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Abstract

Neuronal oscillations of the brain, such as thokseoved in the cortices and
hippocampi of behaving animals and humans, spapnsacwide frequency
bands, from slow delta waves (0.1 Hz) to ultast ripples (600 Hz). Here, we
focus on ultraslow neuronal oscillators in the hypothalamic seprasmatic
nuclei (SCN), the master daily clock that operates interlocking
transcriptiontranslation feedback loops to produce circadiarthimg in clock
gene expression with a period of near 24 h (< 0.B@L This intracellular
molecular clock interacts with the cell's membrameugh poorly understood
mechanisms to drive the daily pattern in the eleatrexcitability of SCN
neurons, exhibiting an uptate during the day and a dowtate at night. In
turn, the membrane activity feeds back to reguthte oscillatory activity of
clock gene programs. In this review, we emphagisectrcadian processes that
drive daily electrical oscillations in SCN neurongnd highlight how
mathematical modelling contributes to our incregsionderstanding of
circadian rhythm generation, synchronisation anthmmaonication within this
hypothalamic region and across other brain circuits
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Graphical Abstract

Neuronal oscillations of the brain span across wWidguency bands. Here, we
focus on the ultreslow neuronal oscillators in the mammalian masteclq
the suprachiasmatic nuclei (SCN). We emphasise dineadian processes
driving daily oscillations in SCN neurons, discuSEN oscillations in the
context of braiawide oscillator,; and highlight how mathematical modelling
contributes to our increasing understanding of adran rhythm generation,
synchronisation and communication across brairudsc
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Introduction

Neuronal oscillations or rhythms are integral tormal brain function and
underlie the eveevolving landscape of brain activity, brain stadesl behaviour
(Engelet al., 2001; Buzsaki & Draguhn, 2004; Buzsaki, 2015). Ehesrpetual
oscillations can be monitored from the scalp astedencephalogram (EEG) and
depict the synchronous activity of neurons thatnspa number of brain regien
specific frequency bands, from less than 0.2 HzZr&muencies in excess of
500 Hz (Lopes da Silva, 2013; Buzsaki, 2015). tnimgly, these myriad
rhythms can interact with one another through cifoequency coupling, where
oscillations with slower frequency drive and modaldahe amplitude of faster
local oscillatory events, while broadcasting to aedruiting larger networks of
neuronal ensemble across the brain (Steriade, Z06itsvariet al., 2003; Sirota
et al., 2003; Buzsaki & Draguhn, 2004; Buzsadti al., 2012). Our increasing
understanding is that these oscillations and thrg@ractions shape and manage
information flow in the brain, and are critical fbealthy brain function (Basar
Eroglu et al., 1996; Herrmann & Demiralp, 2005; Buzsadtial., 2012; Basatr,
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2013; Buzsaki, 2015).

This article focuses on the neuronal oscillatiorfstlle mammalian master
circadian clock, the suprachiasmatic nuclei (SCMhich by comparison
influence brain activity at a much slower frequeneigh a circadian period of
near 24 h. We discuss some of the ionic, mnterd intracellular signalling, and
molecular clockwork mechanisms driving the rhythrekcitability states of SCN
neurons across the day—night cycle. In addition,ingkcate how mathematical
modelling is complementing and guiding some of &xperimental work. This
maturing synergy between experimental and compartatimethods is providing
circadian biologists with invaluable insights idome of the circadian processes
and mechanisms that otherwise would be impenetréBnze, 2011b; Pauls
etal., 2016).

The SCN is a network of approximately 20 000 hejereeous neurons coupled
through chemical synapses, paracrine signalling eéledtrical gap junctions. A
hallmark feature of SCN neurons, and one that mupaunt to their collective
functioning as the master circadian clock, is ttheir electrical activity shows
spontaneous oscillation across the day-night cyBwn & Piggins, 2007,
Colwell, 2011; Belle, 2015; Allert al., 2017); see Fig. 1. That is, these neurons
are significantly more active during the day [anstpte with depolarised resting
membrane potential (RMP) and generally dischargiagion potentials (APs) at
~ 4-6 Hz] than at night (a dowstate with hyperpolarised RMP, firing at
~ 0.1-2 Hz or completely hyperpolarisedent and not spiking; Fig. 1). Even
when dissociated from the SCN network and dispermsetro, mostsingie-SCN
neurons retain their ability to generate this dabgcillation in excitability states
for several days [e.g., see (Wekthal., 1995; Herzoget al., 1998; Honmeet al.,
1998; Shirakawat al., 2000; Aton & Herzog, 2005; Webé& al., 2009)]. This
indicates that most individual SCN neurons areimsic circadian oscillators,
and while synaptic communication between the nesiras needed for
synchronisation, it is largely not necessary foythims at the singkeell level.
To achieve such evolving spontaneity in excitapildcross the circadian day,
several intrinsic ionic membrane currents must rexte (Bean, 2007; Llinas,
2014). Importantly, the magnitude of these currartd their interactions must
also be appropriately tuned and sculpted acros4he period. The prevailing
view is that these are achieved through the coatdoh and cooperative activity
of the molecular and membrane clocks (Colwell, 2(B4lle, 2015), see Fig. 2
andModelling section 1
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A schematic overview of the excitability profile/weform of suprachiasmatic
nuclei (SCN) neurons over the day-night cycle. S@Burons show overt
oscillation in their resting membrane potential (RMtraversing througseveral
points of neutral rest state (indicated by where dashed blue line crosses the
orange dashed and solid lines). The RMP of SCNar&urs depolarised (ugtate)
during the day and hyperpolarised (destate) at night. In some neurons, the
increased RMP elicits action potential (AP) disgjgann others, the RMP becomes
too positive (~ -33 mV) to sustain AP productionhe§e neurons display
depolarised lowamplitude membrane oscillations (DLAMOs: ~ -33 mVy
become silent by depolarisation blockade (~ —25 mAf)night, the RMP reduces
(~ =55 mV) causing SCN neurons to generate APsowaer rates or become
completely silent by severe hyperpolarisation (© A7V, not shown). Top yellow
and grey bars represent the daytime and riighe, respectively. The blue arrow
during the day represents extrinsic signals recihgy SCN electrical wstate, and
at night, the blue arrow represents physiologicghas reinforcing SCN down
state (hypoexcitability). The lightand darkblue shading areas, under and over the
curve, show the differences in waveform amplituggween autonomous SCN
activity (dashed line) and during appropriate da#gynforcement inpu.; fselid
line: adapted from (Ramkisoensing & Meij@Q15].
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A simplified schematic view of the intricate coltadative relationship between the
molecular and electrical/membrane clocks for geiraga circadian
rhythms/oscillations in the suprachiasmatic nu¢stN), and beyond. Within SCN
neurons, autonomous molecular timekeeping signaEneted by the
transcriptiontranslation feedback loop (TTFL) appropriately @rivdaily
excitability and electraesponsiveness of the proximal membrane via inlitdae
signalling modulation of ion channel activity. Clyms in membrane electrical
activity feed back to sculpt and stabilise the rmolar clockwork. This
molecular/genetielectrical interplay is dynamic and changes over ¢hrcadian
cycle, temporally integrating timrmadjusting cues from the light—dark cycle,
physiology and behaviour. Thin intracellular blugoavs indicate direction of
signal flow. Input and output signals to and frdm SCN clockwork, respectively,
are shown by extracellular thick blue arrows.

The drive to peak excitation during the day

The depolarised RMP during the day (on average a5 mV) results from
membrane excitation driven by several voltagsitive cation currents,
including inward conductance provided both by sadiand calcium channels
(Thomson, 1984; Wheal & Thomson, 1984; Thomson &sive990; Akasu
et al., 1993; Huang, 1993; Pennartal., 1997; De Jewet al., 2002; Cloues &
Sather, 2003; Jacksoet al., 2004; Kononenko & Dudek, 2004; Kononenko
et al., 2004; Paulet al., 2016). Recently, through combined modelling and
experimental work, a voltagmdependent sodium channel (NALCN) was also
identified as a positive driver for the SCN neurong-state (Clay, 2015;
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Flourakiset al., 2015). Reduced global potassium channel activitynduthe day
also contributes to the depolarised RMP (Jiagtigal., 1997; Kuhlman &
McMahon, 2004). In particularinhibition of the voltageinsensitive smail
conductance calciuractivated potassium channels (SK whose—inhibition
forces some SCN neurons to become hyperexcitede(sgvdepolarised) and
enter depolarisation blockade, a membrane stat@asdive (~ -30 mV) for AP
generation (Bellest al., 2009; Scottet al., 2010; Diekmanet al., 2013; Belle,
2015; Paukt al., 2016; Wegneet al., 2017). Thus, these neurons either become
completely silent or generate 2—7 Hz T-F&sistant, Ltype calcium channel
dependent, depolarised leamplitude membrane oscillatic (DLAMOS) (Belle
et al., 2009; Diekmanet al., 2013; Belle & Piggins, 2017). Although the
neurophysiological function of DLAMOs remains unkvrm similar low
amplitude membrane oscillations are seen at moréenade RMPs (~ —45 mV)
when TTX-sensitive sodium channels are pharmacologicallyckdd [TTX-
LAMOs: see (Diekmaret al., 2013)]. These TTXLAMOs arguably provide the
underlying membrane rhythm for pacemaking activiilysome SCN neurons
(Jianget al., 1997; de Jewet al., 1998; Pennartzt al., 2002; Jacksoret al.,
2004). Indeed, mathematical modelling of experimentdata shows that
DLAMOs and TTXLAMOs share similar neurophysiological charactecstand
that the daily drive to hyperexcitation in SCN n@ug may be paramount for
circadian rhythm generation, maintenance and concation in this
hypothalamic region (Diekmagt al., 2013; DeWoskiret al., 2015).

AQ6

In response to these moderately depolarised RMPsigluhe day, most SCN
neurons generate 4—6 h of sustained spiking agt(@thaapet al., 2003a; Welsh
et al., 2010). At the population level, this firing actiyitpattern collectively
extends across the entire light phase of the ciacadycle, with peak firing
frequency occurring in the middle of the day, amweitgeber time & (ZT6-7,
ZTO; time of lights on). This profile of activityds been measured extracellularly
in vitro and in freely moving animals in several pioneersigdies (Inouye &
Kawamura, 1979; Green & Gillette, 1982; Groos & Heks, 1982; Shibata
et al., 1982; Gilletteet al., 1995; Schaat al., 2003b; VanderLeesdt al., 2007;
Lucassen et al., 2012), and in more recent years, with whokdl
electrophysiology and voltageensing genetic probe imaging (Morin & Allen,
2006; Brown & Piggins, 2007; Colwell, 2011; Bell2Q15; Allenet al., 2017;
Brancaccioet al., 2017; Enokiet al., 2017a, 2017b). To support the elevated
firing frequency during the day, the activity andtigg characteristics of several
action potentialshaping potassium channels are appropriately réegpilarlhis
includes upregulation of the fast delayed rectifEDR) and Atype channels,
and downregulation/modulation of the largenductance -calciuractivated
potassium (BI, ) channel activity (Cloues & Sathe@032; Itri et al., 2005,
2010; Pittset al., 2006; Granadosuentest al., 2012; Montgomery & Meredith,
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2012; Montgomernyet al., 2013; Whittet al., 2016).

Night-time silencing

Towards the end of the light phase, SCN neuronsnbég traverse to the
hypoactive dowrstate where most of these cells reduce their finatg or
become hyperpolarisesilent, ceasing spiking activity (Fig. 1). In someurons,
this represents an impressive 20-30 mV migratiolRMP, when daytime and
night-time rest state values are compared (Kuhlman & Muoda 2004, 2006;
Belle et al., 2009; Paulet al., 2016). Potassium channel activity is the main
driver for this nighttime silencing. For example, the outward conductant
potassium channels, such as BK , is known to inerehsing the night (Jiang
et al., 1997; Pittset al., 2006; Flourakiset al., 2015; Whittet al., 2016). Further,
SCN neurons show activity for the twandem pore domain potassium (K2P)
channels (Wanget al., 2012; Belle et al., 2014). Although no biophysical
measuremenand electrophysiological measurensot K2P channel activity are
reported in SCN neurons across the day-night cytlenscripts for these
channels peak during the night (Parelaal., 2002; Leinet al., 2007). These
voltageindependent potassium ‘leak’ channels contributeRMP setting in
neurons (Mathie, 2007). Thus, their activity in tBEN at night will contribute
to membrane hyperpolarisation, placing SCN neuriobs the downstate (see
possible reinforcement by orexiR2P channel activity below).

As a result, the average excitability waveform bé tSCN neuronal ensemble
across the day—night cycle is sinusoidal with akpgaring the day and a trough
at night, traversing two neutral rest states atrdawd dusk (Fig. 1). Incredibly,
the overall timing and halividth of this peak and trough in electrical actyvit
follow daylengtldaylengtiiphotoperiod, endowing the SCN with the additional
ability to time and regulate important aspects led body's seasonal rhythms,
such as neurtmormone secretion during the short winter and lsagnmer days
(Mrugala et al., 2000; VanderLeestgt al., 2007; Welshet al., 2010; Coomans
etal., 2014).

The molecular clockwork: demonstrated as the driver of SCN
electrical oscillations

v

Compared with some of the highequency rhythms that are measured elsewhere
in the brain, SCN neurons are exceedingly slowl@dors. This is because the
daily excitability cycle of SCN neurons is driveg Bn internal molecular clock
which functions as an interlocking transcriptitlanslation feedback loop
(TTFL). Much is known about the intricate inner Wirg of the TTFL molecular

machinery which shares remarkable homology acrpssiss studied so far, from
plants to insects, fish and mammals (Hastings & Wagd, 2000; Reppert &

Weaver, 2002; Ko & Takahashi, 2006; Guilding & Higg 2007; Takahashi
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et al., 2008; Glossop, 2011; Mohawk & Takahashi, 2011; Mukat al., 2012;
Buhr & Takahashi, 2013; O'Neitt al., 2013; Partclet al., 2014). At its core, the
molecular clock in mammals includes a dynamic ipliey between the protein
products of canonical clock genes, suchPasodl/2 (Per1/2), Cryptochrome 1/2
(Cryl/2), Clock and Bmall (Fig. 2). The TTFLkclockwork is excellently
reviewed in the above references and thereforebeilfleetingly mentioned here.
The ‘positive arm’ of the clock begins with the hemr transcription and
cytoplasmic translation of the proteins CLOCK andl/&A_1. Once accumulated
in the cytoplasm, they dimerise and the CLOCK/BMAdterodimer then enters
the nucleus and binds onto the promoter regiont®Per1/2 andCryl/2 genes,
activating their transcription (Fig. 2). The negatiloop occurs when PER/CRY
proteins dimerise, get phosphorylated by caseirmdenl and translocated into
the nucleus to suppress the CLOCK/BMAL1 activityerteby terminating their
own transcription. The overall interaction of thesedforward feedback loops
drives perpetual rhythms iPerl/2 andCryl/2 expression, with a peak during the
day and a nadir at night, whiBmall peaks at night and trough during the day
[e.g. see Fig. 2 in (Guilding & Piggins, 2007)]. ing the day phase of the
cycle, theRev-erba gene is also transcribed and its protein prodd€&iy-ERBao,
acts in the nucleus to inhibBmall transcription, forming an additional negative
loop. Eventually, thi8mall inhibition is lifted through PER/CRY suppressioin o
Rev-erba transcription, permitting BMAL1 to again slowly @aamulate in the
cytoplasm during the night phase.

Linking TTFL activity with excitability and behavioural rhythms

Although the mechanistic nature of the intracelildggnals that interweave the
molecular clockwork and membrane excitability inetlsCN is still poorly
understood, there is compelling evidence linking #rctivity of the molecular
clock with membrane excitability oscillations in BCneurons. The strongest
indications come from studies assessing the eff@fcisolecular clock mutations
on the SCN temporal excitability profile. There is a cleatationship in wild
type animals between the period of the moleculaclohork, neuronal rhythms
in the SCN and the animal's daily locomotor activitycle. This link is
highlighted/exposed when the activity of the molacuclock is astutely
manipulated genetically. For example, in hamstarsyutation in casein kinase 1
(the Tau mutation) shortens the period of neuronal oscdla (accelerates the
speed of the clock) in the SCN, as measured bytithieg in the daily peak of
electrical activity (Liuet al., 1997). This mutation also accelerates the locomoto
activity rhythms in these animals (measured by wWraaning activity) by a
factor that is representative of the period changethe SCN's electrical
oscillations (Liuet al., 1997). In mice, heterozygouslock mutation lengthens
behavioural and peak firing activity rhythms in tB€N (Herzoget al., 1998;
Nakamuraet al., 2002). Elimination ofCryl or Cry2 activity lengthens and
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shortens the electrical and behavioural rhythmspeetively (Maywoodet al.,
2011a; Ananckt al., 2013), while animals witlCry1/2, Per1l/2, Bmall deletion
or homozygous mutations fo€lock are completely arrhythmic with severe
alterations in electrical firing patterns in the $CHerzoget al., 1998; van der
Horstet al., 1999; Vitaternaet al., 1999; Bungeret al., 2000; Nakamuraet al.,
2002; Bae & Weaver, 2007; van der Veenal., 2008; Pfefferet al., 2009).
Further, delaying the degradation of CRY1 and CHN2mice lengthens the
periods of the molecular clock, excitability rhytanmn the SCN, and locomotor
activity (Godinhoet al., 2007; Guildinget al., 2013; Wegneret al., 2017),
whereas theTau mutation of casein kinase 1 accelerates the clacokl
behavioural rhythms in these animals (Lowetwl., 2000; Menget al., 2008).

Further evidencz linking the activity of the molecular clock with embrane
excitability oscillations in the SCN corsefrom studies showing that the
transcription activity and conductivity of severah channels expressed by SCN
neurons, such as-Land Ttype calcium, BK,, K2P, and voltaggated and
passive ‘leak’ sodium channels, are under circad@amrol (Pandat al., 2002;
Brown & Piggins, 2007; Colwell, 2011; Belle, 201Hpurakiset al., 2015; Whitt

et al.,, 2016; Allenet al., 2017). Also, ion channel activity can be directly
regulated by the TTFL components, such as the F3RBa regulation of L-type
calcium channel activity (Schmut al., 2014). In support, disruption in the
activity of circadian clock's key molecular compatee perturbs ion channel
function, leading to altered electrical activitySCN neurons (Albust al., 2002;
Colwell, 2011; Granadefuenteset al., 2012). And finally, several intracellular
signalling molecules that are associated with matio membrane excitability
in SCN neurons, such as cAMP, are also rhythmicadlgulated in the SCN
(O'Neill et al., 2008; Doiet al., 2011).

The slow daily TTFL and electrical oscillations®CN neurons are fundamental
for providing appropriate circadian timing in phgkigy and behaviour, such as
the sleep/wake cycle, feeding, hormone synthesisl a®cretion, and
cardiovascular output (Kalsbeek al., 2006; Bechtold & Loudon, 2013; Miller
& Takahashi, 2013; Belle, 2015). Having such aydaier armsthe organisms
with the capacity to predict recurring changesha environment, an ability that
Is critical for survival, maximising feeding and preduction while avoiding
predation, for example (Pittendrigh & Minis, 1973aunders, 1972; Ouyang
et al., 1998; DeCourset al., 2000; Spoelstrat al., 2016). Indeed, for most
species, the most relevant recurrent environmaaitahge is the light—dark (LD)
cycle, emerging from the earth's daily rotation @hits axis.

Synchronisation and reinforcement of SCN neuronal
oscillations by the environment and physiology

Although the daily excitability waveform of SCN nems persists in the absence
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of external time cues (endogenous/freening), their activity has to be
synchronised and aligned with the animal's LD cycl@is ensures that the
circadian timing signals communicated to the braml body are in accordance
with the external environment (seModelling section 2 Our current
understanding is that under natural conditions, seéheneurons are
entrained/synchronised by information on the initignand spectral composition
of ambient daylight (Walmslegt al., 2015; Brown, 2016). This light information
Is conveyed directly to SCN neurons by the glutargt retinehypothalamic
tract (Lokshinet al., 2015; Fernandezt al., 2016) through the activity of
specialised melanopsicontaining retinal ganglion cells (Meijer & Rietgel
1989; Schmidtt al., 2011; Lucaset al., 2014). Although not all SCN neurons
respond to light, a large proportion of cells areied by this photic signal
(Groos & Mason, 1978; Meijeet al., 1989; Jiaoet al., 1999; SaekParsy &
Dyball, 2003b; Drouyeet al., 2007; Brownet al., 2011; Walmsley & Brown,
2015; Walmsleyet al., 2015; Tsujiet al., 2016). Therefore, besides synchronising
SCN activity, this extrinsic excitatory photic devmay also act to reinforce the
TTFL-driven upstate of SCN neurons during the day.

Several internal physiological signals emerging nfro the body's
arousal/wakefulness and homeostatic brain circdgsdback to influence
circadian timing in the SCN [(Mrosovsky, 1996; H&t Van der Zee, 2011,
Hughes & Piggins, 2012; Belle, 2015; Meijer & Mi¢dh2015); see next section
below]. These notphotic inputs include neuropeptide Y (NPY) neurarishe
thalamic intergeniculate leaflet (IGL) which serxbaal projections through the
geniculo-hypothalamic tract (GHT), the serotonergic systenthe raphe nuclei
(Harrington, 1997; Morin, 2013), the basal forebra@holinergic system (Bina
et al., 1993; Yamakawaet al., 2016), as well as the arousalomoting
orexinergic neurons of the lateral hypothalamusedai & Sakurai, 2012) which
projects in the vicinity of SCN neurons (Dadieal., 1999; Belleet al., 2014). In
nocturnal rodents, a dafiulse during the daytime causes increased locomotor
activity together with a reduction offos expression in the SCN (Marstenal.,
2008). This suggests that brain activity duringusiad and wakefulness can feed
back to suppress excitability in SCN neurons. Inegectrical recordings in
behaving nocturnal rodents revealed that boutsrolopged behavioural activity
are associated with the immediate suppressiontadrapotential discharge in the
SCN, which remained stably suppressed throughowt dration of the
behavioural activity (Yamazaket al., 1998; Schaap & Meijer, 2001; van
Oosterhoutet al., 2012). It is therefore probable that in nocturnainzals,
activity during wakefulness at night may serve amfiorcement for the TTFL
driven electrical dowsstate of SCN neurons. This is likely mediated tigtou
behaviouraldependent release of NPY and orexin the SCN (Bielloet al.,
1994; Belleet al., 2014).
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In support, exogenous application of NPY, serotpnagonists for the
acetylcholine receptors or orexins to SCN slicelsustly suppress clock gene
expression and excitability in SCN neurons (LiolAdbers, 1991; Shibatet al.,
1992; Prosseet al., 1994b; van den Pat al., 1996; Cutleret al., 1998; Gribkoff
et al., 1998; Farkast al., 2002; Brownet al., 2008; Klischet al., 2009; Yang
et al., 2010; Besinget al., 2012; Belleet al., 2014; Belle & Piggins, 2017).
Fittingly, when applied to SCN slices during thebmctive night, orexi-A
recruits the activity of potassium ‘leak’ channétsstrongly suppress the RMP
and spiking activity of SCNPer1-EGFP+ve neurons (Belkt al., 2014); see also
night-time silencing section above.

Despite differences in their temporal niche prefiese clock gene expression and
electrical activity in the SCN of diurnal and noctal animals show similar
patterns of circadian oscillations (Kubadzal., 1981; Schwartzt al., 1983; Sato

& Kawamura, 1984; Baet al., 2001; Mrosovskyet al., 2001; Yan & Okamura,
2002; Caldelat al., 2003; Otaloreet al., 2013). This suggests that mechanisms
acting downstream from the SCN are involved in dateing animal's
chronotype (Smalest al., 2003). Nevertheless, results from the above studie
make tantalising conjectures that suppressive hebeal inputs into the SCN
are important in nocturnal animals to reinforce thght-time electrical down
state, while in diurnal specizgp-state SCN activity is reinforced by excitatory
photic inputs during the day.

Jv)

To date, the effects of behavioural activity on SENctrical output in diurnal
species have not been comprehensively investigatéowever, from our
knowledge of the electrical rhythms in diurnal rad&CNs we hypothesize that
wakefulness and locomotor activity in these animglsuld provide excitatory
inputs to SCN neurons. Under laboratory conditionslike in the wild,
nocturnal animals are continuously exposed to antdight during the day. It is
therefore likely that, at least under laboratorynditions, light can act to
reinforce SCN excitability during the day both iruhal and nocturnal SCNs.
The locomotor activity, on the other hand, reinBgcSCN suppression in
nocturnal animals at night while possibly suppaytleCN excitability in diurnal
species during the day.

Overall, these external and internal reinforcemeants vital for normal SCN
function as they collaborate with TTFL activity tensure highamplitude
circadian oscillations in SCN excitability (van Qeshout et al.,, 2012), a
neurophysiological requirement for good health, Iweting and cognition
(Ramkisoensing & Meijer, 2015). Indeed, this nedgs®r neuronal oscillation
bolstering in the SCN by extrinsic signals is exgubsluring the ageing process.
Here, the ageelated dampening of SCN electrical rhythms, dualitainished
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TTFL outputs and neurochemical signalling, can éstared by daily voluntary
exercise and exposure to bright light during the d&chroeder & Colwell,
2013).

Glial reinforcement of SCN neuronal oscillations

Brain function occurs largely through the intricad@d balanced synergistic
relationship between neurons and neurogli recentthe-pastyears, the role of
glia in neuronal function has received renewed gadoon with the discovery
that astrocytes respond, synthesise and release mfarhe neurochemicals
(known as ‘gliotransmitters’) that are pertinent imeuronal information
processing (CornelBell et al., 1990; Fiaccoet al., 2009; Halassat al., 2009;
Santelloet al., 2012; Verkhratskyet al., 2012b). This raises the possibility that,
besides maintaining homeostatic processes of tlen bfsustaining energy
balance, modulating synaptic/neurotransmitter agtimnd providing metabolic
support), glial cells may have a more direct inwhent in brain communication
processes. Indeed, glial cells show fast intratalloalcium oscillations and can
signal through vast network by gap junctions, shgpneuronal activity in the
process (Verkhratsky & Kettenmann, 1996; Nederga&ar¥erkhratsky, 2010;
Nedergaarcet al., 2010; Verkhratskyet al., 2012a). In the context of neuronal
oscillations, recent pioneering studies have ural@girevealed a surprising role
for astrocytes in information processing and cagaitehaviour. These studies
found that astrocytic activity in the cortices @having animals shapes neuronal
rhythm features in these brain areas to influerspeats of learning and memory
(Lee et al., 2014), and to appropriately switch cortical circuitythms into a
synchronous sleepke state (Poskanzer & Yuste, 2016).

The SCN have an elaborate astrocytic cell netwdskildner, 1983), which
exhibits daily rhythms in glial fibrillary acidic rptein (Lavialle & Serviere,
1993; Moriyaet al., 2000; Gericset al., 2006; Becquett al., 2008; Lindley
et al., 2008; Canakt al., 2009; Womacet al., 2009; Burkeeret al., 2011), and
metabolic activity (Schwartz & Gainer, 1977; vamdeol et al., 1992; Lavialle
& Serviere, 1993; Womaet al., 2009; Burkeeret al., 2011). This SCN GFAP
oscillation is sensitive to light, suggesting a §ibke role for glial involvement in
SCN photic information processing. In support, genetic disruption of GFAP
activity in animals maintained under constant ligidnditions (LL) elicited
profound alteration in locomotor activity (Moriyet al., 2000). In addition,
several lines of evidence suggest that astrocytay mfluence the phase
resetting effects of light in the SCN by putativeodulation of glutamatergic
transmission at the retinal terminals (van den Btoll., 1992; Lavialle &
Serviere, 1995; Tamadat al., 1998; Moriyaet al., 2000; Lavialleet al., 2001;
Girardetet al., 2010). Astrocytes are also known to rhythmicalljiliate with
dendrites of vasoactive intestinal polypeptide (Vihd arginine vasopressin

12 of 69 11/02/2018, 17:C



e.Proofing http://wileyproofs.sps.co.in/eproofing_wiley/priige.php?token=zDjw

(AVP) SCN neurons across the day (Becqgatetl., 2008). Activity of these
neurons promotes celb-cell synchronisation and circadian communication
within the SCN, and beyond (see section below).rétoee, this daily fluctuation
in glial-VIP/AVP neuronal contact may shape electrical astiin these neurons
anc, thus, supports circadiamelevant information processing in the SCN. In
turn, VIP can dosa@ependently influence the phase and amplitude wbagic
rhythms (Marpegaret al., 2009), and pharmacological blockade of metabolic
activity in astrocytes alters electrical rhythmstie SCN (Prosseat al., 1994a).
Together, these results support that functionahaighg between neurons and
glia occurs in the SCN, but the role of glial commuation in circadian
timekeeping still needs +depth investigation (Jackson, 2011).

Importantly, several studies have reported intandaily oscillations in clock
gene/protein expression in SCN astrocytes (Patl@l., 2005; Chenget al.,
2009; Yagitaet al., 2010; Duhartet al., 2013; Brancacciaet al., 2017). This
raises the possibility that the daily variation SCN astrocytic clock activity
contributes to overall circadian rhythm generatiomd communication in the
SCN. Indeed, genetic disruption/manipulation of GFKMoriya et al., 2000),
but only under LL)] and circadian clock gene (Braocioet al., 2017) activities
in SCN astrocytes produced profound alterationdoomotor activity, and in
SCN neuronal clock gene and intracellular calciustiltations (BarcaMayo
et al., 2017; Brancacciet al., 2017; Tsoet al., 2017). Remarkably, clock gene
expression in SCN astrocytes oscillates in antiphts the rhythm in SCN
neurons, peaking during the subjective night irrasttes (Brancacciet al.,
2017). This nighttime peak in SCN astrocytic clock activity is assted with
elevated extracellular glutamate level, which magvour an increase in
inhibitory GABAergic tone in the SCN, primarily irthe dorsal aspect
(Brancaccioet al., 2017). Novel mechanisms through which astrocyteviygt
transforms glutamatergic excitation into tonic GA&Aic inhibition have been
described elsewhere in the brain (Hejaal., 2012). Such gliadependent tonic
inhibitory GABAergic activity may provide furtheremforcement for the
electrical downstate in the SCN at night.

Collectively, these studies provide strong evidesog@porting a collaborative
role for glia and neurons in circadian rhythm geni®n and communication in
the SCN, and, likely, beyond. Further, as in thdices, glial activity in the SCN
may have the additional function in shaping neulooscillation features to
promote/favour appropriate circadian informatioongassing across the circadian
day, such as entrainment, synchronisation and bsdgie/bodywide circadian
rhythm communication.

Intra- and intercellular signalling

Elsewhere in the nervous system, oscillations tnagellular calcium signalling
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underlie most of the fast rhythms in neuronal exuility (Berridge, 1998, 2014).
In SCN neurons, steaestate intracellular calcium [éJéi ] concentration/leve
oscillates in a circadian manner, peaking during dlay and entering a nadir at
night [(Colwell, 2000; Ikedeet al., 2003a; Irwin & Allen, 2010; Enoket al.,
2012; Honget al., 2012; Brancacciat al., 2013; Belleet al., 2014; |keda &
Ikeda, 2014; Noguchet al., 2017); but see (lkedet al., 2003b)]. This peak in
global SCN [C%\Jr ] anticipates the peak in electraetivity (lkedaet al., 2003a;
Enoki et al., 2017b), raising the possibility that the initialusoe of [C§+J in
SCN neurons is largely through clecerated intracellular calcium store release
(COiCaSR), and not through depolarised RMd&hd action potentiaévoked
membrane calcium entry via voltagmated calcium channels (VGCCs). In
support, pharmacological blockade of VGCCs andag#igated TTXsensitive
sodium channels diminished the amplitude ~(BQ%) but does not completely
abolish circadian rhythms in [éfai ] (Ikedhal., 2003a; Enokkt al., 2012).

Activation of the ryanodine receptors (RyR1 and RyRepresents one of the key
signalling pathways by which calcium is releasedndfr intracellular stores
(Berridge, 1998). The transcripts and proteins bmth receptor types are
expressed by SCN neurons with RyR2 transcript aratep showing higher
levels during the subjective day than at night @hMunozet al., 1999, Pfeffer
et al., 2009). Interestingly, pharmacological disruptionRyfR function abolishes
circadian rhythms in [ a ] level, electrical actywiand behaviour (lkedet al.,
2003a; Mercadaet al., 2009), suggesting that this is a key link betweka t
molecular and electrical oscillations in SCN newomdeed, members of the
molecular clockBmall andCryl, interact to modulate the activity of the RyR2
transcription (Pfeffeet al., 2009; Ikeda & lkeda, 2014), while pharmacological
activation of the RyRs causes excitation in SCNraes (AguilarRobleroet al.,
2007, 2016). Together, this suggests that clopkrated intracellular calcium
store release contributes to the-sfate of SCN neurons during the day.

As in all neurons, the depolarised RMP and incrdazetion potential firing
during the upstate cause further calcium influx in SCN neurdmeugh VGCCs
(Jacksonet al., 2004; Irwin & Allen, 2007). Pharmacological bloclaaf this
TTX-sensitive extracellular calcium source interrugte tmolecular clock and
electrical oscillations (McMahon & Block, 1987; Yawguchi et al., 2003;
Lundkvist & Block, 2005; Lundkvisgit al., 2005; Myunget al., 2012; Enoki
et al., 2017b), suggesting that calcium entry through VG@G® contributes to
circadian rhythm generation in the SCN.

Suprachiasmatic nuclei neurons are neurochemicadlgd functionally
heterogeneous, forming distinct peptidergic clusterthin the ventral, medio
lateral and dorsal aspects of the SCN. BroadlyiraéiSsCN neurons synthesise
VIP, while cells in the medidateral region produce gastrin releasing peptide
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(GRP), and dorsal neurons contain and release Arfld & Silver, 2005; Morin
& Allen, 2006; Golombek & Rosenstein, 2010). Son@\Sneurons also contain
prokineticin 2 (PK2), cardiotrophitike cytokine and the transforming growth
factor a (Kalsbeek & Buijs, 1992; Kalsbeedt al., 1993; Krameret al., 2001;
Chenget al., 2002, 2005; Kraves & Weitz, 2006; kt al., 2006; Burtonet al.,
2016). Collectively, most SCN neurons produce tharatransmitter GABA and
express GABA receptors (Abrahamson & Moore, 200é&teBky et al., 2008).
Here, GABA acts primarily on the GABA receptors tause excitation or
inhibition in the SCN [see (Alberst al., 2017) for a comprehensive review],
presumably coreleased by the SCN peptidergic nesurds demonstrated by
most forms of neuronal synchronisation in the cantrervous system, GABA
GABA , receptor signalling in the SCN acts to syncfise the activity of its
neurons (Liu & Reppert, 2000; Shirakawiaal., 2000; Aton & Herzog, 2005;
Evanset al., 2013; DeWoskiret al., 2015; Myunget al., 2015). Signalling from
VIP, GRP and AVP neurons intermingles with GABAerg@ctivity across the
day—night cycle, through poorly understood mechasisto organise and sustain
the overall neuronal oscillation architecture oé tBCN (seeModelling section
3), such as the phase relationship of its neurorarr(tdret al., 2002; Albus
et al., 2005; Aton & Herzog, 2005; Browet al., 2005; Maywoodet al., 2006,
2011a; Hughest al., 2008; Kalsbeeket al., 2010; Welshet al., 2010; Evans
et al., 2013; Freemaret al., 2013; Fanet al., 2015; Miedaet al., 2015). This
phase relationship is dynamic with tremendous mdag, and varies with
environmental conditions (VanderLeeasttal., 2007; Lucassemt al., 2012). The
GABAergic-neuropeptidergic communication conduits also acbpeoatively
with the lightinput pathway to integrate and al the SCN's daily pattern of
oscillations with external environmental signalsdafeedback inputs from
physiology and behaviour. Together, this ensured, thtthe population level,
SCN neurons produce coherent and haghplitude circadian rhythms that are
representative of the animal's solar cycle andrinaephysiological demands.
Such integrated outputs are in turn necessary foving robust circadian
rhythms across the brain and body.

Function of neuronal oscillations in the SCN

Despite running at a much slower pace, circadiamroraal oscillations in the
SCN share some common underlying principles andtifans with neuronal
oscillators studied elsewhere in the brain. Fomapia, neuronal oscillators have
an inherent capacity to appropriately ‘gate’ or riWatheir sensitivity to
synchronising signals, otherwise known as ‘biasutngelection’ [see (Hutcheon
& Yarom, 2000)]. Similarly, SCN neurons show vaigat across the day in their
sensitivity to inputs, such as environmental liginid internal physiological
signals. Pioneering studies investigating the é$fec light on nocturnal rodents,
for example, established that light exposure inghdy night delays subsequent
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cycles in locomotor activity, during the late nigldvances locomotor rhythms,
while andlight during the day has no shifting effect on &eiloural rhythm phase
(Decoursey, 1960, 1964; Daan & Pittendrigh, 197&)ese patterns of temporal
sensitivity to light can also be observed in diurepecies, including humans
[(Hoban & Sulzman, 1985; Kas & Edgar, 2000; Mahomewl., 2001; Khalsa
et al., 2003);Ssee also Fig. 1 in (Brown, 2016)]. Application ofgsimacological
mimics of the lightinput pathways to living SCN slices, such as glugeor the
glutamate receptor agonists AMPA and NMDA, alsosemuphase shifts in the
electrical rhythms that imitate the liginmduced shifts in locomotor activity
(Colwell & Menaker, 1992; Shibatet al., 1994, Bielloet al., 1997; Dinget al.,
1998; Moriyaet al., 2000, 2003). Similarly, optogenetic manipulation CN
activity causes phase shifts in electrical and gempression rhythms both
in vivo andin vitro (Joneset al., 2015). This phase adjustment by light allows
daily resynchronisation of SCN cells to the extédight—dark cycle (see section
above) and, in extreme situations, permits realigmimof the circadian system
following a drastic shift in the LD cycle, as isetltase in humans when flying
across time zones. Albeit, the SCN's slow oscdiati means that
resynchronisation to the new LD cycle takes seveyales to accomplish (Reddy
et al., 2002; Nagancet al., 2003; Yan & Silver, 2004; Nakamuri al., 2005;
Davidsonet al., 2009).

By contrast, nosphotic inputs produce phase shifts in the SCN thidfier
significantly from those produced by light [see Figin (Alberset al., 2017)].
These signals produce large phase advances in ioelhavrhythms during the
day and small phase delays during the night (Mrekpyv 1988; Reebs &
Mrosovsky, 1989; Meadckt al., 1992; Hastingset al., 1998; Lone & Sharma,
2011; Polidaroveet al., 2011). These noiphotic phase shifts of the circadian
system have also been studied in humans (Redlin 8sbvsky, 1997,
Mistlberger & Skene, 2005). As with the glutamaterggonist mimics of the
light-input pathway, when the SCN are treated during &y with
neurochemicals that are linked with rphotic signalling in this structure, such
as NPY, large phase advances are seen in locorbebaviour or SCN firing rate
rhythmsin vitro (Albers & Ferris, 1984; Huhman & Albers, 1994; Bie &
Mrosovsky, 1996; Golombelet al., 1996; Biello et al., 1997; Besinget al.,
2012). Remarkably, excitatory photic and suppressmonrphotic signals can
interact with each other at the level of the SCMNwn€ellation of norphotic
resetting effects occurs during the day if the 1pdrotic signal is followed by a
light pulse, or glutamatergic receptor agonist®(Bi & Mrosovsky, 1995; Biello
et al., 1997; Gambleet al., 2004). Similarly, the phasshifting effects of light or
glutamatergic receptor agonists at night are atitew if the light pulse or
glutamatergic agonist application is followed bynmghotic-associated signals
(Ralph & Mrosovsky, 1992; Mistlberger & Antle, 1998annielli & Harrington,
2000, 2001; Yanniellet al., 2004).
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These inputs modulate rather than dictate SCN fanctand this amenability to
appropriate phase modulation by external signgsesents a canonical property
of neuronal oscillators of the brain and one tlsatentral to their function. The
capacity for SCN neurons to maintain temporal gensi and phaseadjust their
electrical rhythms to pharmacological mimics of fight and norphotic input
pathwaysin vitro suggests that the mechanisms involved are largehfined
within the SCN circuits. Emerging evidence also grgjs that these processes
are determined both by the molecular and excitgbditates of SCN neurons
(Ding et al., 1998; Pfefferet al., 2009; Belle & Piggins, 2017). Therefore, the
daily oscillatory excitability patterns or waveforaf the SCN (upstate during
the day and dowsstate at night, see Fig. 1) determines when and dyaamatory
and inhibitory inputs are likely to cause signifitaadjustments to the SCN
phase. Such gating properties are crucial, progidan mechanistic neuronal
substrate that permits the animals to appropriatedgpond to potentially
competing external and internal signals in orderotganise physiology and
behaviour.

SCN outputs: communicating circadian rhythms across the
brain

Circadian rhythms generated by SCN neurons are agnwated across the brain
through a broad array of synaptic and paracrinerawiemical signalling, such
as VIP, GABA, AVP and PK2 (Ralphkt al., 1990; Silveret al., 1990, 1996;
Tousson & Meissl, 2004; Morin & Allen, 2006; Maywoet al., 2011b; Morin,
2013; Silver & Kriegsfeld, 2014; Belle, 2015). Many the downstream targets,
including cortical, thalamic, epithalamic and hyjpaiamic areas, also express
clock genes with some showing seatonomous variation in clock activity
(Guilding & Piggins, 2007; Guildingt al., 2009, 2010; Mohawlet al., 2012;
Bano-Otalora & Piggins, 2017). Indeed, electrical adfivineasurement in some
of these brain regions also shows daily patternaaaronal firing rate that are
linked with the molecular clock activity (Sakhi al., 2014a, 2014b). Arguably,
this demonstrates that the influence of the mokecutlock on neuronal
excitability is not a unique feature of SCN neuromst extends to other neuronal
populations across the brain. Notably, the phasihglock gene expression in
some of these extr&CN oscillators is aligned with the animal's locdaro
patterns and not with the SCN's phase. Ideal exasnjolr this can be seen in the
hippocampi of duaphasing rodents, such as tlEtodon degus and diurnal
grass rat, Avicanthis niloticus. In these duaphasing species, hippocampal
circadian gene activity peaks in phase with theratis behavioural rhythm, that
Is coincidently in phase with SCN activity when thaimals show a diurnal
activity pattern, but establish an antiphase refehip when these animals shift
their activity phase preference to the night (Raathanet al., 2010; Otalora
et al., 2013). Indeed, hippocampal and SCN clock gene lasichs in nocturnal
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species occur out of phase, with hippocampal clpeke expression consistently
peaking during the aninr's- active phase at night (Wakamatgtial., 2001; Wang
et al., 2009). This supports the view that ex®&N oscillators provide brain
regionspecific circadian timing in neurophysiology, aligg appropriate
neuronal activity rhythms with behavioural and pby®gical demands (Martin
Fairey & Nunez, 2014), such as for the support gipbcampal memory
formation and persistence (Eckiglahan, 2012; Wardlavet al., 2014). Indeed,
these semautonomous clocks form part of an extended brgithe circadian
timing circuit in which the SCN are the master paakers (Greerrt al., 2008;
Morin, 2013). Accordingly, some of these SCN targetas receive direct
neuronal projections from the SCN, and collectiyehey express receptors for
the neurochemicals that are endogenous to SCN ngunocluding receptors for
VIP (VPAC2), AVP (Vl1a/b) and PK2 (Zhou & Cheng, Z)@henget al., 2006;
Morin & Allen, 2006; Guilding & Piggins, 2007; Molk et al., 2012; Sakhi
et al., 2014b; Belle, 2015; Burtosat al., 2016). The intricate neurophysiological
processes and mechanisms through which SCN neurdywsamically
sustain/shape circadian rhythms in these e$ttd clocks, however, remain
poorly understood (Fig. 3). Sadly, this knowled@® gs now hampering progress
in our understandir of how chronodisruption impacts ailments, such astalen
health, metabolic syndrome, Alzheimer's diseasecamder.

Fig. 3
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A conceptualised schematic view of possible inteoas between circadian
rhythms and much faster neuronal oscillations enlibain, such as the fast rhythms
of the hippocampus. The slow nearR4hythms generated by the suprachiasmatic
nuclei (SCN) and/or extr&CN oscillators interact with faster neuronal datibns
through crosdrequency coupling. This interaction influences thgthm features,
such as rhythm amplitude, of these faster brainillasors. The detailed
mechanisms involved remain elusive, but the conpepsented here is based on
our current understanding of neuronal rhythms adgons in the brain, and the
circadian influence on ultradian corticosteronesptile release. Together, these
may provide a glimpse into how these oscillatiomgnact in the CNS in order to
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organise physiology and behaviour.

Indeed, in several of these brain regions, rhythihet occur at the circadian
timescale coexist with neuronal oscillations happgrat much faster rates. Good
examples for this can be measured in hippocampal @walamic neuronal
ensembles, where exceedingly fast oscillation(atto 500 Hz) are interlaced
with rhythms sustaining a near-24periodicity (Colavitcet al., 2015; Lohet al.,
2015; Besinget al., 2017; Chenet al., 2017). It is noteworthy that at
the population level, neurons of the SCN, and thoséhefIGL and dorsolateral
geniculate nuclei, also produce fastean-24-h isoperiodic, ultradian or fast
narrowband oscillations in electrical activity (6s0& Hendriks, 1979; Miller &
Fuller, 1992; Walslet al., 1992; Binaet al., 1993; Zhanget al., 1995; Pennartz
et al., 1998; Aggelopoulos & Meissl, 2000; Lewandowskial., 2000; Saeb
Parsy & Dyball, 2003a; Browmet al., 2008; Sakai, 2014; Tsugt al., 2016;
Storchiet al., 2017). Recent work has also described neuronahdrge in the
SCN with a harmonic distribution close to 30 HzjT<t al., 2016), oscillations
that normally frequent the thalamocortical systerRemarkably, even when
dispersed in cultu,eSCN neurons can sustain fastban-24-h oscillations in
firing rate atthe single-cell level [firing burst rhythm of every ~10 minin
duration with interburst intervals of 20 to 60 min (Kononenkt al., 2013)].
Elsewhere in the brain, when neighbouring neurahgthms with contrasting
frequency bands occur within the same anatomicakstire, they are normally
associated with different brain states. Indeedsehescillations can appropriately
compete or interact with one another (Klimesch,%3%opell et al., 2000; Engel
et al., 2001; Steriade, 2001; Csicsvaat al., 2003). In the SCN, how these
neighbouring rhythms interact and whether they esed to influence circadian
rhythm generation and communication in this hyplimc structure are
unknown and warrant detailed investigations.

Nevertheless, the interesting observation that ethdéaster ultradian and
beta/gamma rhythms are more prominent durthg photopic than scotopic
conditions suggests that they may play importadesan broadcasting and
modulating environmental light information acroke tSCN circuits, and beyond.
Indeed, many of the body's hormonal secretion f@efifollow an ultradian
rhythm (Bonnefont, 2010; Fitzsimoms al., 2016). Our recent understanding of
the intricate relationship between circadian antradian rhythms in daily
corticosterone pulsatile release and activity paesi a glimpse, perhaps, into
how these oscillations may interact in the SCN dhd brain for normal
physiology [(Spigaet al., 2014; Fitzsimonset al., 2016); Ssee Fig. 3 for a
hypothesis]. As demonstrated elsewhere in the himytfields, mathematical
modelling will no doubt play a crucial role in shag our understanding of such
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interactions and their physiological and behavibusevance (seiModelling
section 4.

Modelling section 1: mathematical modelling of the circadian
clock at the single-cell level

One of the earliest models of biochemical oscilasi incorporating the
regulation of gene expression was introduced by ddao (Goodwin, 1965).
This threevariable model, consisting of delayed negative bee#t to a single
gene, has been used by many researchers as a smogl of the mammalian
molecular clock; see Fig. 4A (Ruoét al., 1999; Lockeet al., 2008; Woller
et al., 2013). The basic mathematical concept underlyiresehmodels is that
delayed negative feedback can destabilise a stetdg and give rise to stable
limit cycle oscillations through Hopf bifurcationF@rger, 2017). The only
nonlinearity in the Goodwin model is the sigmoidalill function that
characterises repression of transcription. Griffshowed that limit cycle
oscillations are only possible in the Goodwin mod&h a Hill exponentn > 8
(Griffith, 1968). While such a large Hill exponerg unlikely to arise from
cooperative binding of the repressor to the promgtiee typical interpretation
for usingn = 3 or 4 in enzyme kinetics) alone, other processach as multisite
phosphorylation/dephosphorylation, could contribute the sharpness of the
protein activation function (Gonze & Abeiaoude, 2013; Wolleet al., 2014).
Following the identification of several core clogknes, Leloup—Goldebeter and
Forger—Peskin introduced detailed models incorpogathese genes and their
protein products (Forger & Peskin, 2003; Leloup &lédbeter, 2003). The
Leloup—Goldbeter retained the Hill function formiien of transcriptional
regulation, whereas the Forger—Peskin model redl&ti# functions with first
order mass action kinetics. This results in a higiienensional model (73
differential equations in Forger—Peskin versus f6lLeloup—Goldebeter), but
fewer phenomenological parameters (such as Hilbagpts) to estimate since all
parameters now represent reaction rates. Developofemew molecular models
in both of these styles has continued as additiaclatk componen;s and
processes are characterised (Mirgkyal., 2009; Relogioet al., 2011; Kim &
Forger, 2012; Jolleyt al., 2014; Wolleret al., 2016); see (Podkolodnay al.,
2017) for a recent review of this line of work. Beemodels have made testable
predictions that were validated experimentally,hsas the shorperiod effect of
the Tau mutation in hamsters (Galleg® al., 2006). Detailed predictive models
can provide insight into circadian clock mechanisarsl evaluate competing
hypotheses. For example, the Kim—Forger model le®$ lused to argue that the
key mechanism of transcriptional regulation in tlheammalian clock is
sequestration, and not multisite phosphorylatidrthe repressor protein (Kim &
Forger, 2012; Kim, 2016).
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Schematic overview, main equations and sample oufpu models of the
molecular circadian clock (A), the electrophysiologf suprachiasmatic nuclei
(SCN) neurons (B), and the interaction betweenadi@n gene expression and
SCN electrical activity (C). A: Goodwin model of g regulation. A gene is
transcribed into mMRNA M) and translated into proteirP), which undergoes
posttranslational modification®f) and is imported back into the nucleus where it
inhibits production ofM. This negative feedback loop can lead to osaifediin
MRNA and protein levels if the Hill exponeMl)(in the transcription repression
function f(P*) is large enough. The dashed arrows represent MRNd protein
degradation. B: Hodgkin—Huxletype model of neuronal excitability. The
membrane voltage/] is governed by a curreittalance equation involving the cell
capacitance) and ionic currentsl( for ion x), described by a conductanag)(
multiplied by a driving force\( — E,), whereE, is the reversal potential of the ion
channel. The sodium (Na), potassium (K) and cal (Ca) channels(Ca) are
voltage gated, with activationng, n, r) and inactivation I{) gating variable that
and-open/close as functions of voltage (red resistoid)e activation gating
variable 6) of the calciumdependent potassium channel (KCa), as well as th
inactivation gating variable of the calcium chanr(@, are is functions of
intracellular calcium concentration [&La ] (greenistws). The conductance of the
leak channel L) is passive, that ,snot voltage or calciumdependent (black
resistor). The differential equations describing ttynamics of the gating variables
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are not shown. This system of ordinary differenggluations (ODEs) simulates
how membrane voltage evolves over time and canyo®dboth repetitive firing of
action potentials gy, = 100 nS) and depolarised leawnplitude membrane
oscillations (DLAMOs; @xc, = 3 nS). C: Extended gene regulation model
incorporating electrophysiology. Another gene prdd{R) is under the control of
the same enhancer {&0x) found in the promoter region of the circadigock
gene that is transcribed inth. R downregulates the activity of potassium
channels, which depolarises the membrane potdiMjaleading to calcium influx
through |,. Higher levels of intracellular calci (Ca.) {Ga) can activate
transcription through the cAMP response element ECRathway. Modelling
CRE-dependent transcription as a function of Ca (bottmht inset) provides an
additional layer of feedback control from membraegcitability onto gene
expression and induces oscillations in mMRNA conegion (M, arbitrary units),
whereas modelling CRE activity as constant (toghtrisnset) does not produce
oscillations. In both cases, the Hill exponent esgnting cooperativity of
repression at the-Box is set aN = 4.

AQ7

In comparison with the molecular clock, the elemtiactivity of mammalian
clock neurons has received less attention from hede The first
electrophysiological model of SCN neurons was depetl by Sim and Forger
(Sim & Forger, 2007) using the Hodgkin—Huxley folmm. The basic concept
underlying conductanebased models is an electrical equivalent circuit
representation of the cell membrane; see Fig. 4 $imForger model was fit
primarily to voltageclamp data from dissociated SCN neurons (Jacksal.,
2004), and included three voltag@ated currents (|, ,d, andyl ) and a passive
‘leak’ current (| ). This model suggested that SCMNurons may enter
depolarisation blockade at a certain time of dagrediction that has since been
validated experimentally (Bellet al., 2009). Several authors have extended the
Sim—Forger model to study various aspects of SCNromaal activity, such as
interspike interval variability due to stochastigemings of subthreshold voltage
dependent cation (SVC) channels (Kononenko & Bdskaga, 2010), calcium
dependent inhibition of calcium influx through RN&diting of L-type calcium
channels (Huangt al., 2012) and nonlinear dependence gf | on thé*Ca
driving force (Clay, 2015).

There are many ways in which the molecular clocky nadfect membrane
excitability, such as by regulating the activation inactivation properties of
voltage gated ionic channels. For example, Kononenko & Betskaya (2010)
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assumed that a circadiargulated protein decreases the clesate distribution
of SVC channels (Kononenko & Berezetskaya, 2010hweler, the most
common way of connecting molecular and membrane etsots to translate
rhythms in mRNA levels of ion channel transcripts thythms in maximal
conductances. As circadian changes in gene expressid protein abundance
happen on a much slower timescale than the dynamicaction potential
generation, one can model the electrical activityS&€N neurons over a short
time interval by treating the gene and protein Isvaes parameters rather than
dynamical variables. To simulate electrical activat different times of day, the
gene and protein parameters can be set in accardarib the phase of their
daily rhythms. Viewed in this context, the maxintanductances of a Hodgkin—
Huxley-type model become natural bifurcation parametenms] aynamical
systems tools can be used to study transition<CN 8lectrical activity over the
course of the day. This strategy was used to iné¢rfhne DLAMOSs observed in a
subset of SCN neurons as evidence of the cellsoapping a supercritical Hopf
bifurcation due to increased., and decreased, (Belle et al., 2009). The
circadian variation in firing rate and resting meaane potential exhibited by
SCN neurons is likely due to circadian variationtlve conductance of several
different types of ion channels (Kim & Jeong, 20@}lwell, 2011). Flourakis
et al. (2015) used a combination of experiments and ihiodeto show that
antiphase rhythms in voltagadependent passive ‘leak’ currents, with sodium
leak upregulated during the day and potassium lgakgulated at night, could
reproduce the observed circadian variations inndirirate of SCN neurons.
Furthermore, this ‘bicycle’ mechanism of antiphasgulation appears to be
conserved in flies and mice.

A few models have dynamically integrated gene ragoih and electrical activity
at the singlecell level. Vasalou and Henson combined the Leldupdbeter
model of the molecular clock with an electrophysml model based on the
integrateandfire formalisnm (Vasalou & Henson, 2010)In this framework,
circadian variation in ionic conductances leadsdwly rhythms in variables
representing RMP and firing rate. However, the m@®lves on a timescale of
minutes rather than milliseconds and therefore does actually produce
individual spike events (action potenti). ;-Vasalou-& Henson2010. Diekman
et al. (2013) combined a modified version of the Sim-gerrmodel of action
potential generation with a Goodwlike model of gene regulation. In both the
Vasalou—Henson and Diekmah al. models, intracellular calcium serves as the
link between membrane dynamics and gene expres$iom.additional layer of
feedback that comes from coupling membrane exditplio transcription can
induce circadian oscillations in gene expressiomaimodel of the molecular
clock with parameters set such that it does notllage in the absence of
excitation—transcription couplit (see Figs. 4C and %4:;-5). This supports the
notion that SCN electrical activity may not just &eircadian output signal but
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also part of the clock's timekeeping mechanism,ceptualised here as the
membrane clock.

Fig. 5 .
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Computer simulations of a multiscale mathematicaldel of suprachiasmatic
nuclei (SCN) neurons integrating membrane excitgbiintracellular calcium
dynamics and gene regulation (see Fig. 4C). The bn@me potential\{, thick
black trace) exhibits a daily oscillation travergsiseveral different electrical states
on the timescale of hours. Embedded within theydda{/thm are oscillations on a
much faster timescale (milliseconds), such as repetfiring of action potentials
at 6 Hz (top left inset) and DLAMOSs (top right inselhese rhythms in RMP drive
oscillations in intracellular calcium concentrati@@a. ) on both the daily (thick red
trace) and millisecond (above left and right inséteescales. The calcium rhythm
induces a daily oscillation in gene expression [R&bncentrationM (arbitrary
units), thick blue trace]. In turn, the gene expres rhythm regulates ion channel
conductances that coordinate to produce the dadgillation in membrane
potential. This figure is adapted from (Diekmaral., 2013).

Modelling section 2: mathematical modelling of circadian
entrainment

There is a long history of mathematical modellimgaid understanding of how
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circadian oscillators (with periods near but notu&qgto 24 h) entrain to 24
environmental cycles (Pavlidis, 1978; Winfree, 20@onze, 2011a). Models
predating the discovery of the suprachiasmatic eiusland the transcriptional
translation feedback loops underlying the molecutbmck were necessarily
phenomenological rather than mechanistic. Weved asmodified version of the
van der Pol oscillator to study -entrainment of circadian rhythms following
phase shifts of the light—dark cycle (Wever, 196KJonauer and colleagues
further modified the van der Pol model to match esxpental data on human
circadian rhythms (Kronauer, 1990; Forgeal., 1999). Variants of the Kronauer
model are still being used to explain propertiegetflag and to design optimal
schedules for fast rentrainment following transneridian travel (Serkh &
Forger, 2014; Diekman & Bose, 2017). The processegdntrainment has also
been studied in more detailed models of the SCNvot (Kingsburyet al.,
2016), and hierarchical systems with internal debyony between the SCN and
clocks in peripheral organs (Leise & SiegelmannD&0 An area requiring
further work in the context of rentrainment is the incorporation of homeostatic
sleep drive and the gating of light input due tweg (Boothet al., 2017; Skeldon
et al., 2017). Classical dynamical systems tools such @s@hesponse curves
and Arnold tongues (Bordyugost al., 2015), along with the more recently
developed methods of velocity response curves (rayt al., 2010),
macroscopic reductic of i1 coupled phase oscillators (Hannetyal., 2015; Lu
et al., 2016), and entrainment maps (Diekman & Bose, 201@) provide
insight into how entrainment properties of circadiascillators depend on
internal and external parameters, such as thelatgis endogenous period, the
environmental light intensity ai daylengthday-length

Modelling section 3: mathematical modelling of the circadian
clock at the network level

How the neurons within the SCN form a tisdegel clock capable of entraining
to 24-h environmental rhythms and communicating this tiofieday information
to other parts of the brain and body remains a &onmehtal question in the
circadian field. As is the case for singtell models, network models of the SCN
exist at varying levels of biophysical detail. Aretabstract end of the spectrum
are models that view the SCN as a weakly coupladiaré of phase oscillators
(Liu et al., 1997). However, generic amplitude—phase oscillatoeyy be more
appropriate than pure phase models (Bordyugbwal., 2011), as it has been
shown that the amplitude of circadian oscillationan affect entrainment
behaviour (VanderLeeset al., 2009). Networks of modified van der Pol
oscillators with local coupling (Kunz & Acherman®003), or daily inputs from
non-rhythmic ‘gate’ cells (Antleet al., 2003), have also been explored. Gonze
et al. (2005) studied a network of Goodwiike genetic oscillators globally
coupled by a generic neurotransmitter. Many netwmddels have since been
developed incorporating more detailed descriptiofsclock gene regulation,
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intercellular signalling cascades, and couplinghdecture [fora review, see
(Henson, 2013)]. For example, &al. (2007) employed the Leloup—Goldbeter
model of the TTFL, then added VIP/VPAC2 signallingnd a network with
coupling strengths inversely proportional to thetance between cells. Bernard
et al. (2007) used a molecular clock model that produtasped oscillations in
the absence of coupling (Becké&feimannet al., 2004) and tested the effects of
random sparse coupling, near@stighbour coupling, andan SCN-like
combination of random sparse and nearesghbour connections. The Vasalou—
Herzog—Henson model included both VIP and GABA aling, and mimicked
the spatial organisation of the SCN by using smadtld coupling for the ventral
core region and neareseighbour coupling for the dorsal shell region @asi

et al., 2011). This model also included an electrophysiglapmponent that
accounted for the effect of various ion channeld apnaptic currents on each
cell's firing rate, but did not simulate individuaktion potentials. Similarly,
Bush and Siegelman used the leaky integeatdfire formalism and a two
variable model of the molecular clock to investgdhe interaction of gene
expression and firing rate in a smalbrld SCN network (Bush & Siegelman,
2006). Diekman and Forger modelled action potengi@heration in the SCN
network with Hodgkin—Huxleytype neurons and GABA synapses. However, this
model did not include dynamics of the molecularckldDiekman & Forger,
2009). DeWoskiret al. (2015) developed the first network model of tl&N\sSthat
resolves individual action potentials and intragkl molecular clock
mechanisms. This model predicts that tonic GABAask at depolarised resting
membrane potentials (during hyperexcitation) carageh shift the molecular
rhythms and affects SCN synchrony. 1 highlights predietsthe importance of
hyperexcitation in SCN neurons during the day.

Modelling section 4: future directions for mathematical
modelling of the circadian system

In contrast to the prevalence of phenomenological molecular models of the
circadian clock, electrophysiological modellingtbe SCN network is relatively
nascent. The mechanisms by which the release of AZABIP, and other
neurotransmitters and neuropeptides coords\éite daily electrical and gene
expression rhythms of SCN neurons in the dorsall simel ventral core are still
poorly understood. Multiscale models of the SCNééve potential to generate
experimentally testable predictions regarding rhytlgeneration across the
network, inspired by the role that the interactmnmodelling and experiment
has played in distinguishing the ING (interneuronatwork gamma) and PING
(pyramidatinterneuronal network gamma) mechanisms of gamnull&asons
(Whittington et al., 2000; Tiesinga & Sejnowski, 2009; Wang & Buzsaki12;
Borgers, 2017).

In this review, we have primarily discussed modedsmsisting of deterministic
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systems of ordinary differential equations (ODBS)gure 6 provides a visual
summary of the degree to which detailed moleculalockc and
electrophysiological mechanisms were incorporat@d each of these models.
Stochastic singleell and network models have also been developedyéf &
Peskin, 2005; Koet al., 2010; Anet al., 2013) to explore the robustness of
circadian rhythms to intrinsic and extrinsic sowod noise, but these have yet to
be combined with electrophysiological models. ODEodels, whether
deterministic or stochastic, also neglect the sppaspect of mMRNA and protein
molecules moving throughout the cell. Thus, partidgderential equation (PDE)
models incorporating reactiediffusion may be useful for making quantitative
predictions about spatial dynamics of the molecumck. Nonetheless, ODE
models have been able to explain certain featufespatial patterning in the
SCN, such as why clock gene expression in the tdoegpon phase leads the
ventral region (Myunget al., 2012). Aside from dynamical modelling, machine
learning algorithms have also been used to andigse the spatial architecture
of the SCN contributes to robust rhythm generai®daulset al., 2014).

FI g. 6 Heiaigy [2017

Levead of elecirophyssciogical deloi

Lewsl of moemsar clock detil

Visual summary of the level of molecular clock aldctrophysiological detail of
31 circadian models in the literature. Models belotne green line
are purely molecular, and models to the left of trange line are purely
electrophysiological. Models in the lower left quauct are phenomenological (i.e.,
neither molecular nor electrophysiological), anddels in the upper right quadrant
have both molecular and electrophysiological congmbs. Models in black font
are singlecell models, and models in blue font are networkleis.

Beyond circadian rhythms, other biological oscibbas involve the feedback
between gene expression and electrical activityef@ample the pulsatile release
of GnRH every 90 minutes. Lightman and colleaguggidaet al., 2015) have
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developed mathematical models to explore the ioteya between the circadian
clock and this ultradian endocrine rhythm. Furthere; a mathematical
modelling study of pancreatic isl@tcells has shown that calciudependent
transcription can adjust potassium channel actitatyescue electrical bursting
and insulin oscillations (Yildirim & Bertram, 2017)Circadian rhythms also
modulate cortical excitability and EEG synchrony (& al., 2016). Chellappa
et al. (2016) used neural mass modelling and the dynaraicsal modelling
(DCM) framework to demonstrate a strong circadiaxfluence on cortical
excitation/inhibition balance and gamma oscillaiorRecent modelling and
experimental work has also suggested that the dimoaphase distribution of
neurons in the hippocampus can support memory fooméEckelMahan, 2012;
Damineli, 2014). Damineli coined the ternTat wave’ to describe the
temporarily coherent phase clusters with an appnaxely 24-hour period that
emerged in his model of memory trace formaticircadianrhythm-observed in
his—medel. As Tau is often used to denote the intrinsic period otiecadian
oscillator, this term nicely emphasises the comnignaetween brain rhythms
on the ultraslow timescale and faster neuronal oscillationghsas alpha, beta,
gamma, delta, mu and theta waves/oscillations. iéuttork integrating circadian
components into models of neuronal oscillations faster timescales could
reveal new insights into daily regulation of a edyiof brain functions.

Conclusion and perspectives

Neuronal oscillations in thmastermammalian dailymasterclock generate and
broadcast circadian timing across the brain andybdtese synchronising
signals shape the spatiotemporal architecture ofsiplogy and behaviour,

aligning their respective processes and activityhwthe prevailing light—dark

cycle and the animal's internal physiological dedsanlo provide such timing

signals, SCN neurons vary their membrane excitgbsliate, so that their RMPs
are generally more depolarised during the day thamight. In some SCN

neurons, action potential discharge patterns aphase with the day—night RMP
rhythm, firing at higher rates during the day tlemight. In others, the daytime
RMP becomes too depolarised for spiking, and theores enter a silent state of
depolarisation blockade or generate 2—-7 Hz DLAMQsimdy the afternoon,

before traversing to the hypoexcited night statbese RMP and firing rate
excursions produce a sinusoidal excitability wavefan the SCN that peaks
during the day and troughs at night, sustainingaronal oscillation with a near
24-h period or wavelength (Fig. 1).

In most SCN neurons, the drive to peak excitatiamrirdy the day and
hypoexcitation at night results from the activitf an internal molecular
clockwork, where perpetual daily oscillations irock gene expression regulate
intracellular signalling cascades, ion channel \afgti and neurotransmitter
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release. Despite our formidable knowledge of tHe-aatonomous processes that
cause daily oscillations in clock gene expressmur, understanding of how the
molecular clockwork interacts with the membranedgulate excitability of SCN
neurons is severely lacking. Feedback cues frometingronment and internal
physiology also signal to SCN neurons, adjusting tiiming precision of their
internal molecular clockwork. This raises an ingieg conundrum, because to
influence the activity of the clock these resettoues must first signal through
the plasma membrane (Fig. 2). The mechanisms iedolw this electrical
genetic interaction remain elusive, but emerginglence, both in mammals and
Drosophila clocks, supports the concept that tlasml membrane is not merely
the proximal target of the molecular clockwork, list excitability is integral to
the functioning of the clock (Nitabaa#t al., 2002, 2006; Lundkvist & Block,
2005; Lundkvistet al., 2005; Wuet al., 2008; Diekmaret al., 2013; Granados
Fuenteset al., 2015), conceptualised here as the membrane clock 2. An
ingenious study in flies by Mizrak and colleagustablished that the membrane
clock can indeed feedback to impose tiofeday stamps onto the molecular
clock transcriptome, acting as an internal zeitgefene-giver; Mizrak et al.,
2012). Alternatively, intercellular signals coultb@ influence the activity of the
molecular clock in manners that are independentnembrane excitability. For
example, VIP could directly activate clock genenseription through its effects
on intracellular calcium and cAMP signalling (Akiya et al., 2001;
TravnickovaBendovaet al., 2002; Itri & Colwell, 2003; Irwin & Allen, 2010).
Indeed, calcium entry through glutamatergic recepctivation could also have
similar direct modulating effects on clock genenseription alongside or
independent of electrical excitation. Remark.bherefor« the circadian clock
functions through an autonomous and intricate geradectrical interplay which
dynamically regulates, integrates and processewvergimg inputs at multiple
cellular and network levels, while simultaneoushpddcasting circadian signals
across the brain and body.

Undeniably, neuronal rhythms are a widespread pmemon, spanning across
several brain regions and a wide range of frequdranyds, from 0.05 to 600 Hz.
In some of these structures, such as the hippocanapa cortex, these fast
rhythms coexist alongside the much slower circadiaaillations. Interestingly,
even in the SCN, faster ultradian and beta/gammthnhs are found embedded
within the slower circadian cycle. Uncovering thelationship between these
brainrwide neuronal oscillators is a daunting challeniggt, a necessary task if
we are to understand how the-atiportant timing in physiology and behaviour
is dynamically shaped and organised at multipleetioales (see Fig. 3). Across
the forebrain regions, slow rhythms are known tiuence the amplitude of
oscillations with higher frequencies, synchronisggé spatial domains and
temporally link neurons into assemblies. Thus, rigkiall this into account,
circadian rhythms must therefore be studied in tomtext of other brain
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oscillations if we are to understand their rolessimping faster global brain
events. In support, despite the wide distributibmeuronal oscillators along the
frequency spectrum, the frequencies of these ad$imtis form a linear
progression on the natural logarithmic scale (Fraeet al., 2000; Penttonen &
Buzsaki, 2003), perhaps mathematically underscoritigeir brairwide
interconnection. In the context of circadian timingis therefore conceivable
that neuronal oscillations in the SCN at the ciraad ultradian and faster
timescales represent the critical ‘middle grourlgiking single neuron activity,
at the microsecond and millisecond timescales of ahannel conductance,
action potential firing and synaptic release, tocadian pattern generation in
physiology and behaviour.

Indeed, as demonstrated across the neuroscienagploies and beyond,
mathematical modelling has become an indispensaitgpanion for driving our
hypotheses, guiding our experiments and clarifyog understanding. This
alliance between the two fields will no doubt bentrel in our strive to unravel
some of the idiosyncratic processes in brain oparaphysiology and behaviour
that otherwise would be impenetrable.
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Abbreviations

AMPA o-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid
APs action potentials

AVP arginine vasopressin

BK, large-conductance calciuractivated potassiu channels
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Bmall brain and muscle Arnlike genel

BMAL1 brain and muscle Arntike proteinl

[Ca2+]i intracellular calcium

cAMP cyclic adenosine monophosphate
CLOCK/BMAL1 CLOCK and BMALL1 heterodimer
Clock circadian locomotor output cycles Kaput gene
CLOCK circadian locomotor output cycles Kaput pratei
COiCaSR clockoperated intracellular calcium store release
Cryl cryptochrome 1 gene

CRY1 cryptochrome 1 protein

Cry2 cryptochrome 2 gene

CRY2 cryptochrome 2 protein

DCM dynamic causal modelling

DLAMOs depolarised lowamplitude membrane oscillations
EEG electroencephalogram

EGFP enhanced green fluorescent protein

FDR fast delayed rectifier

GABA gammaaminobutyric acid

d c4 Calcium conductance

GFAP glial fibrillary acidic protein; genicultnypothalamic tract
gk potassium conductance

GRP gastrin releasing peptide

| ¢, calcium current

IGL intergeniculate leaflet

| « potassium current

| . passive ‘leak’ current

| na SOdium current

K2P two-tandem pore domain potassium channels
LAMOs low-amplitude membrane oscillations

LD light—dark cycle

LL light-light cycle or constant light conditions

NACLN voltageinsensitive nonselective cation channel
NMDA N-methylD-aspartate

NPY neuropeptide Y

ODEs ordinary differential equations

PDE partial differential equation

PER/CRY PER/CRY proteins heterodimer

Perl Periodl gene

PER1 Periodl protein

Per2 Period2 gene

PER2 Period2 protein

PK2 prokineticin 2

PKR2 receptor for PK2
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Rev-erba gene

REV-ERBo protein

RHT retino-hypothalamic tract

RMP resting membrane potential

RyR1 ryanodine receptor type 1

RyR2 ryanodine receptor type 2

RyRs ryanodine receptors

SCN suprachiasmatic nuclei

SKc, smaltconductance calciuractivated potassiu channels
SVC subthreshold voltaggated catio channels
TGFo transforming growth factow

TTFL transcriptiontranslation feedback loop
TTX tetrodotoxin

Vl1a/b receptors for AVP

VGCCs voltagegated calcium channels

VIP vasoactive intestinal polypeptide

VPAC2 receptor for VIP

ZT zeitgeber time (timaiver)
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