (NMDAR) 241 and
the ryanodine receptor (RyR) [>171, Here, the interaction of
presenilins with RyRs will be reviewed.

The PS-RyR interaction was first observed in single
channel electrophysiological recordings of mouse brain
microsomes using recombinant PS N-termini. The cytosolic
domain of the N-terminus of both PS1 (residues 1-82;
PSINTF) and PS2 (residues 1-87; PS2NTF), i.e. soluble
proteins without the transmembrane domains, bind the large
cytoplasmic face of the RyR to control channel gating
without the involvement of the PS transmembrane domains.
PS1 and PS2 regulate RyR channel activity each with distinct
kinetics. PSINTF increased RyR2 channel open probability
and the mean Ca?* current over the physiological cytosolic
calcium range of 10 nM to 1 uM Ca?* but did not alter
channel properties at high, cytosolic Ca?* concentrations (>
10 uM Ca?*) that inhibit RyR at their low affinity inhibitory
Ca®* binding site [, On the other hand, PS2NTF had less
effect at physiological calcium concentrations, but increased
the RyR channel open frequency and mean Ca?* current at
elevated calcium concentrations (10 uM — 1 mM Ca?*) that
can contribute to neurotoxicity ™6, Thus, PS1 has the
capacity to facilitate the transition of the RyR ion channel
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Figure 1. Role of PS proteins in synaptic signaling. PS proteins form the enzymatic core of the y-secretase
complex, which cleaves its target, amyloid precursor protein (APP) to generate 3-amyloid (AB) peptide (top panel,
left; indicated by the green arrow). Mutations in the genes encoding PS proteins, PSEN1 and PSEN2, have been
linked to familial AD, causing aberrant processing of APP resulting in excess generation of the pathologic and
potentially pathogenic AB4. peptide (top panel, right; indicated by the red arrow). More recently, a novel role for PS
proteins as regulators of intracellular Ca?* signaling has been discovered and is the focus of this review.
Specifically, PS is expressed ubiquitously in the ER, where it interacts directly with the RyR via its cytosolic
N-terminal domain (lower panel; indicated by the black arrow).

from the closed to the full open state, bypassing
subconductance states potentially contributing to Ca?
leaking from the ER, while at high cytosolic calcium
concentrations PS2 blocked the inhibition of the RyR
channel by its low affinity inhibitory Ca?* binding site (Fig.
2).

Subsequent studies investigating this new mechanism of
cytosolic calcium control focused on the interaction of PS
with RyR in live cells. The physiological relevance of the
PSNTF-RyR interaction was measured in SH-SY5Y
neuroblastoma cells, a cell line with neuronal phenotype, low
expression levels of IPsRs and RyR-driven intracellular
calcium release 1. Live cell calcium imaging of cells
transfected with PSINTF or PS2NTF confirmed the
differential regulation of RyR by PS1 and PS2 identified in
the electrophysiology findings. Neither PS N-termini were

sufficient to cause RyR activation at sub-threshold Ca?*
concentrations but, with addition of the RyR allosteric
agonist caffeine, calcium signaling dynamics specific for
each presenilin were observed. The maximum amplitude and
total amount of RyR Ca?* release was decreased in the
PSINTF cells, resulting from PSINTF-bound RyRs rapidly
gating to the full open state to release a strong burst of Ca?*
leading to rapid channel inhibition as the cytosolic volume
near the RyR rapidly reached inhibitory Ca?* concentrations
(Fig. 2A) 71, Conversely, and as expected based on the
electrophysiology data, PS2NTF transfected cells did not
differ from wild type (WT) SH-SY5Y cells since inhibition
of the RyR channel by high cytosolic calcium concentrations
was prevented (Fig. 2B) [17],

Sequence alignment of PS1 and PS2 reveals a high
homology in all regions except for the cytosolic N-termini
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Figure 2. Presenilins regulate ryanodine receptor-mediated Ca®* release differentially. Representations of an
individual RyR and its interaction with PS are shown in the top panels. Corresponding graphs below illustrate
characteristics of Ca®* transients mediated by RyR activity. Whole-cell cytosolic calcium concentrations (ordinate) are
plotted over time (abscissa) to show the changes in the kinetics of Ca?* transients dependent on PS binding to RyR.
Seesaws depict a predominant effect of PS1 over PS2 (A) or PS2 over PS1 (B), as seen in young and aged animals,
respectively 9. A, Binding of the PS1 N-terminal fragment to RyR increases open probability and results in heightened

calcium release and fast channel inhibition by calcium at the RyR’s inhibitory low affinity Ca2* binding site.

B, Binding

of PS2 to the RyR blocks inhibition at the low affinity Ca?* binding site resulting in an increased duration of the Ca?*

transient.

and the third ER loop regions proximal to the endogenous
cleavage sites 171, One significant difference between the
cytosolic N-termini is that PS2NTF has four redox sensitive
cysteines while PSINTF has none. In silico analysis of the
PS2NTF cysteines indicated the likely presence of two
cysteine  bridges, suggesting that the  observed
presenilin-mediated regulation of RyR channel activity could
be dependent on redox sensitive protein confirmations 171,
To test the effect of redox sensitive confirmations of PS on
RyR activity, site-directed mutagenesis was performed to
exchange the cysteines present in the PS2NTF (C14A, C31D,
C56Q, C65Q) with the complementary residues of PSINTF
and vice versa, resulting in constructs named
PS2NTF-ADQQ and PSINTF-CCCC, respectively 071, Cells
expressing the redox insensitive PS2NTF-ADQQ construct
recapitulated the regulatory effect that PSINTF exerts on
RyR by decreasing both the maximum amplitude and total
amount of calcium released from the ER by RyR 1], Cells
expressing PSINTF-CCCC displayed an intermediate

response, with the calcium release maxima between the ones
for the PS2NTF expressing or WT cells 7], The ability of
these mutations to exchange the respective PS variants’
regulation of the RyR suggests a specific and isoform
dependent mechanism of ER calcium release by PS1 and PS2
that is directly related to the oxidation state of the cytosol.

Given this potent modulation of Ca?* signaling by PS
proteins [*4171 the question arises whether PS expression is
altered in the aged brain either as a pathological cause or
consequence of cognitive and/or motor impairments. One
early study investigated PS mRNA and protein levels in the
cortex and found decreased PS1 and increased PS2
expression in 15 months old compared to 6 months old mice
(181 A more recent study focused on both forebrain and
cerebellar PS expression levels in both young, 6 months old,
and aged, 24 months old, mice that had been behaviorally
characterized to provide a detailed quantification of their
cognitive and motor performance [1°. In rodent models,
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cognitive and motor impairment can be quantified using a
variety of well-established behavioral paradigms including
the swim maze test and the bridge walking task [20 21, PS
protein expression was highly correlated with performance in
behavioral paradigms for motor function, memory, and
learning 291, Specifically, PS1 levels were decreased while
PS2 levels were increased in aged mice compared with
young controls and with increasing impairment of their
cognitive and motor performance 91, This study confirmed
and expanded on prior results providing strong evidence for
the differential expression of PS proteins in a non-genetic
model for aging and age-related cognitive impairment. The
proposed overall increase of the PS2 to PS1 ratio in the aged
brain represents a novel mechanism underlying molecular
and functional changes during normal aging and implicates
the group of PS proteins directly with synaptic dysfunction in
aging and neurodegenerative disease in general adding to the
already established mechanism that genetic mutations of
presenilins cause familial forms of AD.

Consequently, a novel mechanism should be considered,
wherein cytosolic calcium concentrations are regulated by PS
binding to RyR. In a healthy neuron, the PS1-RyR
interaction predominates and leads to a highly controlled
temporal and spatial regulation of calcium release from the
ER (Fig. 2). Aging, oxidative damage, and downregulation of
PS1 expression contribute to increased RyR-mediated Ca?*
leak and hence potentially chronically increased cytosolic
calcium concentrations. Once cytosolic calcium reaches a
threshold level, the PS2 interaction with RyR becomes
physiologically relevant, blocking the inhibition of the RyR
by calcium at its inhibitory low affinity Ca?* binding site.
The resulting increasing cytosolic calcium loads potentially
feed forward into age-related functional deficiencies and AD
pathologies, such as loss of cognitive function, improper
APP cleavage, and neuronal loss. This novel mechanism
represents an alternative pathway for the pathogenesis of
age-related dysfunction of the CNS and AD thereby
contributing significantly to aspects of the calcium
hypothesis of brain aging and AD pathology.
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