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Abstract
Approximately daily, or circadian, rhythms are ubiquitous across eukaryotes. They are manifest in
the temporal co-ordination of metabolism, physiology and behaviour, thereby allowing organisms
to anticipate and synchronize with daily environmental cycles. Although cellular rhythms are self-
sustained and cell-intrinsic, in mammals, the master regulator of timekeeping is localized within
the hypothalamic SCN (suprachiasmatic nucleus). Molecular models for mammalian circadian
rhythms have focused largely on transcriptional–translational feedback loops, but recent data have
revealed essential contributions by intracellular signalling mechanisms. cAMP and Ca2+ signalling
are not only regulated by the cellular clock, but also contribute directly to the timekeeping
mechanism, in that appropriate manipulations determine the canonical pacemaker properties of
amplitude, phase and period. It is proposed that daily auto-amplification of second messenger
activity, through paracrine neuropeptidergic coupling, is necessary and sufficient to account for
the increased amplitude, accuracy and robustness of SCN timekeeping.
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Circadian rhythms in vivo and in vitro
Circadian rhythms are biological oscillations with periods of approximately 1 day. They are
manifest in the temporal organization of behavioural, physiological, cellular and neuronal
processes, influencing phenomena as diverse as sleep/wake cycles, glucose homoeostasis,
innate immunity and cell division. Because this endogenous timekeeper interacts with
myriad biological systems, circadian disruption has significant effects on human health, e.g.
whereas acute clock disruption results in jetlag, long-term shift workers exhibit increased
susceptibility to diseased states such as Type 2 diabetes and various cancers [1]. As such,
there is clear translational potential in elucidating the mechanistic basis for circadian
timekeeping.

The SCN (suprachiasmatic nucleus) of the hypothalamus was long thought to be the centre
of mammalian timekeeping, since its surgical ablation in rodents abolishes circadian
rhythms in behaviour, body temperature and the secretion of endocrine factors such as
melatonin and cortisol [2]. More recently, however, it has become apparent that circadian
rhythms are a property inherent to mammalian cells, being observed to persist throughout
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the body in vivo, and in isolated tissues/cells for many days in vitro [3,4]. Some 10–20% of
all mammalian genes are expressed rhythmically in one or more tissues, although specific
CCGs (clock-controlled genes) vary between tissues, appropriately to organ function [5-7].
Such advances have led to the widespread application of real-time bioluminescent reporters
for circadian gene expression, whereby firefly luciferase fusions with relevant genomic
sequences enable non-invasive long-term recordings of rhythmic bioluminescence to be
made [8]. Henceforth, descriptions of SCN rhythms refer to such bioluminescence
recordings, unless stated otherwise.

The state of the art
Largely on the basis of forward and reverse genetics, recent models of cellular timekeeping
have focused on transcriptional–translational feedback mechanisms whereby positive
activators (e.g. BMAL1 and CLOCK) rhythmically bind to commonly occurring regulatory
promoter elements (e.g. E-boxes) of many CCGs, including those upstream of
transcriptional ‘clock gene’ repressors (e.g. PERIOD1/2 and CRYPTOCHROME1/2),
facilitating transcriptional activation around anticipated dawn (circadian time, CT0). The
repressor proteins are processed post-translationally, eventually accumulating to form
complexes later in the day, before nuclear entry around anticipated dusk (CT12). At night,
these repressive complexes inhibit CLOCK/BMAL1-driven transcription in many CCG
promoters, including their own, and are then progressively degraded. This licenses a
relaxation from repression before dawn, when the cycle begins anew [9]. As more clock
gene transcription factors have been identified, sophisticated models of cycling
transcriptional activation/repression have been developed, and account for many
experimental observations [10]. Significantly, some clock genes, e.g. Period1/2, are
immediate-early transcription factors, whose promoters also contain functional CREs
(cAMP/Ca2+-response elements). In the SCN, in vivo and in vitro, appropriate activation of
cAMP/Ca2+ signalling by extracellular stimuli induces Period gene expression, and thereby
facilitates clock resetting at night (phase entrainment) [11,12] (Figure 1).

The plot thickens
In attempts to reconcile genetic models with cellular data and circadian mutant mouse
phenotypes, several difficulties are encountered. First, time-lapse imaging of rhythms in
culture indicates that the accuracy and robustness of timekeeping in dissociated SCN
neurons, and cultured fibroblasts, is poor compared with rhythms from intact SCN slices or
whole animals (cycle-to-cycle period variation of ~2%, 3% and 9% in mice, slices and
isolated neurons respectively [13]). Secondly, whereas overexpression or homozygous
deletion of ‘essential’ clock genes, e.g. Bmal1, Cryptochrome1&2, often abolishes
behavioural rhythms, PERIOD2::LUCIFERASE (PER2::LUC) rhythms in SCN slices are
observed to persist [14,15]. This robustness to genetic lesion implies that SCN circuitry is
competent to maintain CRE-mediated gene expression rhythms when rhythmic E-box
activation is absent. In addition, pharmacological investigation of cellular timekeeping
shows that, although rhythms are resilient to inhibition of global transcriptional rate [16],
drugs that target assorted signalling systems elicit profound effects, e.g. inhibitors of casein
kinase 1 increase intrinsic period, dose-dependently, from ~24 to >30 h [17]. Moreover, in
isolated human erythrocytes that lack DNA, nuclei and other organelles, ~24-h rhythms in
metabolism persist over several days in vitro [18].

Thus, although it is evident that contributions from transcriptional cycles to timekeeping are
necessary for co-ordinated temporal organization of normal physiology and behaviour, and
that circadian rhythms are cell-intrinsic, it is equally clear that transcription (cyclical or

O’Neill and Reddy Page 2

Biochem Soc Trans. Author manuscript; available in PMC 2012 July 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



otherwise) is not required for cellular rhythms, and that detailed understanding of precise
mammalian timekeeping requires deeper knowledge of mechanisms within the SCN.

SCN again
Our view of the SCN has evolved to become that of ‘first among equals’: a primary locus for
co-ordinating rhythms throughout the rest of the body. Comprising 10000–20000 neurons,
the SCN employs both humoral factors and axonal projections to other brain regions to
facilitate maintenance of stable phase relationships between peripheral tissues [2]. Sited
above the optic chiasm, a proportion of SCN neurons have excitatory glutamatergic
innervations from the retinohypothalamic tract, receiving photic cues from both image- and
non-image-forming photoreceptor cells, as well as non-photic signals from the brainstem,
e.g. 5-hydroxytryptamine (serotonin) [19,20]. Concomitant with biological function, the
SCN is therefore a hetergeneous assemblage of cells that integrates multiple inputs into the
extant phase of oscillation, and in turn populates a diversity of output pathways to convey
temporal cues appropriate to each target site. This complex cellular heterogeneity and circuit
structure enables additional systems-level functionality, such as encoding daylength, to
emerge [21,22]

SCN neurophysiology
Whereas circadian rhythms are ubiquitous in mammalian cells, the SCN exhibits much
greater amplitude, robustness and accuracy resulting in, and from, increased interneuronal
synchrony, i.e. amplitude and synchrony are mutually interdependent [23,24].

SCN electrophysiology is overtly rhythmic, with most neurons being depolarized (~ − 50
mV) and firing APs (action potentials) during the day, but hyperpolarized (~ − 60 mV) and
silent at night [25]. Blockade of neurotransmission [e.g. with TTX (tetrodotoxin)] abolishes
electrical rhythms, and induces rapid damping of amplitude with progressive interneuronal
desynchronization [26]. By implication, electrical excitability is required for coupling
between individual cellular oscillators, making the whole greater than the sum of its parts.

The axons of most SCN neurons project outwards to communicate with surrounding brain
regions. Intra-SCN communication originates predominantly from exocytosis of dense-core
vesicles, principally from dendritic sites [27]. Vesicle release is mostly non-synaptic or
parasynaptic, is Ca2+-dependent and may involve retrograde transmission facilitated by
neural back-propagation [28] and follow slower kinetics than for most excitable cells.

Metabotropic neuropeptide signalling appears to be essential to SCN timekeeping. Although
functional electrical synapses exist, they are not required for timekeeping [29]. Similarly, no
ionotropic neurotransmitter receptor has been demonstrated to be indispensable for SCN
intrinsic timekeeping in vitro. For example, although intra-SCN synapses are mainly
GABAergic, with most neurons synthesizing/releasing GABA (γ-aminobutyric acid) and
expressing GABAA receptors, chronic inhibition with bicuculline does not significantly
affect timing [28,30]. GABA signalling does contribute to entrainment [31] and modulate
amplitude, however, possibly by restricting the extent of resting membrane depolarization
during the day, while hyperpolarizing it at night [30], possibly acting in concert with a
nightly BK channel K+ efflux [22].

Several neuropeptides mediate SCN interneuronal communication, the foremost being VIP
(vasoactive intestinal peptide) which binds to VPAC2 (VIP receptor 2), primarily signalling
through AC (adenylate cyclase) via Gsα [32]. Auxiliary roles exist for GRP (gastrin-
releasing peptide) and AVP (arginine vasopressin), both also signalling through their
respective G-protein-coupled receptors to activate PLC (phospholipase C) [33]. VIP, GRP

O’Neill and Reddy Page 3

Biochem Soc Trans. Author manuscript; available in PMC 2012 July 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



and AVP are expressed differentially in subpopulations throughout the SCN, although their
receptors (particularly VPAC2) are more widely distributed [2]. Most likely, neuropeptide
release occurs during the day in response to increased electrical activity facilitating vesicular
exocytosis, this allows localized paracrine communication within the SCN network [15].

Mice with homozygous deletion of genes encoding VIP or VPAC2 exhibit severely
disrupted behavioural rhythms. The resting membrane potential in SCN neurons from these
knockout mice (in vitro) is hyperpolarized, exhibiting reduced electrical activity, compared
with wild-type [34,35]. In SCN slices from homozygous VIP- or VPAC2-null mice, rhythms
were profoundly affected. Most notably, the number of bioluminescent neurons was hugely
reduced relative to wild-type, and rhythms in those neurons were stochastic, low-amplitude
and desynchronized from each other, similar to dissociated neurons or fibroblasts. Critically,
several cycles of higher-amplitude synchronized rhythms were rescued in VIP-null SCNs by
exogenous VIP [34]. Similar observations were made in VPAC2-null slices, treated with
forskolin to directly activate AC. Rhythmic amplitude was similarly rescued by GRP
application, or by elevated intracellular Ca2+ {high [K+]EC (extracellular K+ concentration)}
[35]. This implies that the timekeeping deficit in these mutant SCNs can be ascribed to
deficits in cAMP/Ca2+ signalling.

Circadian second messenger signalling
Second messenger signalling has long been viewed as an important means of cellular
entrainment, e.g. in vitro, glutamate elicits Ca2+-mediated phase shifts in SCN, as does VIP
acting via VPAC2/Gsα/AC/cAMP [3,19,32]. Moreover, circadian modulation of second
messenger signalling has been reported as a rhythmic cellular output, e.g. in the SCN, both
in vivo and in vitro, [cAMP]cyto (cytoplasmic cAMP concentration) varies ~4-fold, peaking
shortly after projected dawn (~CT2 [36,37]). Similarly, fluorescent probes reveal SCN
[Ca2+]cyto to be robustly rhythmic, again peaking shortly after projected dawn (~CT2 [38]).
It is significant that rhythms in both [Ca2+] and resting membrane potential are unaffected
by TTX treatment [25]. Intriguingly, the morning peaks and nightly nadirs in cytosolic
cAMP and Ca2+ are coincident, with maximal activity occurring in advance of the peak in
electrical activity (~CT6, midday) and so cannot be driven by it [38]. Conversely, cAMP
and Ca2+ are required for SCN electrophysiological excitability [39,40]. Signal transduction
pathways have been established between elevated cAMP/Ca2+ and transcriptional activation
via CREs, e.g. in the Period1/2 promoter, so, logically, if second messenger signalling is
both rhythmic output from, as well as input into, some hypothetical core clock mechanism,
then dynamic cAMP/Ca2+ signalling becomes indistinguishable from that core mechanism
[24]. Therefore appropriate manipulation of cAMP and/or Ca2+ signalling should determine
the key properties of cellular rhythms, i.e. amplitude, phase and period.

Amplitude
cAMP—Treatments that chronically elevate [forskolin/IBMX (isobutylmethylxanthine)] or
reduce (MDL12,330A, pertussis toxin) [cAMP]cyto induce dose-dependent damping of SCN
rhythms and progressive interneuronal desynchronization, similar to VIP- or VPAC2-null
SCNs. Normal rhythms return gradually following washoff [30,37].

Ca2+—Treatments that chronically elevate (ryanodine, high [K+]EC) or inhibit {Ca2+

chelators, low [Ca2+]EC (extracellular Ca2+ concentration), Ca2+-channel inhibitor
cocktails} dose-dependently reduce amplitude, with presumed desynchronization
[35,38,40,41].

Chronically elevated/reduced cytosolic cAMP/Ca2+ levels also increase/decrease
PER2::LUC magnitude respectively, stressing the critical contribution that CRE activation
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makes to clock gene regulation. Such manipulations reveal the dependence upon dynamic
second messenger-mediated interneuronal coupling for the reciprocal interaction between
amplitude and synchrony inherent to SCN timekeeping [23].

Phase
cAMP—Following washoff of forskolin/IBMX-treated, but not vehicle-treated, SCN slices,
regardless of the previous phase, the new phase of drug-treated slices is reset to dusk
(~CT12), when [cAMP]cyto normally approaches its nadir, during the peak of PER2::LUC
activity [37].

Ca2+—Glutamate-induced Ca2+-mediated phase-resetting of SCNs has been reported
extensively, being mimicked by glutamate receptor agonists and blocked by antagonists
[42]. Ca2+ influx also resynchronizes neurons in VPAC2-null SCNs, and release of SCN
slices from medium with 0 mM KCl (low [Ca2+]cyto) resets internal phase to just after dawn
(~CT3) when the cytosolic Ca2+ peak is normally observed [35,41].

Thus pharmacologically enforced cAMP/Ca2+ transitions override prior phase, forcing SCN
phase to whenever such transitions would normally occur within the self-sustained circadian
cycle.

Period
cAMP—Non-competitive (p-site) inhibitors of AC dose-dependently, and reversibly,
increase circadian period (to >31 h) in every tissue tested in vitro, and are additive to
manipulations that increase SCN period by other mechanisms [37]. Increased mouse
behavioural period in vivo was also observed when p-site inhibitor [THFA (tetrahydrofuryl
alcohol)] was delivered continuously and directly to the SCNs via osmotic minipump [37].

Ca2+—Although equivalent SCN experiments have yet to be performed, the period of rat
liver explants ex vivo was reversibly lengthened by pharmacological inhibition of ER Ca2+-
store release and import, as well as by membrane-permeant Ca2+ chelators [43]. Similar
results may be expected using SCN slices.

Clock timing and cross-talk
Manipulation of SCN cAMP/Ca2+ signalling generally results in more marked SCN
phenotypes than mutation/knockout of identified clock genes. Therefore, in addition to their
other myriad biological roles [24], dynamic cAMP/Ca2+ signalling critically contributes to
SCN timekeeping, raising the question: which signalling proteins are involved, and how
might cross-talk with circadian transcriptional elements be achieved?

Wild-type SCN slices exhibit daily cycles of tandemly elevated cAMP and Ca2+,
culminating in rhythmic CRE activation at Period gene promoters, acting synergistically
with rhythmic E-box activation and thereby presumably amplifying the oscillation. Within
the CREB [CRE-binding protein] transcription factors, ATF4 (activating transcription factor
4) has recently been implicated as one such terminal effector [44]. The SCN-specific
pathways that facilitate CRE activation are ill-defined, but cAMP transduction certainly
involves Epac (exchange protein directly activated by cAMP) with an auxiliary role for PKA
(protein kinase A) [37]. For Ca2+, the effectors CaMKII (Ca2+/calmodulin-dependent
protein kinase II), MAPK (mitogen-activated protein kinase) and PKC (protein kinase C)
have been similarly implicated [2,45].
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It is unknown whether any AC isoforms preferentially participate in cellular rhythms;
however, the daily increase in SCN cytoplasmic Ca2+ signalling probably is initiated
primarily from intracellular stores. Whereas IP3Rs [Ins(1,4,5)P3 receptors] and RyRs
(ryanodine receptors) are certainly involved, the relative contributions made by different
Ca2+ -mobilizing messengers [Ins(1,4,5)P3, cADPR (cADP-ribose), NAADP (nicotinic
acid–adenine dinucleotide phosphate)] and Ca2+ -induced Ca2+ release remain poorly
characterized. Although plasma membrane Ca2+ flux is required for SCN timekeeping, this
is probably an indirect consequence of the requirement for extracellular Ca2+ in vesicular
exo/endo-cytotosis [46], and for replenishing depleted intracellular stores during SOCE
(store-operated Ca2+ entry) [47]. Direct cross-talk between intracellular messengers systems,
e.g. cAMP modulation of IP3R activity [46], have not been investigated in the SCN.

The transcriptional clock circuitry within the SCN modulates cAMP/Ca2+ signalling by
several means. For example, gene expression rhythms are observed for several SCN
neuropeptides, neuropeptide receptors and AC/RyR isoforms, and functional contributions
to timekeeping have been established, i.e. factors which enable rhythmic transcription
(input) are themselves rhythmically expressed (output) [2]. Furthermore, daytime repression
of Gi/o has been reported, through rhythmic expression of RGS16 (regulator of G-protein
signalling 16) [36]. Most significantly, CRYPTOCHROME1 was recently reported to
directly inhibit Gsα activity in vitro and in mouse liver in vivo [48]; if this mechanism
operates in the SCN, then it may well contribute to the decline of cAMP/Ca2+ late in the
day, when CRYPTOCHROME levels are increasing.

Paracrine positive-feedback coupling in the SCN
Elevated cytosolic cAMP and Ca2+ are competent to activate plasma membrane cation
channels, e.g. cAMP regulates CNG (cyclic-nucleotide-gated) channels to conduct mixed
cation influx [49]; SOCE induces Ca2+ and mixed cation influx via Orai and TRPC
(transient receptor potential canonical) channels, respectively [50]. Critically, persistent
subthreshold cation channels exhibiting some properties similar to those of CNG/TRPC
channels are observed in SCN slices [51]. It therefore seems plausible that shortly after
(projected) dawn, prior timekeeping mechanisms facilitate elevated cytosolic cAMP/Ca2+

signalling. This increases the ‘open’ probability of cAMP/Ca2+-sensitive cation channels,
thereby depolarizing the resting membrane potential (by ~10 mV) and increasing AP firing
probability. AP firing increases neuropeptide release, and neuropeptides act locally to
stimulate further cAMP/Ca2+ signalling in neighbouring neurons, which respond similarly.
Clearly, this leads to positive feedback and sustained auto-amplification of cAMP/Ca2+

signalling within the SCN network, amplifying PERIOD1/2 expression in the process, in the
same phase with E-box activation. It is presumed that this sustained second messenger
activity is relaxed by some combination of vesicular neuropeptide depletion, receptor
desensitization/internalization and clock-driven modulation of the Gs/Gq/Gi/o transduction
pathways, e.g. by CRYPTOCHROME1 and RGS16. Some redundancy must exist between
Ca2+ and cAMP signalling for timekeeping within individual neurons, but SCN-intrinsic
encoding of projected dawn surely relies upon the coincident detection of both second
messenger systems being more active within the SCN network as a whole (Figure 2).

Concluding remarks
Initiated by cell-intrinsic mechanisms, neuropeptide-mediated paracrine positive feedback
between the extensively coupled neurons within the SCN facilitates a sustained increase in
cAMP/Ca2+ signalling during the day. This accounts for the enhanced amplitude, robustness
and precision of the SCN compared with other tissues. Accordingly, SCN amplitude will be
reinforced further when retinorecipient neurons receive photic inputs that evoke appropriate
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Ca2+ transients during the day. In contrast, when those same transients occur at night,
recipient neurons will phase-shift relative to non-recipient neurons, resulting in an increased
phase distribution across the SCN. Owing to SCN paracrine positive-feedback coupling,
however, this transitory phase dispersal is integrated to become more coherent during the
following day, resulting in a modest phase shift by the network as a whole.

Thus, whereas the basic mechanisms by which cells keep time remains unclear, the reason
the SCN does it better has become increasingly transparent.
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AP action potential

ATF4 activating transcription factor 4

AVP arginine vasopressin

[cAMP]cyto cytoplasmic cAMP concentration

CCG clock-controlled gene

CNG cyclic-nucleotide-gated

CRE cAMP/Ca2+ -response element

CREB CRE-binding protein

CT circadian time

GABA γ-aminobutyric acid

GRP gastrin-releasing peptide

IBMX isobutylmethylxanthine

IP3R Ins(1,4,5)P3 receptor

[K+ ]EC extracellular K+ concentration

RGS16 regulator of G-protein signalling 16

RyR ryanodine receptor

SCN suprachiasmatic nucleus

SOCE store-operated Ca2+ entry

TRPC transient receptor potential canonical

TTX tetrodotoxin

VIP vasoactive intestinal peptide

VPAC2 VIP receptor 2
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Future challenges

i. Are rhythms in cAMP/Ca2+ signalling ubiquitous to mammalian cells, and
simply with higher amplitude in the SCN, or specific to SCN timekeeping?

ii. What licenses the increased cAMP/Ca2+ signalling after dawn, and can it be
blocked by inhibition of gene expression?

iii. What specific spatiotemporal dynamic of SCN cAMP/Ca2+ signalling encodes
timekeeping information: is it AM (amplitude-modulated) or FM (frequency-
modulated); global, local or microdomain-dependent?

iv. What is the contribution of other intracellular messengers and the cross-talk
between them?
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Figure 1. Schematic diagram of how rhythms in SCN neuronal ‘clock gene’ expression result
from parallel activation at CRE and E-box promoter elements
Around projected dawn (black lines), increased cytosolic cAMP/Ca2+ signalling is driven by
extracellular signals as well as cell-intrinsic mechanisms. This culminates in daily CREB
activation acting in tandem with rhythmic transcriptional activation by CLOCK/BMAL1
(orange ovals). Around dusk, transcriptional repressor complexes (green line) inhibit
CLOCK/BMAL1 activity at a time when cAMP/Ca2+/CREB signalling would normally be
reduced. At night, however, external cues, e.g. glutamate-induced Ca2+ -influx (broken line)
is sufficient to induce Period1/2 expression, thereby eliciting phase shifts. ER, endoplasmic
reticulum; NMDA, N-methyl-D-aspartate; PLC, phospholipase C.
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Figure 2. Schematic diagram of SCN paracrine positive-feedback coupling from a single neuron
perspective
Cellular timekeeping results from reciprocal cross-talk between transcriptional-translational
feedback loops (1) with extranuclear oscillations (2) in signalling and metabolism to
facilitate rhythmic regulation of CCGs (3), e.g. AVP, and also increased cAMP/Ca2+

signalling around anticipated dawn (4). cAMP/Ca2+ depolarize resting membrane potential
(Vm), thereby increasing electrical activity and neuropeptide release (5), further elevating
cAMP/Ca2+ signalling within the network, eliciting further neuropeptide release (6).
Neuropeptide receptor activation amplifies cAMP/Ca2+ signalling (7), and activates
downstream effectors (8). Later in the day, cAMP/Ca2+ signalling decreases through
neuropeptide depletion and/or receptor desensitization/internalization and/or change in gene
expression of inhibitors of G-protein signalling (9). At night, cAMP/Ca2+-signalling, and
therefore electrical activity, is reduced. CaMKII, Ca2+ /calmodulin-dependent protein kinase
II; EPAC, exchange protein directly activated by cAMP; PKA, protein kinase A; PKC,
protein kinase C; PLC, phospholipase C.
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