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In animals, circadian clocks impose a daily rhythmicity to many behaviors and
physiological processes. At the molecular level, circadian rhythms are driven by
intracellular transcriptional/translational feedback loops (TTFL). Interestingly, emerging
evidence indicates that they can also be modulated by multiple signaling pathways.
Among these, Ca?™ signaling plays a key role in regulating the molecular rhythms of
clock genes and of the resulting circadian behavior. In addition, the application of in vivo
imaging approaches has revealed that Ca* is fundamental to the synchronization of
the neuronal networks that make up circadian pacemakers. Conversely, the activity
of circadian clocks may influence Ca?* signaling. For instance, several genes that
encode Ca®* channels and Ca?*-binding proteins display a rhythmic expression, and
a disruption of this cycling affects circadian function, underscoring their reciprocal
relationship. Here, we review recent advances in our understanding of how Ca?*t
signaling both modulates and is modulated by circadian clocks, focusing on the
regulatory mechanisms described in Drosophila and mice. In particular, we examine
findings related to the oscillations in intracellular Ca* levels in circadian pacemakers
and how they are regulated by canonical clock genes, neuropeptides, and light stimuli.
In addition, we discuss how Ca?* rhythms and their associated signaling pathways
modulate clock gene expression at the transcriptional and post-translational levels. We
also review evidence based on transcriptomic analyzes that suggests that mammalian
Ca’t channels and transporters (e.g., ryanodine receptor, ip3r, serca, L- and T-type
Ca’t channels) as well as Ca®*-binding proteins (e.g., camk, cask, and calcineurin)
show rhythmic expression in the central brain clock and in peripheral tissues such as
the heart and skeletal muscles. Finally, we discuss how the discovery that Ca2+ signaling
is regulated by the circadian clock could influence the efficacy of pharmacotherapy and
the outcomes of clinical interventions.
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GRAPHICAL ABSTRACT | Reciprocal relationship between Ca?* signaling and the circadian clock. In Drosophila and mice, circadian clocks impose a daily
rhythmicity to Ca2* signaling; and, conversely, Ca®* rhythms and signaling contribute to transmitting daily external signals to the clock TTFL. This bidirectional
regulation is critical to the daily rhythmicity of many physiological and behavioral processes.

INTRODUCTION

All multicellular animals contain a biological clock that allows
them to anticipate the daily changes in the environment, such as
the arrival of dawn or dusk. These are endogenous mechanisms
that are cell-autonomous and are invariably controlled by
highly conserved intracellular transcription-translation feedback
loops (TTFL) (Hardin, 2011; Takahashi, 2017). At their core,
these TTFLs include the transcription factors, CLOCK and
CYCLE (usually called BMAL1 in mammals), which activate the
transcription of the period (per) and either the timeless (tim)
or the cryptochrome (cry) genes in Drosophila and mammals,
respectively. In the cytoplasm, the corresponding PER and
either TIM (Drosophila) or CRY (mammals) proteins dimerize,
re-enter the nucleus, and inhibit the activity of CLOCK-
CYCLE, thereby preventing their own expression. The exact
functioning of this core TTFL is, in addition, modified by a
growing number of intracellular factors, which include additional
secondary TTFLs, kinases and phosphatases that regulate the
stability of PER and TIM (CRY) proteins, as well as chromatin
and chromatin-modifying complexes, all of which contribute
to producing a molecular rhythm with near-24 h periodicity.
Circadian clocks are classified according to where they reside:
central oscillators are located in the brain whereas peripheral
oscillators can be housed in a wide variety of tissues, where
they impose a daily rhythmicity to the physiology of each organ

(Mohawk et al., 2012). Yet, the different cells that make up the
central oscillators must coordinate their activity and must also be
entrainable by the daily environmental signals that synchronize
the organism’s pattern of activity to the appropriate time of
day (usually light, but for ectothermal animals can also be
temperature). In addition, peripheral clocks are coordinated with
the central clock to produce a unitary biological time for the
organism. And, finally, the activity of clocks can in turn be
modified by the organism’s physiology and/or behavior (e.g.,
through feeding, Damiola et al., 2000). At the systems level, the
entrainment of central and peripheral clocks, the coordination
between clocks as well as between clocks and their host, occurs via
neuronal, endocrine, and paracrine signals (Schibler et al., 2015;
King and Sehgal, 2020). These signals are transduced by various
signaling pathways that ultimately alter the temporal pattern
of gene expression. Here, we review the role of Ca>* in clock
function by considering intracellular and extracellular signals
that regulate Ca?* levels in circadian clocks (see section “Ca?™
Rhythms in Biological Clocks Are Regulated by Intracellular and
Extracellular Signals”). In addition, we discuss the mechanism
by which Ca’?* signaling affects clock function (see section
“Effects of Ca’>* Signaling on the Expression of Clock Genes
and Rhythmic Behavior”), and, in turn, how clock function
affects Ca®* signaling (see section “Circadian Regulation of
Ca’*t Associated Proteins”). Finally, as a result of our growing
appreciation of the importance of clocks in health and disease, we
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discuss how our knowledge of the reciprocal relationship between
clocks and Ca®* signaling impacts the effectiveness of drugs and
is relevant to the development of improved therapeutics (see
section “Ca?T Signaling and Clocks: Implications for Diseases
and Chronomedicine”).

CA2+ RHYTHMS IN BIOLOGICAL
CLOCKS ARE REGULATED BY
INTRACELLULAR AND
EXTRACELLULAR SIGNALS

In animals, intracellular Ca2*t levels ([Ca?t];) are essential
for the proper functioning of many cellular and physiological
processes, including circadian rhythms. For example, in the
case of pacemakers housed within neuronal tissues, fluctuations
in [Ca®T]; have been associated with the circadian control of
neuropeptide release, the expression of clock genes, synaptic
plasticity, and the periodicity of rhythmic behaviors (Lundkvist
etal., 2005; Harrisingh et al., 2007; Depetris-Chauvin et al., 2011).
For this reason, an important area of research in chronobiology is
devoted to identifying changes in [Ca®*]; that occur in circadian
pacemaker neurons and understanding their origin. Interestingly,
daily Ca?" variations occur in circadian oscillators of rodents
(Colwell, 2000; Ikeda et al., 2003; Enoki et al., 2012, 2017;
Brancaccio et al., 2013; Noguchi et al., 2017), flies (Liang et al.,
2016; Guo et al., 2017), and mollusks (Colwell et al., 1994).

Neuropeptide-Mediated Ca2* Rhythms

In mice, Ca’" rhythms have been described in neurons and
astrocytes of the central mammalian clock, which is located in
the suprachiasmatic nucleus (SCN) (Ikeda et al., 2003; Brancaccio
et al., 2017). Remarkably, they are not uniform over the entire
nucleus. Indeed, the phase of Ca?* oscillations in dorsal regions
are advanced relative to those in the ventral zone, and this
spatial organization is highly dependent on neuronal network
properties within the SCN (Enoki et al., 2012; Brancaccio et al.,
2013). In addition, this difference in Ca?* phase is abolished
when the intercellular synchronization within the SCN is weak
(Enoki et al.,, 2017), suggesting that diffusible factors such as
the neuropeptides, arginine vasopressin (AVP) or vasoactive
intestinal peptide (VIP), which are enriched in dorsal and ventral
regions of SCN, respectively (see Figure 4 from Enoki et al., 2017),
are relevant for maintaining the phase difference between Ca?*
oscillations in the dorsal vs. ventral SCN. Similarly, in Drosophila,
where daily locomotor activity shows a bi-modal pattern, the
central clock neurons that control the morning and the evening
peaks of activity express different Ca>* phases (Liang et al., 2016).
In particular, neurons that regulate the morning activity (the
so-called M-cells) exhibit an advanced Ca?* phase relative to
circadian pacemaker neurons that control the evening activity
(the so-called E-cells) (see Figure 2 in Kozlov and Nagoshi, 2019).
Remarkably, inhibiting signaling mediated by pigment dispersing
factor (PDF), a neuropeptide analogous to mammalian VIP,
causes the phases of Ca?* oscillations in M and E cells to be
synchronous (Liang et al,, 2016) and the pattern of behavior

to be unimodal or arrhythmic (Hyun et al., 2005). In addition,
in Drosophila, [Ca**]; varies during the course of the day in
the prothoracic gland (PG), a peripheral clock that regulates the
circadian rhythm of adult eclosion (Morioka et al., 2012; Palacios-
Munoz and Ewer, 2018). A study carried out in organotypic PG
cultures shows that the phase of the Ca?™ oscillations is set by
inputs from the brain (Morioka et al., 2012), which are probably
mediated by prothoracicotropic hormone, a neuropeptide that
transmits time information from the central clock to the PG
(Selcho et al., 2017). Of note, Ca®t plays a critical role in the
synthesis and release of the molting hormone, ecdysone, from
the PG (Huang et al., 2008; Smith et al., 2012; Yamanaka et al,,
2015), suggesting that fluctuations in [CaT]; due to clock activity
could produce a daily rhythm in hemolymph ecdysone titers
and, consequently, be relevant to the circadian control of adult
emergence. Nevertheless, although such oscillations occur in
some insects (Ampleford and Steel, 1985), they have not been
detected in Drosophila.

Clock Genes and Ca?* Oscillations

Although neuropeptides can set the phase of Ca>" oscillations
in biological clocks, these extracellular signals are not the only
relevant ones for regulating Ca?* rhythms. In mice, an early
study using FURA-2, a synthetic fluorescent Ca?™-sensitive
dye, showed that Ca?* oscillations are completely abolished by
tetrodotoxin (TTX) treatments, suggesting that neuronal firing of
SCN neurons is essential for maintaining these rhythms (Colwell,
2000). However, FURA-2 does not allow for the long-term
measurement of Ca?™ oscillations because it is eventually cleared
from the cytoplasm. In contrast to these results, studies that have
expressed genetically encoded Ca®* sensors such as GCaMP or
Cameleon in the SCN have shown that Ca** rhythms are only
partially reduced in the absence of neuronal firing, suggesting
that intracellular signaling and possibly also non-action potential
dependent signaling (e.g., Hablitz et al., 2020) also plays a role in
regulating the oscillations of [Ca?*]; (Enoki et al., 2012; Noguchi
et al,, 2017). Intracellular pathways could be associated with
TTFLs of clock genes. Indeed, in mammals, overexpression of a
dominant-negative allele of BMALLI, a transcription factor and
core element of the clock, inhibits Ca?™ rhythms in the SCN
(Tkeda and Tkeda, 2014). Similarly, in Drosophila a null allele of
the period gene, which is also a core component of the clock,
reduces the rhythm and coherence of Ca?* oscillations in central
clock neurons (Liang et al., 2016), and similar results have been
described for the peripheral clock housed in the prothoracic
gland (Palacios-Munoz and Ewer, 2018).

Photic Inputs Set the Phase of Ca%*

Oscillations

A third regulator of intracellular Ca?* rhythms is photic inputs.
Light is the most potent signal for phase shifting and for
entraining circadian rhythms of behavior. In the mammalian
SCN, light causes a time-dependent shift in the phase of the
spontaneous Ca®* oscillations exhibited by neurons that produce
VIP, which are critical for propagating photic inputs through the
SCN as well as for resetting the daily rhythms (Jones et al., 2018).
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Consistent with this, the behavioral rhythms of mice lacking
calbindin (a cytosolic Ca?*-buffering protein) display increased
phase delays when they receive a light stimulus in the early
part of the night (Stadler et al., 2010). Interestingly, in rodents,
photic inputs also regulate Ca?* rhythms using intracellular
stores (Ding et al, 1998; Ikeda et al, 2003; Aguilar-Roblero
et al., 2007). Indeed, blockers of the ryanodine receptor impair
Ca?* oscillations in organotypic cultures of rat SCN (Ding et al.,
1998), suggesting that the release of Ca?* from the endoplasmic
reticulum is critical for the regulation of the rhythm of [Ca2t];
in the mammalian central clock. On other hand, in Drosophila,
photic inputs set the phase of Ca?* oscillations in central clock
neurons through two pathways: they either act through the visual
system via PDE or they act directly on the circadian pacemaker
through the internal photoreceptor, CRYPTOCROME (CRY), to
set the phase of a group of E-cell neurons (Liang et al., 2017).
By contrast, in the PG, CRY-dependent photoreception inhibits
Ca?™" activity and this effect is abolished when the brain-PG
complex is treated with TTX, suggesting that in this peripheral
oscillator the actions of light are mediated by neuronal pathways
from the brain (Morioka et al, 2012). In insects, light can
also penetrate the translucid exoskeleton and entrain peripheral
clocks; however, whether these photic inputs can directly affect
the Ca?* rhythms of pacemaker neurons is currently unknown.
Overall, this evidence suggests that Ca?* rhythms in circadian
clocks are regulated by both intracellular and extracellular signals.
In addition, extracellular signals from neuropeptides and photic
inputs can set the phase of these rhythms and coordinate
the relative timing of the Ca?™ oscillations (Figure 1A),
whereas TTFLs, and probably also intracellular Ca®* stores,
can contribute to generate Ca?* oscillations in circadian clocks
(Figure 2A). This model is based on the proposal that the central
clock is comprised of interconnected autonomous circadian
oscillators whose emerging network properties reinforce their
circadian rhythmicity, synchronizing their oscillations, and
adjusting them to the day-night cycles (Welsh et al., 2010).

EFFECTS OF CA2+ SIGNALING ON THE
EXPRESSION OF CLOCK GENES AND
RHYTHMIC BEHAVIOR

In multicellular organisms, a variety of molecules are critical
for sustaining circadian behavior. In Drosophila and mammals,
transcription factors, microRNAs, and protein kinases, control
the proper functioning of biological clocks (Patke et al., 2020).
Interestingly, Ca>* signaling is also involved in driving rhythmic
behaviors and rhythms of gene expression. In Drosophila, genetic
manipulations that decrease Ca?™ levels or reduce the expression
of proteins such as Ca?>*/calmodulin-dependent protein kinase
II (CaMKII) in circadian pacemaker neurons, lengthen the
periodicity of the circadian rhythms of locomotor activity and of
adult eclosion (Harrisingh et al., 2007; Palacios-Munoz and Ewer,
2018). Similarly, a mouse bearing a mutation in the CaMKII
gene that abolishes all kinase activity exhibits a longer free-
running period of locomotor activity and a desynchronization
between the molecular rhythms of the left and right nuclei of the

SCN (Kon et al,, 2014). In terms of gene expression, buffering
intracellular Ca?* abolishes Perl oscillations in cultured SCN
slices, and voltage-gated Ca®* channel antagonists dampen the
thythm of Per2 and Bmall in an SCN cell line (Lundkvist
et al., 2005; Nahm et al., 2005). Likewise, in the peripheral clock
of the rat liver, lowering extracellular [Ca?*] abolishes Perl
rhythmicity (Lundkvist et al., 2005). Remarkably, blocking Ca**
flux mediated by the 1,4,5-trisphosphate receptor (IP3R) and the
sarco/endoplasmic reticulum Ca?t ATPase (SERCA) in rat liver
explants lengthens the period of PerI-luc oscillations (Baez-Ruiz
and Diaz-Munoz, 2011), which provides additional evidence that
intracellular Ca?* stores play a key role in the generation of
circadian rhythms.

The growing evidence of the role of Ca?* in the control
of the clock genes expression raises the question of how Ca**
signaling would influence the TTFL. To date, three mechanism
has been proposed: (a) regulation via Ca?T/cAMP-responsive
elements (CREs); and by modifying the phosphorylation state
of clock proteins that affect the functioning of TTFLs at (b) the
transcriptional or (c) the post-translational level.

Ca?*/cAMP-Responsive Elements

cAMP-responsive element is a sequence that binds CRE-binding
protein (CREB) and is present within the promoter region of
several mammalian clock genes (Zhang et al., 2005). In flies and
mice, CREB induces changes in clock gene expression in response
to light and contributes to the synchronization of activity among
pacemaker cells (Ginty et al., 1993; Welsh et al., 2010; Tanenhaus
et al., 2012). Several findings suggest that CREB is critical for
integrating the signaling mediated by second messengers, such as
Ca**, into the rhythm of expression of clock genes. For instance,
in the hamster SCN, the phase-shifts in Perl and Per2 induced by
light are mediated by CaMKII (Yokota et al., 2001), which can
stimulate CRE-promotor activity through the phosphorylation
of CREB (Figure 1B) (Nomura et al, 2003). In addition to
actions mediated through CaMK signaling, manipulations of
electrical activity in neurons reveals a close relationship between
Ca?*-induced changes in CREB expression and alterations in
TTFL. In Drosophila, for example, the hyperexcitation of a
cluster of clock neurons triggers a morning-like transcriptome
profile whereas their hyperpolarization induces an evening-like
transcription state (Mizrak et al., 2012). Many of the genes
differentially expressed in response to electrical activity code for
K™ channels and proteins that are part of the PKC, PI;K, and
MAPK signaling pathways, and are enriched in CRE elements
in their promotor region. In addition, manipulating the state
of excitability of clock neurons regulates CREB expression,
respectively, increasing or decreasing its levels in response to
depolarization or hyperpolarization at night (Mizrak et al., 2012).
These findings suggest that, in Drosophila, the electrical state
of clock neurons imposes a daily rhythm to the transcriptional
profile via CREB. On other hand, assays using a CRE-luciferase
reporter system have shown that CRE-mediated transcription
exhibits a circadian rhythmicity in neurons and glia in multiple
areas of the Drosophila brain (Tanenhaus et al.,, 2012); in the
mouse SCN, this oscillation is highly dependent on the Gq-
Ca?t axis (Figure 1B) (Brancaccio et al., 2013). In particular,
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the Ca?* peak occurs earlier than the CRE-luc peak, which in
turn, precedes the peaks in Perl-luc and Per2-luc activity (see
in Figure 4 from Enoki et al., 2017). Remarkably, the activation
of the Gg-dependent pathways using DREADDs (designer
receptor exclusively activated by designer drug) reorganizes this
hierarchical organization altering Ca** rhythms in clocks cells
and lengthening the period of CRE-luc and Per-luc cycling in the
SCN. These effects are not mediated through G; or G, indicating
that CRE-mediated transcription is exclusively activated through
the Gq-Ca®™ axis.

Ca2* Signaling and Transcriptional
Changes Mediated by Phosphorylation

of Clock Proteins

The phosphorylation state of clock proteins plays a pivotal role
in the functioning of circadian clocks. Indeed, mutations in a
variety of protein kinase and phosphatases alter the rhythm
of circadian behaviors in flies, hamsters, mice, and humans
(Reischl and Kramer, 2011). At the molecular level, kinase
activity can regulate the transcription levels of canonical clocks
genes, their accumulation in the nucleus, their ability to bind
other proteins, and their stability (Gallego and Virshup, 2007).
Interestingly, Ca>™ signaling has been implicated in the control
of the phosphorylation state of clock proteins (Figure 1C). For
instance, protein kinase C (PKC) and phospholipase C are critical
to light-induced clock resetting in mice (Jakubcakova et al.,
2007) and Drosophila (Saint-Charles et al., 2016; Ogueta et al.,
2018, 2020), respectively. In the mouse SCN, the adaptation
to photic stimuli is highly dependent on the phosphorylation
state of chromatin modifiers mediated by PKC. In particular,
PKCo phosphorylates a lysine-specific demethylase 1 (LSD1) that
controls the phase resetting of pacemaker cells and the circadian
control of locomotor activity in mice (Nam et al., 2014). At the
molecular level, phosphorylated LSD1 binds the BMAL1/CLOCK
complex, which controls the pattern of expression of clock genes
that contain an E-box sequence (a circadian transcriptional
enhancer) in their promotor region (Nam et al., 2014). In
addition, in a variety of mammalian cell types, PKCa can
act autonomously on core clock proteins, for instance by
phosphorylating BMALIL, and this activity is enhanced by
RACKI1 (receptor for activated C kinase-1), a signaling protein
that recruits PKC to its substrates (Robles et al., 2010). The
PKCo/RACK-1 complex is recruited to BMALI in a circadian
manner in central and peripheral mammalian pacemakers. In
a fibroblast cell line, the PKCa/RACK1 complex controls the
circadian period by acting as a negative regulator of BMALI-
CLOCK transcriptional activity, which supports the idea that
PKC plays a key role in regulating mammalian circadian clocks
(Robles et al., 2010). CaMKII is another protein associated with
Ca’* signaling that directly phosphorylates core clock proteins
in the mouse SCN. Indeed, in pacemaker cells of this brain
area, this protein kinase phosphorylates CLOCK in a circadian
manner by promoting BMAL1-CLOCK heteromerization and
enhancing E-box-dependent gene expression including that
of Perl-3 and Cryl (Kon et al, 2014). Remarkably, in the
mammalian SCN, the pattern of expression of these genes is also

altered by calmodulin inhibitors and Ca?* chelators (Kon et al.,
2014), indicating that the Ca’*/calmodulin/CaMKII-mediated
phosphorylation of CLOCK is an important regulator of cell-
autonomous clockwork periodicity.

Ca?t Signaling and Posttranslational
Modifications Mediated by the
Phosphorylation of Clock Proteins

In the circadian clocks of flies and mammals, the actions
mediated through Ca?* modulation of kinase/phosphatase
activity are not restricted to the nucleus of pacemaker cells
(Figure 1D). For instance, transfection of PKC in mammalian
cell lines increases the stability of PER2 and promotes its
cytoplasmic localization (Jakubcakova et al., 2007). These effects
are independent of the CREB pathway and may involve CKle
(casein kinase 1 epsilon), which is known to regulate the
proteasomal degradation of PER2 and its shuttling between
the cytoplasm and the nucleus (Akashi et al, 2002; Eide
et al, 2005). On other hand, in Drosophila, calcineurin, a
Ca’*/calmodulin-dependent serine/threonine phosphatase, also
controls the stability of clock proteins at the posttranslational
level (Kweon et al., 2018). In particular, a null mutant of
sarah, a calcineurin regulator, reduces the levels of TIM (also
a canonical clock protein in Drosophila) and PER proteins
in head extracts but not those of their respective transcripts.
Of note, the effect of calcineurin on clock proteins levels is
abolished when the proteasomal machinery is inhibited (Kweon
et al,, 2018), suggesting that in Drosophila, calcineurin regulates
the core clock mechanism by protecting PER and TIM from
proteasomal degradation.

Collectively, these findings demonstrate that the role of
Ca?™ signaling is not limited to transducing the actions of
external inputs within circadian pacemakers. Instead, studies in
mammals and flies show that PKC, CaMK, calmodulin, and
calcineurin, are integral components of clocks™ transcriptional
and posttranslational feedback loops (Figures 1C,D). How is
circadian rhythmicity decoded by these signaling protein? Here,
we propose a model in which the oscillations of free Ca’*
in the cytoplasm impose a daily rhythm to the activity of its
associated proteins (Figure 1). Thus, Ca?’" and its signaling
pathways may regulate the molecular machinery of pacemaker
cells and, consequently, also the periodicity of the resulting
circadian behavior.

CIRCADIAN REGULATION OF CA2+
ASSOCIATED PROTEINS

Rhythmic Expression of Genes Coding
for Proteins Associated With Ca2+
Pathways

In animals, the core molecular clock machinery directly or
indirectly controls the expression of multiple downstream
genes involved in the generation of rhythmic cellular process
and circadian behaviors. Interestingly, in both mammals and
Drosophila, anumber of genes coding for proteins associated with
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FIGURE 1 | Ca®* signaling modulates the core components of the circadian clock. (A) In Drosophila and mammals, intracellular cytosolic Ca* rhythms are
regulated by external signals such as light stimuli and neuropeptides. (B) In the SCN, external signals may affect the TTFL via the Gq—Ca\2+ pathway. In turn, Ca2+
signaling via CREB and the regulation of the phosphorylation state (C) and proteasomal degradation (D) of clock proteins, orchestrate the effect of Ca2* on the
circadian clock in Drosophila and mammals. BMAL1, Brain and Muscle ARNT-Like 1, ortholog of Drosophila Cycle gene; CaMK, Ca?*/calmodulin-dependent
protein kinase. CLOCK, Circadian Locomotor Output Cycles Kaput; CREB, cAMP response element-binding protein; CRE elements, cCAMP response elements;
CRY, cryptochrome; E-box, circadian enhancer box; ER, endoplasmic reticulum; PER, PERIOD protein; PKC, protein kinase C; ROR-a, retinoid-related orphan
receptor alpha; TIM, TIMELESS protein.
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FIGURE 2 | Circadian clocks impose a daily rhythm on intracellular Ca2* signaling. (A) Photic inputs via CRY or other signaling molecules such as PLC cause a
phase-shift in the expression of molecular clock components in the mammalian and Drosophila central clocks. In turn, TTFL regulate cytosolic Ca?* rhythms. In
SCN neurons, circadian oscillations of Ca2* levels are also dependent on the mobilization of Ca2+ from the endoplasmic reticulum. (B) Circadian clocks impose a
daily rhythm of expression to a large number of components of the Ca2™* signaling pathway by acting at transcriptional or post-transcriptional levels (including by
regulating alternative splicing in Drosophila and microRNA in mice). In addition, in mice, the Ca?*/calcineurin/NFAT pathway exhibits a rhythmic activity in peripheral
clocks, such as the one present in skeletal muscle or heart, which is probably mediated by inputs from the central clock. IP3R, inositol 1,4,5-triphosphate Receptor;
NFAT, nuclear factor of activated T-cells; RORE, ROR response elements. RCAN1, regulator of calcineurin 1. RyR, ryanodine receptor. SERCA,
sarcoplasmic/endoplasmic reticulum Ca2+ ATPase. See Figure 1 for other abbreviations.

Ca?t pathways exhibit rhythmic transcription within a variety of ~and calcineurin, are under circadian control (Table 1) (Panda
biological clocks. For example, microarray and high throughput et al., 2002; Pembroke et al., 2015). These findings are consistent
RNAseq analyses of mouse SCN reveal that genes that code for ~ with previous studies that demonstrate that PKC activity shows
key proteins in Ca’>* signaling pathways such as camkii, pkc-a, 2 daily rhythm in SCN cells lines (Rivera-Bermudez et al., 2003)
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and that CaMKII is rhythmically expressed in the hamster
central pacemaker (Agostino et al., 2004). In mice, canonical
endoplasmic reticulum Ca?* transporters (serca, ipsr, and ryr)
also exhibit circadian regulation at the transcriptional level in
the SCN (Table 1). Interestingly, the contribution of the RyR
to the phase-shifting mediated by light in the central clock is
restricted to the early night (Ding et al., 1998), which in the
mouse coincides with the time of peak protein levels in SCN
[Table 1 and (Pfeffer et al., 2009)] and, as a result, cytosolic
Ca®* reaches high enough levels to phase shift the core molecular
clock. Importantly, in mice, the promotor regions of camkii,
pkca, serca, ipsr, and ryr, include E-BOX and ROREs motifs
(consensus sequences for transcriptional regulation mediated by
core clock components) (Table 1), suggesting that the rhythmic
oscillation in mRNA levels of these genes may result from a direct
regulation by the molecular machinery of the clock. Indeed, a
deletion in a promotor region of ryr2 that includes the E-box
sequence, reduces the transcriptional activation induced by the
BMALI-CLOCK complex in a mouse fibroblast cell line (Pfeffer
etal,, 2009), supporting the idea that the molecular clockwork can
directly influence Ca?™* signaling.

In mammals, the central clock can regulate Ca?* influx
from the extracellular milieu via voltage-gated Ca?* channels
(VGCCs). Indeed, in the SCN, some VGCCs subunits mediate
the phase shifting induced by photic inputs as well as the daily
changes in conductance (Colwell, 2011). In addition, L-type,
T-type, and P/Q type VGCCs, are under circadian control at
the transcriptional level in the rat SCN (Nahm et al., 2005).
Interestingly, the rhythmic expression of L-type Ca?™ channels,
the most abundant VGCCs in the SCN, is regulated by the
circadian clock component, REV-ERBa (Schmutz et al., 2014). In
particular, in mouse hypothalamic tissues (including the SCN),
REV-ERBa binds to the promotor region of an L-type Ca?™
channel (Cacnalc) at ROREs and direct mutagenesis of this
sequence abolishes the oscillation of Cacnalc mRNA levels,
indicating that REV-ERBa plays a critical role in this circadian
regulation. Of note, this mechanism is not the only one that
has been associated with the rhythmic control of expression of
L-type VGGCs. Indeed, in chicken cone photoreceptors, L-type-
VGCCualCs display a diurnal rhythm of expression, which is
controlled at the posttranscriptional level by microRNAs (Shi
et al., 2009). In particular, in the retina, microRNA-26a exhibits
a rhythmic expression and binds to the untranslated region of an
L-type-VGGCa 1C during the subjective day, thereby imposing a
rhythm to the translation of this Ca>* channel. Although there is
evidence that microRNAs participate in the circadian control of
transcription in the mammalian central clock (Cheng et al., 2007),
itis still unknown whether they act at the posttranscriptional level
on genes encoding proteins associated with Ca?* signaling.

Another interesting case of circadian transcriptional
regulation involving Ca?>* pathway proteins occurs in the
Drosophila central clock. The adult fly brain has around 150
clock neurons per hemisphere, which are classified based on their
anatomical location (Helfrich-Forster et al., 2007). These include
so-called lateral (LN) and dorsal (DN) clusters of neurons
(each of which can be further classified into subclusters), and
a recent study using RNA-seq showed that each subcluster

exhibits a different transcriptional profile (Abruzzi et al., 2017).
Interestingly, a number of genes that are differentially expressed
encode proteins of the Ca?* pathway. For instance, dorsal
lateral pacemaker neurons (LNds) (but not ventral lateral
pacemaker neurons, LNvs), display a rhythmic expression
in members of the PKC pathway (norpA, pkc53E, pkc98-E,
and pkca), and in genes encoding Ca?* channels (cacophony,
Ca**a 1D) and genes involved in Ca’*t signaling (CaMK,
calcineurin) (Table 2). Many of these genes contain E-box or
RORE sequences in their promotor region, suggesting that the
circadian transcriptional control is directly mediated by core
clock components (Table 2). However, although LNd and DN1
neurons exhibit a similar circadian pattern of expression of genes
encoding Ca?*-associated proteins, the spatiotemporal patterns
of Ca™ activity of LNds vs. DN1s are quite different (Liang et al.,
2016) (see Figure 2 in Kozlov and Nagoshi, 2019), suggesting the
existence of additional levels of regulation. What could be the
underlying molecular mechanism? Wang et al. (2018) evaluated
the alternative pre-mRNA splicing in Drosophila clock neurons,
which is recognized as a major mechanism used to diversify the
neuronal proteome. Combining RNAseq and computational
methods, these authors quantified and categorized pre-mRNAs
in pacemaker cells observing that each subgroup of pacemaker
neurons possesses a unique alternative splicing profile. Of note,
many transcripts of the Ca?*-calmodulin-dependent family
of protein kinases, PKC signaling, and Ca?" channels, were
differentially enriched in DN1 vs. LNd pacemaker neurons,
suggesting that posttranscriptional regulation may be critical
for differentiating the roles of each circadian neuronal cluster in
order to produce a functional circadian clock.

Skeletal Muscle and Heart, Two
Peripherals Clocks Displaying Rhythmic
Changes in the Transcription of

Elements of the Ca2* Signaling Pathway

Ca?" pathways are fundamental to the functioning of some
mammalian peripheral clocks. One of them is in the skeletal
muscle, in which clock genes are necessary for maintaining its
phenotype and metabolic homeostasis (Lefta et al, 2011). In
rodents, 3-16% of the skeletal muscle transcriptome exhibits
a circadian oscillation and many of these genes code for
proteins involved in Ca?* signaling (McCarthy et al., 2007;
Dyar et al., 2014). For instance, a microarray study evaluated
the transcriptomic profile of hindlimb leg muscle in adult
mice and observed rhythmic expression in Ca**-calmodulin-
dependent protein kinases (camk, cask), the Ca?* transporter
of the sarcoplasmic reticulum (serca), and the Ca?* buffer
protein, parvalbumin, which did not occur in the muscles of
CLOCK-knockout mice (McCarthy et al., 2007). Similar results
have recently been described for human primary myoblasts with
reduced expression of CLOCK (Perrin et al., 2018). Interestingly,
the hindlimb muscles of a muscle-specific BMAL1 knockout
mouse continue to exhibit a significant proportion of cycling
genes, and, when they are denervated, 15% of the genes then
lose their rhythmic expression (Dyar et al., 2015). These findings
suggest that extracellular signals —probably originating from the
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TABLE 1 | Circadian regulation of genes coding for proteins associated with Ca2+ signaling in mice.

Gene name Description of the encoded protein E-box? ROREsP Oscillates in SCN®  Acrophase®
ip3r IP3-sensitive Ca2t channel localized to the ER J/ (1169) J/ (1020) Vv Night
pkca Protein kinase that can be activated by Ca?* J/ (156780) J/ (680) J Night
camkiio Protein kinase that is regulated by the Ca?+/calmodulin complex J/ (3420) / (1200) J Night
rack1 Intracellular protein receptor for PKC J/ (720) / (700) 4 Morning
plcp-1 Enzyme mediator of signal transduction through Ca?* pathways X J/ (1260) X Night
serca Ca?* transporter ATPase from cytosol to ER J (10.173) / (1680) X Night
calcineurin Ca?*-dependent protein phosphatase involved signal transduction J/ (4340) J/ (1740) Vv Morning
cask Protein kinase that regulates signal transduction in multiple pathways J/ (7340) J/ (2280) Vv Morning
including Ca2+

cacnalc Subunit of L-type voltage-dependent Ca2* channel J/ (6400) J/ (420) X Night
cacnalg Subunit of T-type voltage-dependent Ca?* channel J/ (3610) 4/ (3680) Vv Evening
ryr3 Ca?™ release channel in the ER in response to depolarization of the cell J/ (13140) V/ (2200) J Night

expressed in neurons

aNumber of base pairs upstream of the transcription start site where the E-BOX sequence (CACGTG) (Hao et al., 1997) is found.
bNumber of base pairs upstream of the transcription start site where the ROR response sequence (AGGTCA) (Preitner et al., 2002) is located.
CCircadian oscillation in the transcript levels of genes in SCN according to database generated using HTseq and DESeq2 (http.//wgpembroke.com/shiny/SCNseq/)

(Pembroke et al., 2015).
9“Morning” refers to ZTO-ZT6; “evening” to ZT6-ZT12; and “night” to ZT12-24.

TABLE 2 | Circadian regulation of genes coding for proteins associated with Ca2* signaling in Drosophila.

Gene name Description of the encoded protein E-box? RevREP Oscillates in
central clock®
ip3r IP3-sensitive Ca?* channel localized to the ER J/ (120) J/ (4080) Not described
pkcb3E Protein kinase that can be activated by Ca?* J/ (4400) V/ (10920) / (LNd)
norpA Protein kinase that can be activated by Ca?* associated with / (7900) J/ (3840) / (LNd)
phototransduction
camkii Protein kinase that is regulated by the Ca2*/calmodulin complex X X / (LNd)
rack1 Intracellular protein receptor for PKC X X Not described
plc21c Enzyme mediator of signal transduction through Ca2* pathways +/ (1020) +/ (900) V (LNv)
serca Ca’* transporter ATPase from cytosol to ER J/ (480) X Not described
calcineurin B Ca?*-dependent protein phosphatase involved signal transduction X X / (LNd/DN1)
cask Protein kinase that regulates signal transduction in multiple pathways J/ (7800) 4/ (16680) +/ (LNd/DNT)
including Ca?+
Ca?*a-1D o subunit of an L-type voltage-gated Ca?+ channel expressed in neurons X J/ (2700) Not described
cacophony Subunit of a voltage-gated Ca2* channel located at presynaptic active X V/ (1320) / (LNd)
zones
ryr Ca?™ release channel in the ER in response to depolarization of the cell J/ (2400) X Not described

aNumber of base pairs upstream of the transcription start site where the E-BOX sequence (CACGTG) (Hao et al., 1997) is found.

bNumber of base pairs upstream of the transcription start site where the RevRE sequence (AGGTCA) (Preitner et al., 2002) is located.

CCircadian oscillation in levels of transcripts for genes in the central clock (specific neuronal group is indicated in parenthesis) according to database generated using
RNAseq (Abruzzi et al., 2017). LN, lateral neuron cluster (v, ventral; d, dorsal); DN, dorsal neuron cluster 1.

SCN-play a major role in imposing a daily oscillation to the
skeletal muscle transcriptome. Importantly, the changes in gene
expression that are dependent on innervation are mediated by
Ca®" signaling. Indeed, RNAseq data reveal that, in the mouse
soleus, a slow muscle fiber, one of the circadian pathways that is
enriched in response to nerve activity is the Ca?*-calcineurin-
NFAT pathway (Dyar et al., 2015). Importantly, NFAT is a
transcription factor with a key role in muscle adaptation in
response to physical activity (Akimoto et al, 2005). NFAT
translocates to the nucleus in a circadian manner, leading to the
rhythmic expression of genes such as rcanl, a typical reporter
of the Ca’*-calcineurin-NFAT axis, thus revealing that this

signaling pathway plays a critical role in integrating external
stimuli with cycling gene expression (Dyar et al., 2015).

The heart is another peripheral clock whose functioning is
highly dependent on a rhythmic Ca?* pathway. Indeed, Ca?™
homeostasis is fundamental to the functioning of the heart and
alterations in Ca™ signaling are associated with a variety of
cardiac pathologies (Bers, 2014). In addition, the circadian clock
is critical in order for myocytes to maintain their contractile
and metabolic function. As a result, in rodents, for example,
cardiac muscle cells exhibit rhythmic expression in many genes
including those that code for proteins of the Ca** signaling
pathway (Bray et al., 2008; Sachan et al., 2011). In particular, in
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the mouse, muscles of the left ventricle exhibit a daily rhythm
in the translocation of NFAT into the nucleus and, as a result,
also in RCANI1 expression (Sachan et al., 2011). Importantly,
this effect is abolished by calcineurin inhibitors, indicating
that the Ca’?T/calcineurin/NFAT axis has rhythmic activity.
Additionally, the functioning of SERCA is also under circadian
control in mouse myocytes. In particular, phosphorylation
of phospholamban (a SERCA inhibitory signaling protein) is
restricted to the early part of the night, which prevents it from
binding to SERCA (Sachan et al., 2011), thereby allowing the
entry of Ca?* into the endoplasmic reticulum in a circadian
manner (Sachan et al., 2011).

Collectively, current evidence reveals that Ca>* modulates the
expression of clock genes and is in turn modulated directly or
indirectly by the molecular clock machinery (Figure 2B). This
relationship results in a rhythm of cytosolic Ca?™ levels and of
its downstream effectors. As a result, Ca’™ signaling and core
molecular clock components maintain a reciprocal relationship
that is important for the proper functioning of biological clocks
as well as for that of the underlying circadian regulation of
physiology (see Graphical Abstract).

CAZ2+ SIGNALING AND CLOCKS:
IMPLICATIONS FOR DISEASES AND
CHRONOMEDICINE

Circadian Ca2* Signaling and Diseases

In humans, circadian clocks impose a daily rhythm to many
physiological processes and behaviors including sleep, blood
hormone levels, locomotor activity, body core temperature, and
metabolism (Levi and Schibler, 2007). In several neurological
disorders, patients exhibit alterations in their circadian rhythms,
which are associated with changes in the expression of core
clock components. Such is the case for schizophrenia, depression,
Parkinson’s disease (PD), and Alzheimer disease (AD), where
patients display altered sleep, and melatonin and core body
temperature rhythms, due to alterations in clock gene expression
and the loss of synchronization among pacemaker cells in the
SCN (Videnovic et al., 2014; Musiek and Holtzman, 2016).
Similarly, a dysfunction in the circadian clock is linked with
the pathogenesis of various types of human cancers (Sancar
and van Gelder, 2021). What molecular mechanisms could link
the disruption of circadian rhythms to the development of
these diseases? As we discussed above, PKC and CaMK are
integral components of the molecular clock and, remarkably,
abnormalities in the activity of these proteins have been
described in the early stages of disorders that are associated with
disturbances in clock function. For instance, higher levels or
abnormal activity of PKC and CaMK isozymes leads to neuronal
cell death and a disruption in neuronal transmission in PD,
AD, and in neuropsychiatric disorders (Mochly-Rosen et al.,
2012; Robison, 2014). Similarly, PKC overexpression promotes
angiogenesis and excessive cell proliferation in stomach, colon,
and breast cancers (Mochly-Rosen et al., 2012). Thus, in these
disorders, abnormal CaMK or PKC signaling may alter the

functioning of circadian TTFLs of both central and peripherals
clocks, leading to a disruption in the rhythm of a variety
of behavioral and physiological processes. In fact, a recent
review suggests that a dysfunction in the clock system may
be causal of neurodegeneration and that the pharmacological
regulation of TTFLs could improve clinical outcomes (Cederroth
et al., 2019). Consistently, a variety of psychotropic and cancer
chemopreventive agents act by modulating CaMK and PKC
activity, respectively, (Celano et al., 2003; Mochly-Rosen et al.,
2012). Thus, recovering the normal functioning of the circadian
clocks could have important implications for the effectiveness of
these treatments. Thus, future studies may focus on elucidating
whether these Ca?*-associated proteins mediate the link between
the disruption of circadian clocks and the pathogenesis of
neurological disorders and cancer.

Ca?* channels also play a role in neurological disorders that
cause alterations in circadian rhythms. One of them is bipolar
disorder (BD), which is characterized by mood instability and
abnormalities in sleep and daily activity schedules (bedtime,
waketime, and mealtime) (Alloy et al., 2017). In BD, lithium is
the most effective mood stabilizer and corrects daily rhythms,
but not all patients are responsive to this treatment (Alda, 2015).
In particular, BD patients with longer circadian periodicities
do not respond to lithium and exhibit a greater polypharmacy
(Sanghani et al., 2020). Additionally, mice with a dysfunctional
clock do not display typical lithium-induced behavioral changes.
These findings suggest that in BD patients the mood stabilizing
effects of lithium could be mediated by the circadian clock.
Conversely, several variants of genes coding for proteins of the
Ca?™ pathways including cacnalc (L-type VGCC) are risk alleles
for BD (Gershon et al.,, 2014; Ament et al., 2015). Interestingly,
fibroblasts from healthy humans, but not from BD patients,
exhibit a rhythm in cacnalc expression, and the inactivation
of this Ca’" channel prevents lithium from increasing the
amplitude of circadian rhythms (McCarthy et al., 2016). But
VGCCs are not the only components of Ca** pathways that
are relevant to the lithium-induced circadian response in BD
patients. In particular, lithium lengthens the circadian period
in cultured cells, which does not occur in the presence of an
IP3R antagonist (McCarthy et al., 2019). In agreement with
the potential role of IP;R, an allelic variant of this Ca?™
transporter potentiates the lithium-induced period lengthening
in BD patient-derived fibroblasts, suggesting that a genetic
factor in Ca?™ signaling could influence the circadian defects
seen in BD patients (McCarthy et al., 2019). Given that the
effects of lithium on the clock appear to correlate with its
effectiveness in mood stabilization of BD patients (Sanghani
et al., 2020), considering the allelic variants of Ca?t signaling
could be important for implementing personalized medicine that
improves the effectiveness of BD treatments.

Implications of Ca2* Signaling in
Chronomedicine

In recent years, a growing number of studies have documented
time of day effects in the effectiveness of medical interventions.
Indeed, such variations have been reported for the success
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of treatments such as chemotherapy (Sancar and van Gelder,
2021), as well as in the efficacy of drugs used to treat several
disease including hypertension, cancer, hypercholesterolemia,
rheumatoid arthritis, allergies, sleep disturbances, and asthma
(Cederroth et al., 2019). One explanation for this is that many
of drugs have short half-lives and their targets exhibit circadian
expression. For instance, in non-human primates, about 80%
of protein-coding genes display a daily rhythm of expression
and a large proportion of these genes are identified as drug
targets by the United States Food and Drug Administration
(Mure etal., 2018). Similarly, a genome-wide transcriptome study
in humans identified thousands of genes with tissue-specific
circadian expression in 13 different organs (Ruben et al., 2018).
A notable example is the various L-type Ca?™ channel subunits,
which display a rhythmic expression in the heart (Table 3
and Figure 3) suggesting that their sensitivity to drugs would
vary during the course of the day. And indeed, nifedipine and
verapamil, two Ca?™ channels blockers used as antihypertensive
drugs, show an improved efficacy when administered before
bedtime (White et al., 1995; Hermida et al., 2008). In addition,
a variety of Ca?™ channels blockers have half-lives <6 h (Elliott
and Ram, 2011) suggesting that taking these drugs at peak
times of Ca>* channel expression could improve the efficacy of
the pharmacological therapy (this could also reduce side effects
caused by actions on other tissues where the relevant targets
cycle with a different phase). Consistent with this hypothesis,
harmonizing the timing of administration of a drug with the
time of peak expression of its target improves the effectiveness

of treatments for cardiovascular disease, hypercholesterolemia,
and obesity (Awad et al, 2017). On other hand, a circadian
database generated by Ruben et al. (2018) shows that many
genes encoding Ca™ signaling proteins show daily rhythms of
expression in a variety of peripheral clocks (Figure 3), which
is consistent with previous transcriptomic analyses of different
tissues and brain regions of mice (Zhang et al, 2014) and
baboons (Mure et al., 2018). Thus, taking into account the
daily changes in the abundance of these drug targets may have
significant implications for medicine because proteins from the
Ca?™ pathway are therapeutic targets in multiple disorders. For
instance, the SERCA inhibitor prodrug, mipsagargin, is being
assessed in clinical trials for the treatment of various types of
cancers including prostate and liver (Mahalingam et al., 2016;
Mahalingam et al., 2019). Similarly, recent pre-clinical studies
propose that the RyR antagonist, dantrolene, would have a
neuroprotective role in Huntington and Alzheimer’s models
(Chen et al., 2011; Liang and Wei, 2015).

Considering the daily changes in Ca?* signaling may be
relevant not only for deciding on the best time for drug
administration but also for scheduling medical interventions. For
example, in humans, a common outcome of cardiac surgery is
myocardial injury due to ischemia-reperfusion (I/R) (Hausenloy
and Yellon, 2016). A recent study in humans, revealed that
the injury by I/R following aortic valve replacement is greatest
when the surgery is done in the morning compared to the
evening. This difference in the time of the day is abolished in a
mouse model of hypoxia/reoxygenation treated with Rev-ERBa

TABLE 3 | Drugs targeting elements of the Ca?* signaling pathway and their usage in medicine.

Therapeutic Tissue-specific circadian Acrophase® Drug Clinical use
target expression?
L-type Ca?t Heart, artery tibial, nerve Morning (nerve tibial, SF), night Verapamil, nifedipine, Antihypertensive, cardiac arrhythmia,

angina (Striessnig et al., 2015)

channel subunits tibial, subcutaneous fat (SF) (heart and nerve tibial)
N-type Ca2+ Heart, esophagus, lung Night (heart and lung) and
channel subunits morning (esophagus)
P-type Ca2+ Heart, pituitary Night (pituitary and heart)

channel subunits

calcineurin Esophagus, liver Morning (esophagus and liver)
Serca Esophagus, colon, fat Morning (esophagus), evening
visceral (colon and fat visceral)

Ryr Thyroid, nerve tibial Morning (nerve tibial), night
(thyroid)

PKC Heart, artery tibial, skin morning (artery tibial, skin),
evening (heart)

Rcan1 Thyroid, esophagus Morning (thyroid and
esophagus)

Calmodulin Artery tibial, fat visceral Morning (artery tibial and fat
visceral)

IP3R Heart, lung Morning (heart), night (lung)

Phospholipase C

Heart, nerve tibial, fat
visceral

Morning (fat visceral and nerve
tibial), night (heart)

Ziconotide, nicardipine
Verapamil, flunarizine,
levetiracetam
Cyclosporin
Mipsagargin
Dantrolene

Tamoxifen

Not described

Loperamide, fluvoxamine

Not described
Not described

Analgesic (McGivern, 2007),

antihypertensive (Elliott and Ram, 2011)

Antihypertensive (Elliott and Ram,
2011), epilepsy (Hasan et al., 2013)

Immunosuppression, rheumatoid

arthritis (Tedesco and Haragsim, 2012)

Cancer (clinical trials) (Mahalingam
et al., 2016)

Neuroleptic malignant syndrome
(Krause et al., 2004)

Cancer (Mochly-Rosen et al., 2012)

Not described

Shizophrenia (Celano et al., 2003),
diarrhea (Hanauer, 2008)

Not described
Not described

dCircadian expression according to database generated by RNAseq and cyclic ordering by periodic structure (CYCLOPS) (Ruben et al., 2018) (http://circadb.

hogeneschlab.org/human).

bAcrophase of expression for each gene was based on criteria used in CYCLOPS. As reference, O radians is close of the time of peak of expression of BMAL (Zeitgeber

time 10) (Ron Anafli, personal communication).
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FIGURE 3 | Rhythmic expression of components of the Ca?* signaling pathway in human tissues. Schematic showing tissue-specific circadian expression of
Ca?*-associated proteins and of Ca?* channels and transporters in peripheral human tissues. Based on data from Ruben et al. (2018) (http://circadb.
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antagonists, suggesting a critical role of this circadian clock
component in the myocardial tolerance to I/R (Montaigne et al.,
2018). Interestingly, this circadian regulation would not only be
controlled by Rev-ERBa but also by the calcineurin/rcanl axis. As
we discussed above, in mice, the heart calcineurin/NFAT/Rcanl
pathway displays rhythmic activity (Sachan et al., 2011) and,
remarkably, this process could influence the daily variations in
the myocardial tolerance to I/R. Unlike the findings reported
by Montaigne et al. (2018), injury by I/R following coronary
artery surgery in mice is greater in animals operated at the
end of their active phase compared to those operated at the
beginning of this phase (Rotter et al., 2014). This time of day

difference in tolerance to I/R is not present in Rcanl knockout
mice (Rotter et al., 2014). Since these mutant mice display a
rhythmic expression in canonical clock genes in the heart, these
results suggest that Rcan1 mediates this effect without altering the
global functioning of this peripheral clock. In addition, inhibiting
calcineurin activity decreases the severity of the I/R injury in
animals operated at PM whereas it does not confer additional
protection in AM-operated mice, supporting the idea that the
calcineurin/Rcanl pathway plays a key role in determining the
time of day-dependent susceptibility of the heart to I/R. Even
though additional studies are needed to elucidate whether a
similar regulation occurs in humans, this finding positions the
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calcineurin/rcan] axis as a therapeutic target for cardioprotection
and for blunting the effect of the time of day on the outcome of
cardiac surgery.

Collectively these findings provide strong evidence that the
circadian control of Ca’* signaling in biological clocks may
have significant implications for medicine (Table 3). Thus,
taking the 24-h dynamics of Ca’" signaling into account
in pharmacological therapies and medical interventions could
improve drug efficacy and postoperative clinical outcomes,
supporting the emerging idea that circadian biology should be an
integral part of translational research (Cederroth et al., 2019).

CLOSING REMARKS

We currently have a very detailed understanding of how circadian
clocks function. By comparison, much less is known about how
they are synchronized and coordinated; how they transmit time
information to the host; and, in turn, how they can be affected
by the host’s physiology and behavior. All of these system-level
functions ultimately converge on intracellular signals that affect
gene expression, which, in turn, alter the activity of clocks, and
the physiology of cells, organs, and organisms. Future work
aimed at increasing our knowledge on how intracellular signaling
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