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Circadian rhythms are driven by a transcription–transla-
tion feedback loop that separates anabolic and catabolic
processes across the Earth’s 24-h light–dark cycle. Central
pacemaker neurons that perceive light entrain a distribu-
ted clock network and are closely juxtaposed with hypo-
thalamic neurons involved in regulation of sleep/wake
and fast/feeding states. Gaps remain in identifying how
pacemaker and extrapacemaker neurons communicate
with energy-sensing neurons and the distinct role of
circuit interactions versus transcriptionally driven cell-
autonomous clocks in the timing of organismal bioener-
getics. In this review, we discuss the reciprocal relation-
ship through which the central clock drives appetitive
behavior and metabolic homeostasis and the pathways
through which nutrient state and sleep/wake behavior af-
fect central clock function.

Molecular dynamics of the circadian clock

Solar light has provided energy on a daily basis throughout
evolution, driving the development of internal clock sys-
tems that use similar molecular mechanisms across dis-
tant phyla (Ouyang et al. 1998). In mammals, the clock
network consists of transcription–translation feedback
loops (TTFLs) composed of two basic helix–loop–helix fac-
tors (CLOCK/BMAL1) in the forward limb—which acti-
vate their own repressors (PERs/CRYs) in the negative
limb—in addition to a reinforcing short feedback loop
controlling the transcription of Bmal1 (REVERBs/RORs)
(Kornmann et al. 2007; Gerhart-Hines et al. 2013). Discov-
ery of the molecular components of the circadian clock
led to the finding that tissue-specific transcriptional and
posttranscriptional rhythms play a critical role in energy
utilization and storage in anticipation of the light–dark
cycle. Many additional regulators of the core clock have
been discovered over the past 30 yr, and these are exten-
sively discussed in other reviews (Mohawk et al. 2012;
Takahashi 2017). Direct targets of CLOCK/BMAL1 in-
clude genes with E-box and D-box elements. The latter

include the transcription factors (TFs) DBP, TEF, and
HLF as well as the repressor E4BP4 (often referred to as
NFIL3 in immune cells), all of which are enriched in endo-
crine tissues (Takahashi 2017). REVERBs/RORs control
not only expression of BMAL1 but also that of E4BP4.
All three transcriptional feedback loops (CLOCK/BMAL1,
REVERBs/RORs, and D-box-binding elements) partici-
pate in rhythmic transcriptional control of additional cy-
cling genes, which, as an ensemble, are often referred to
as clock-controlled genes (Fig. 1; Takahashi 2017).

Nucleocytoplasmic transport of clock components cor-
responds with distinct activation and repression phases of
the circadian cycle. Following transcriptional activation
byCLOCK/BMAL1, Per andCrymRNAs undergo transla-
tion in the cytoplasm, and PER shuttles between the nu-
cleus and cytoplasm until it binds to CRY, which seeds
the formation of a macromolecular repressor complex >1
MDa in mass (Brown et al. 2005; Kim et al. 2014). In addi-
tion to other epigenetic regulators (Gallego and Virshup
2007; Lim and Allada 2013; Zhang et al. 2013), the ser-
ine/threonine kinase casein kinase-1 (CK1) interacts
with this PER complex, causing a series of phosphoryla-
tion events. Following its nuclear entry, the PER complex
binds to chromatin and represses CLOCK/BMAL1 (Taka-
hashi 2017). PER phosphorylation also contributes to its
ubiquitin-mediated degradation (Eide et al. 2005; Aryal
et al. 2017), while CRY degradation involves FBXL3 and
FBXL21 within nucleus and cytoplasm, respectively
(Busino et al. 2007; Godinho et al. 2007; Siepka et al.
2007;Yoo et al. 2013).Mutations inPER that alter its phos-
phorylation state lead to familial advanced sleep phase
syndrome (FASPS) (Toh et al. 2001); CRY mutations lead
to delayed sleep and altered period in humans (Patke
et al. 2017), similar to mutations in Fbxl3/21 in mice;
andmutations of theCk1 ortholog in hamsters shorten pe-
riod length and increase energy expenditure (Lowrey et al.
2000).

The molecular clock is expressed in nearly all cells of
the body and exhibits both tissue-specific function and
entrainment by hormonal, neuroendocrine, heat, and
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metabolite signals (Zhang et al. 2014b; Takahashi 2017).
Indeed, recent interrogation of chromatin binding by the
core circadian repressor REV-ERBα in brain, liver, and
white adipose tissue (WAT) has revealed that the coordi-
nation of molecular rhythms across tissues requires the
collaboration of core clock factors with tissue-specific
TFs (Fang et al. 2014; Zhang et al. 2015). In addition to
the regulation of rhythmic gene expression along chro-
mosomes in cis, circadian mechanisms are also driven
by interactions in trans across spatially distant areas of
the genome. For example, circular chromosome confor-
mation capture (4C) in the liver recently led to the iden-
tification of intronic enhancer elements in the Cry1 gene
that, when ablated, resulted in a shortened daily locomo-

tor activity pattern (Mermet et al. 2018). Similarly, REV-
ERBα has been shown to mediate transcriptional rhythms
through long-range enhancer–promoter looping (Kim
et al. 2018). Diet can also remodel circadian behavioral
and transcriptional rhythms (Kohsaka et al. 2007;
Eckel-Mahan et al. 2013), in part through interaction
with tissue-specific metabolic and inflammatory TFs
such as p65, SREPB, and PPARα (Guan et al. 2018;
Hong et al. 2018). While transcriptomic analyses have
provided insight into the role of clock cycles in peripheral
tissue physiology, interrogation of circadian transcrip-
tional mechanisms at the level of chromatin organiza-
tion and long-range contacts within neurons remains
incomplete.

Figure 1. Sensory integration of light and
food cues by the hypothalamic molecular
clock. The master pacemaker neurons of
the suprachiasmatic nucleus (SCN) are re-
sponsible for synchronizing downstreamex-
tra-SCN and peripheral clocks to the
external light–dark cycle. Vasoactive intes-
tinal peptide (VIP)-expressing cells within
the SCN receive photic input from mela-
nopsin-expressing retinal cells in the retino-
hypothalamic tract that release glutamate
and pituitary adenylate cyclase-activating
polypeptide (PACAP), which leads to the
phosphorylation of cAMP response element
(CRE)-binding (CREB) protein and rhythmic
activation of immediate early genes and ex-
pression of Period (Per) genes. The rhythmic
firing of VIP neurons in turn entrains argi-
nine vasopressin (AVP)-expressing cells
within the SCN and downstream extra-
SCN and peripheral oscillators. Similar
light-mediated regulation of the SCN in
control of circadian rhythms is thought to
occur inhumans (Schmidt et al. 2009;Vimal
et al. 2009; Wang et al. 2015; McGlashan
et al. 2018). The middle panel depicts the
core molecular clock machinery present in
SCN, extra-SCN, and all peripheral cells in
addition to highlighting other signals con-
veyed throughmetabolic and inflammatory
signaling pathways and TFs, such as SIRT1/
nicotinamideadeninedinucleotide (NAD+)/
NAMPT, AMP-dependent kinase (AMPK),
and PGC1α (Liu et al. 2007; Lamia et al.
2009; Ramsey et al. 2009; Guan et al. 2018;
Hong et al. 2018), which participate in the
fine-tuning of the 24-h oscillations of the
coreclockmachinery.Regulationof themo-
lecular clockoccurs throughmultiple epige-
netic and posttranscriptional mechanisms,
such as enhancer and promoter chromatin
looping (Kim et al. 2018; Mermet et al.
2018), phosphorylation of the macromolec-
ular repressor complex (PER and CRY pro-
teins) (Brown et al. 2005; Kim et al. 2014),

splicing (Wang et al. 2018), and translational control of protein accumulation (Lim et al. 2011),which in turn can influence core clock func-
tion.These reciprocal interactions allowcircadian rhythmsto adapt to changes in organismalmetabolic state, and changes in someof these
mechanisms (e.g., NAD+) have been implicated in the age-associated decline in circadian function (Chang and Guarente 2013).
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Circadian regulation of neuronal activity-dependent
transcription and translation

As postmitotic cells, central nervous system (CNS) neu-
rons are unable to grow and adapt across cell generations
like other cell types in the body; they must instead rely
on genomic alterations and synaptic formations to both
retain vital information and respond to new stimuli (Yap
and Greenberg 2018). Behaviorally induced alterations in
transcriptional rhythms within neurons have been as-
sociated with disorders such as autism spectrum, schizo-
phrenia, depression, and addiction (Nestler et al. 2016).
Cross-species comparisons have also revealed CLOCK as
a hub unique to transcription networks in the human
frontal lobe that are related to brain development, human
language emergence, and neuropsychiatric disease. Fur-
thermore, in cell-based studies, CLOCK was found to
coordinate neuronal migration, consistent with a role in
early development, transcription network complexity,
and diverse aging pathologies (Babbitt et al. 2010;
Konopka et al. 2012; Fontenot et al. 2017). Human brain
development and transcriptional networks are also tightly
coupledwith splicing, which generates an additional level
of neuronal diversity (Fogel et al. 2012). Splicing also ex-
hibits robust rhythmic variation in fly brains (Wang
et al. 2018), indicating that regional and temporal regula-
tion may involve not only TF collaboration but also cell
type-specific splicing events.

In mammalian systems, light and daily activity pro-
mote transcription as well as modifications to DNA and
histone complexes within neurons. Discovery of immedi-
ately early genes (IEGs) within neurons (Greenberg and
Ziff 1984) provided original insight into the link between
environmental signals and neuronal transcription. Stud-
ies have also linked circadian behavioral entrainment to
the release of neurotransmitters, such as serotonin, dopa-
mine, and somatostatin, that ultimately can induce tran-
scriptional reprogramming in somatostatin-expressing
cells (Edgar et al. 1997; Dulcis et al. 2013). Development
of long-term memory in the hippocampus is also tightly
coupled to activity-induced expression of the core circadi-
an repressor PER1, and overexpression of PER1 restores
age-related memory impairment in mice (Kwapis et al.
2018). Activity-dependent transcription unique to vasoac-
tive intestinal peptide (VIP)-expressing neurons has also
been demonstrated to affect synaptic input into these cells
through a light-dependent mechanism (Mardinly et al.
2016), raising the possibility that distinct cell typeswithin
the central pacemaker neurons may likewise exhibit
unique transcriptional regulation in response to altered
day length or with shifts in light exposure.

Translation of processed mRNAs represents an impor-
tant step in the circadian control of protein accumulation
(Lim et al. 2011). Circadian regulation of translation initi-
ation occurs through multiple molecular events (for de-
tailed reviews, see Lim and Allada 2013; Green 2018).
The mTOR effector kinase ribosomal S6 protein kinase
1 (S6K1) phosphorylates BMAL1 in the cytoplasm, which
leads to subsequent association of BMAL1 with the trans-
lational machinery (Lipton et al. 2015). Investigation of

rhythmic ribosome–mRNA assembly in the liver has
also revealed temporal enrichment of genes associated
with ribosome biogenesis, including translation initiation
factors (eIF4E and eIF4E-BP) that are targeted by canonical
mTORC1 signaling (Jouffe et al. 2013). Similarly, RNA
sequencing of hypothalamic energy-sensing neurons also
reveals morning versus evening enrichment of genes en-
coding factors involved in ribosome biogenesis, which is
unique to the ribosome-bound versus whole-cell mRNA
level, indicating that molecular profiling at the transla-
tional level may provide insight into the rhythmic control
of activity of neurons involved in hunger and appetitive
drive (Cedernaes et al. 2019). Ablation of themTOR trans-
lational regulator 4E-BP1 leads to alterations in entrain-
ment of mice to light (Cao et al. 2013), an observation
that may be explained through direct effects on VIP neu-
ron signaling and/or synaptic input (Costa-Mattioli et al.
2009). In addition, translation elongation factors and use
of upstream open mRNA reading frames have also been
implicated in the regulation of rhythmic translation (Jan-
ich et al. 2015; Caster et al. 2016).

Neuroanatomical and functional hierarchy of the central
circadian system

Research over the last decades has established a hierarchi-
cal model for circadian organization in which the central
pacemaker clock within the suprachiasmatic nucleus
(SCN) acts to control and maintain robust rhythms in
physiology and behavior through synchronization of cell-
autonomous extra-SCN and peripheral tissue clocks (Fig.
2; Herzog et al. 1998; Morris et al. 1998; Saini et al.
2013). Early lesioning studies showed that ablation of the
SCN at the base of the hypothalamus resulted in loss of
rhythmicity in drinking behavior and locomotor activity,
establishing the SCN as the central master pacemaker
(Moore and Eichler 1972; Stephan and Zucker 1972). Sub-
sequent studies using xenografts demonstrated that the
SCN from a donor animal can determine circadian behav-
ioral rhythms in a host animal and that such xenografts
canmaintain at least someof these rhythms through diffu-
sible neurochemical signals as opposed to direct neuroan-
atomical connections, even in mammals (Silver et al.
1996). Suchdiffusible signals are even able to entrain circa-
dian rhythms in cultured astrocytes (Prolo et al. 2005).
Case studies, histopathological studies, and functional im-
aging studies (withmagnetic resonance imaging [MRI]) all
point to an identical role of the SCN in light entrainment
and regulation of circadian rhythms in humans (Cohen
and Albers 1991; Schmidt et al. 2009; Vimal et al. 2009;
Wang et al. 2015; McGlashan et al. 2018).

Notwithstanding the dominant role of the SCN, it has
become clear that both peripheral tissue clocks and ex-
tra-SCN clocks within the CNS are involved in maintain-
ing organismal fitness. Indeed, brain regions outside of the
SCN also exhibit circadian cell-autonomous cycles in iso-
lation, which in some cases have different phases and a
substantial number of cycling genes, such as the arcuate
nucleus of the hypothalamus (Abe et al. 2002; Mure
et al. 2018), but the circadian interplay across these
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critical brain regions and neuronal and potential glial sub-
populations remains unknown.

Entrainment of central pacemaker rhythms through
cAMP and immediate early gene signaling

The SCN receives its light input through monosynaptic
projections from intrinsically photosensitive retinal gan-
glion cells (ipRGCs) that express melanopsin (Gooley
et al. 2001; Hattar et al. 2006; Güler et al. 2008) and project
through the retinohypothalamic tract (RHT) to the ven-
tral “core” portion of the SCN. This region contains the
largest proportion of neurons expressing the neuropeptide
VIP within the SCN. Light activates the RHT to promote
the release of glutamate, which acts on N-methyl-D-as-
partate (NMDA) receptors (Ding et al. 1994), and the pitu-
itary adenylate cyclase-activating polypeptide (PACAP),
which targets PACAP and VIP receptors in the SCN. Glu-
tamate and PACAP lead to increased firing of core VIP-ex-
pressing SCN cells and phase shift the SCN circadian
clock when light exposure occurs during either the begin-
ning or end of the dark period (Hannibal et al. 1997).
VIP neuronal activity and release are the most impor-

tant signals to maintain proper circadian rhythms within
the SCN (Maywood et al. 2011). Indeed, mice genetically
deficient for the VIP and PACAP receptor VPAC2
(Vipr2−/− mice) lack normal circadian rest/activity
rhythms as well as light-induced activation of immediate
early and clock genes in the SCN (Harmar et al. 2002).
Within the SCN, VIP and VIP receptor mutant mice ex-
hibit about half as many rhythmic neurons as wild-type
mice (Aton et al. 2005). These observations support a hier-
archical model in which SCN activity and SCN cell en-

semble synchronicity are predominantly controlled by
VIP signaling (Aton et al. 2005; Maywood et al. 2011).
The importance of VIP neurons in central pacemaker

activity has also been demonstrated in studies involving
administration of VIP or its antagonist (Cutler et al.
2003; Aton et al. 2005) and more recently by studies in-
volving genetically targeted functional manipulations of
these neurons in adult mice (Aton et al. 2005; Maywood
et al. 2011; Jones et al. 2018). Human postmortem studies
also suggest that VIP neurons within the SCN are critical
for maintaining proper circadian rhythms, as the number
of such neurons correlates with diurnal amplitude in loco-
motor activity in both healthy and Alzheimer disease pa-
tients (Wang et al. 2015).
VIP neurons set the circadian time and phase shift circa-

dian rhythms by VIPergic and γ-aminobutyric acid
(GABA)-ergic signaling to arginine vasopressin (AVP)-ex-
pressing cells within the shell of the SCN. Mice lacking
Bmal1 within AVP neurons still exhibit behavioral circa-
dian rhythms (albeit with a longer period and less robust
SCN coupling), indicating that the molecular clock ma-
chinery is dispensable within AVP neurons (Mieda et al.
2015). In contrast, mice that lack Bmal1 within both
VIP and AVP neurons become arrhythmic in constant
darkness (DD). The latter was demonstrated by targeting
Bmal1 ablation to neurons that express the neuropeptide
neuromedin-S (NMS), which encompasses almost all
VIP and AVP SCN neurons (Lee et al. 2015).
Evidence suggests that both inhibitory and excitatory

GABAergic connections are present within the SCN and
that at least some can switch polarity across the circadian
cycle (Freedman et al. 1999). The functional heterogeneity
introduced through the presence of intermixed excitatory
GABA action within the SCN may enable light-induced

Figure 2. Hypothalamic neurohumoral media-
tors of peripheral metabolism. The SCN responds
primarily to light signals, but the SCN and other
regions within the hypothalamus and brain stem
also respond to nutrient signals from food to regu-
late metabolic and behavioral rhythms (see the
text). In turn, the SCN signals to other hypotha-
lamic and brain stem regions involved in sensing
energy state, such as the ventromedial hypotha-
lamic (VMH), dorsomedial hypothalamic (DMH),
paraventricular hypothalamic (PVH), and arcuate
hypothalamic (ARH) nuclei, which provide feed-
back to both the SCN and hypothalamic and brain
stem nuclei. Humoral signals from the hypothala-
mus regulate release of hormones from the pitui-
tary, such as adrenocorticotropic hormone that

regulates release of cortisol, an important signal of entrainment for peripheral oscillators (Balsalobre et al. 2000). Multiple hypothalamic
outputs are conveyed through the brain stem, such as the raphe, parabrachial (PBN), and tractus solitarius (NTS) nuclei, onto sympathetic
nervous system (SNS) or parasympathetic nervous system (PSNS) tracts that regulate peripheral tissue rhythms, such as through sympa-
thetic signals to brown adipose tissue to regulate rhythms in thermogenesis (Orozco-Solis et al. 2016). Feeding and drinking behavior is
regulated through an interplay with peripheral tissues, such as the gastrointestinal tract (which produces signals that act on the brain,
including glucagon-like peptide-1 [GLP-1], cholecystokinin [CCK], pancreatic polypeptide [PPY], and ghrelin). Highlighting the interplay
with peripheral metabolism, several peripheral tissue-derived signals also regulate the central circadian system, including ghrelin, leptin,
and fibroblast growth factor-21 (FGF-21) (Bookout et al. 2013; Kettner et al. 2015; Cedernaes et al. 2019), by acting on the SCN or extra-
SCN oscillators such as AgRP-expressing cells within the hypothalamus, although the identity of other such putative signals remains to
be established (Ehlen et al. 2017).

Neurogenetic basis for circadian regulation of met
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phase advances and phase shifts to nonphotic stimuli
(McNeill et al. 2018).Morework is required to understand
whether such excitation–inhibition switches influence
SCN projections arising from either VIPergic or AVPergic
cell types, but other circuits have also been described as
having GABA-induced excitatory receptors, such as in
AVP-expressing paraventricular hypothalamic (PVH) cells
(Haam et al. 2012).

Notably, GABAergic output from SCN VIP neurons is
not necessary to maintain circadian rhythms but appears
to introduce jitter in clock oscillations to effectively op-
pose the synchronizing action of VIP signaling on SCN
neurons, enabling light-induced phase shifts of circadian
rhythms (Freeman et al. 2013). Whether circadian varia-
tions in excitatory/inhibitory and firing modalities also
exist for neurotransmitters involved in energy-sensing cir-
cadian circuitry is also of interest given that neurotrans-
mitter pathways may function at more proximate
timescales compared with neuropeptidergic signaling
(Krashes et al. 2013) and that neurotransmitters respond
dynamically at the transcriptional level to changes in nu-
trient state across the sleep/wake cycle (Cedernaes et al.
2019).

Cell physiologic and transcriptional analyses have fur-
ther defined how anatomically distinct cell groups within
the pacemaker nuclei entrain the organism to variations
in day length. VIP neurons respond to light through the
activation of several convergent signaling pathways. For
example, glutamate-induced VIP stimulation of NMDA
and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) fast ionotropic neurotransmitter receptors
results in calcium influx and subsequent activation of
calcium/calmodulin-dependent protein kinase (CaMK),
mitogen-activated protein kinase (MAPK), and protein
kinase A (PKA) (Kornhauser et al. 1990; Jakubcakova
et al. 2007).

During the subjective night, light induces phosphoryla-
tion and activation of cAMP response element (CRE)-
binding (CREB) protein (at CREBS133 and CREBS142),
which then binds to CREs in the promoters of Per1 and
Per2 as well as to cFos and other IEGs within the SCN
(Gau et al. 2002), a molecular pathway that is critical for
light-induced phase shifts in circadian behavior (Chen
et al. 1999). PACAP also stimulates cellular cAMP/PKA
signaling, resulting in CREB-induced activation of Period
genes in retino-recipient SCN neurons, and, intriguingly,
this signaling, but not glutamate-inducedCREB signaling,
can be modulated bymelatonin (Hannibal et al. 1997; von
Gall et al. 1998). PACAP itself seems to modulate the re-
sponse of SCN cells to glutamate during the early night
(Harrington et al. 1999; Michel et al. 2006). Interplay be-
tween glutamate and PACAP signals—and possibly also
with melatonin—may thus explain how the circadian
clock and behavior are phase-delayed or phase-advanced
by light stimuli either early or late during the subjective
night. Furthermore, key signalingmolecules such asDEX-
RAS1 within SCN neurons may regulate how photic ver-
sus nonphotic stimuli are able to entrain SCN-driven
circadian rhythms (Cheng et al. 2004). Finally, activation
along the MAPK pathway involves phosphorylation of

ERK proteins in the SCN (Cheng et al. 2004). These pro-
teins may in turn further modulate the cAMP response
through CREB in the SCN as well as participate in phos-
phorylation of core molecular clock components
BMAL1, CLOCK, CRY1, and CRY2 (Goldsmith and
Bell-Pedersen 2013). An important question remains con-
cerning whether phosphorylation of PER2 mediates
changes in period length via direct inhibition of clock ac-
tivators by chromatin binding, a question investigated in
orthologs of these proteins in Drosophila (Nawathean
and Rosbash 2004).

Variation in excitatory (glutamate and GABA), in-
hibitory (GABA), and modulatory (PACAP and melato-
nin) neurotransmitter/neuropeptide responses may
mediate activity of the neuronal clock but also may be
a downstream output of the clock through rhythmic var-
iation in the transcription of signaling factors, such as
has been observed recently through transcriptomic anal-
yses within NPY/AgRP neurons. Here, IEGs exhibit
greater expression in the subjective evening compared
with morning, consistent with potential differences in
activity of these cells across the day (Cedernaes et al.
2019). This could be reflective of circadian variation in
excitatory or peptidergic input to these neurons across
the sleep/wake cycle, similar to that described above
for the SCN.

Suggesting that the circadian clockmay gate themolec-
ular response to such inputs, ablation of the cell-autono-
mous clock in NPY/AgRP neurons shifted the zenith of
the transcriptional response to leptin from morning to
evening (Cedernaes et al. 2019). Regions connected to
the SCN, such as the dorsomedial hypothalamic (DMH)
nuclei (Elmquist et al. 1998; Chou et al. 2003) also express
leptin receptors and modulate AgRP neurons through di-
rect projections (Garfield et al. 2016). Altogether, this
could suggest that the timing of the appropriate leptin re-
sponse in energy-sensing neurons depends on both the
cell-autonomous clock within such neurons and nonau-
tonomous rhythmic signaling mediated by SCN-derived
projections.

Interplay between the circadian clock, sleep/wake
state, and cellular redox homeostasis has also been shown
to regulate neuronal excitability (Cao and Nitabach 2008;
Flourakis et al. 2015; Kempf et al. 2019). InDrosophila, os-
cillations in resting membrane potential are driven by
rhythmic CLOCK-dependent expression of NCA localiza-
tion factor 1 (NLF-1), and in sleep-promoting dorsal fan-
shaped body (dFB) neurons, accumulation of mitochondri-
al reactive oxygen species during sleep loss slows the inac-
tivation of a potassium channel to increase neuronal
firing, thereby promoting sleep. Such mechanisms may
be important not only in regulating sleep/wake and CNS
pacemaker neuron synchrony but also in determining
day versus night differences in output from SCN to meta-
bolic and sleep-regulating regions (Tabuchi et al. 2018).
One of the main features of the SCN is increased daytime
light-induced neuronal firing regardless of whether a spe-
cies is day- or night-active (Yan et al. 2018). Differences
in circadian output could therefore involve differences
in how circadian temporal codes from the SCN or
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interneurons are read by downstream neurons driving
behavioral and physiological outputs.

Neurotransmitter and peptidergic signals in circadian
clock circuit communication with appetitive cells

The SCN exhibits time-of-day-dependent light respon-
siveness, as light pulses applied during the first half of
the subjective night (i.e., the active phase in nocturnal an-
imals) cause phase delays, while light in the late evening
causes phase advances. In humans and other diurnal spe-
cies, light exposure during the early evening causes a de-
lay in waking and sleep onset the following day. How
such differential delay and advance signals are mediated
remains an area of inquiry. One possible explanation for
differing behavioral responses at different times of day
may arise from rhythmic variation in postsynaptic signal-
ing pathways across the light–dark cycle and/or different
combinations of inhibitory/activating signals (glutamate,
GABA, and PACAP) and/or timescales (transmitter vs.
peptide) (Harrington et al. 1999; Michel et al. 2006; Free-
man et al. 2013; Krashes et al. 2013).
Extra-SCN brain regions involved in appetite and pe-

ripheralmetabolic regulation share signalingmechanisms
with SCN cells. These mechanisms encompass ligands
and receptors for neurotransmitters, such as glutamate,
GABA, dopamine, dynorphin, and serotonin (Przewlocki
et al. 1983; Heisler et al. 2006; Knight et al. 2012), as
well as neuropeptides, such as leptin, galanin, ghrelin,
and PACAP (Knight et al. 2012; Krashes et al. 2014; Ander-
mann and Lowell 2017). Extra-SCN neuronal expression
of these peptides and their receptors as well as their down-
stream signaling pathways have been found to be influ-
enced by both nutrient state (Knight et al. 2012; Henry
et al. 2015; Cedernaes et al. 2019) and time of day (Watts
and Swanson 1989; Castañeda et al. 2004; Hampp et al.
2008; Cedernaes et al. 2019). Several reproductive hor-
mones, such as estrogen and testosterone, also exhibit cir-
cadian rhythms, which are able to feed back to the CNS to
alter circadian rhythms and behavior (Kriegsfeld and Sil-
ver 2006). Notably, all such feedback may not impinge
on the SCN, as ablation of arcuate hypothalamic (ARH)
kisspeptin neurons results in altered activity levels and
temperature rhythms without affecting ex vivo SCN
rhythms (Padilla et al. 2019). Many of these hormonal
axes are known to be independently modulated by nutri-
ent state (Olson et al. 1995; Samuels and Kramer 1996),
suggesting that feeding/fasting cycles may interact with
reproductive axes to influence circadian behavior and
metabolism.
Some neuropeptides (e.g., Galanin and Neuromedin B

mRNA) not only exhibit nutrient- and/or sleep/wake-de-
pendent regulation at the transcriptional mRNA level
but also are enriched among ribosome-bound mRNAs
(Knight et al. 2012; Cedernaes et al. 2019). This suggests
that energy-sensing neurons also exhibit sleep/wake regu-
lation at the translational level. Central circadian meta-
bolic networks and signals of nutrient state may thus
act in concert across transcriptional and posttranscrip-

tional levels to gate neuronal outputs underlying organis-
mal physiology and behavior according to time of day.
Further refinement in identification of circadian and

hunger neuron interactions may emerge from single-cell
profiling and anatomically more refined cell type-specific
profiling. For instance, along the anteroposterior axis of
the PVH, individual cells exist that are either activated
or inhibited by leptin (Ghamari-Langroudi et al. 2011).
Similarly, subgroups of POMC cells within the ARH re-
sponded differentially to leptin and insulin (Williams
et al. 2010). Furthermore, cells within the median emi-
nence, in which the ARH resides, have been found to con-
tain 50 transcriptionally unique neuronal populations,
including subpopulations that inhibit PVH and express
diverse peptides, including NPY/AgRP and somatostatin
(Campbell et al. 2017). Intriguingly, these populations
may not necessarily be static, given both developmental
changes that can confound CRE-defined populations (Pa-
dilla et al. 2010) and environmental factors such as sea-
sonal changes in photoperiod (Dulcis et al. 2013). The
latter has been investigated by exposing mice to short-
day versus long-day photoperiods. Short-day exposure
was found to increase dopamine (i.e., presynaptic) ex-
pression in the PVH of neurons that otherwise express
somatostatin (SST) while also increasing corresponding
postsynaptic dopamine receptor expression onto down-
stream neurons that express corticotrophin-releasing fac-
tor (Dulcis et al. 2013).

Feeding as a signal of entrainment

When food is available for only a limited time period each
day, animals exhibit increased activity in anticipation of
feeding even when this occurs out of phase with the
light–dark cycle (termed food anticipatory activity
[FAA]). The extent to which shifted timing of food avail-
ability impacts circadian behavior has been described to
depend on nutrient state, as hypocaloric but not normo-
caloric feeding during the day in mice led to a significant
phase advance (2–3 h) of locomotor activity rhythms, pi-
nealmelatonin, andmRNA levels of AVP in SCN sections
(Mendoza et al. 2005). Similarly, simply reducing food in-
take and/or decreasing ambient temperature can increase
daytime activity; these changes may thus represent an
adaptive response, as increased activity during the warm-
er daytimewould enable energy expenditure to be reduced
when required (van der Vinne et al. 2014). Overexpression
of the fasting-induced hormone fibroblast growth factor-
21 (FGF-21)—as well as feeding mice a ketogenic diet,
which is a potent inducer of FGF-21 release—also in-
creases daytime activity and advances the phase angle of
entrainment (Bookout et al. 2013), suggesting a mecha-
nism through which nutrient state can modulate the
distribution of locomotor activity across the sleep/wake
cycle.
Intriguingly, a greater discrepancy between the mid-

point of sleep on weekdays versus weekend days has
been correlated with body mass index (BMI), a phenome-
non referred to as “social jet lag” (Roenneberg et al.
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2012). This suggests that misalignment of sleep/wake and
feeding/fasting cycles increases the risk of obesity in hu-
mans. This could also indicate that metabolic homeosta-
sis influences circadian phase of entrainment, in line with
the observation that obesity in high-fat diet (HFD)-fed
mice causes disruption of circadian rhythms (Kohsaka
et al. 2007; Hatori et al. 2012) and as also indirectly sup-
ported by clinical studies of subjects with metabolic dis-
ease such as obesity and type 2 diabetes (Otway et al.
2011; Stenvers et al. 2019).

The contribution of specific neurons to FAA has re-
mained controversial, as animals with SCN or DMH
lesioning (ormolecular clock ablation targeted to these re-
gions) still exhibit FAA (Landry et al. 2007; Storch and
Weitz 2009; Izumo et al. 2014). Nonetheless, molecular
disruption ofG protein-coupled receptor (GPCR) signaling
in the SCN has also been shown to alter entrainment to
both light and food, consistent with interactions and/or
sensitivity of the SCN to foodwhen circadian cues of light
cannot supersede those from food (Bouchard-Cannon and
Cheng 2012). VPAC2-null mice exhibit increased daytime
feeding and a corresponding phase advance in their corti-
costerone and hepatic gene expression rhythms, with all
of these parameters rapidly phase-advancing when mice
are released into DD (Sheward et al. 2007). Even though
these mice have a nonfunctional SCN and become ar-
rhythmic in DD, they are able to entrain their food intake
rhythms as well as peripheral hepatic expression rhythms
to food restriction (Sheward et al. 2007).

Indeed, earlier studies had shown that entrainment of
peripheral clocks can be dissociated from that dictated
by the SCN to anticipate a shifted timing of nutrient avail-
ability. Thus, inverting food availability in wild-type ro-
dents quickly shifts peripheral tissue clocks, occurring
among the fastest in the liver (Damiola et al. 2000; Stok-
kan et al. 2001). Importantly, under such conditions, the
clock gene rhythms within the SCN remain entrained to
the light/dark cycle, suggesting that food timing does
not impact the SCN rhythm. However, in the absence of
light, the SCN-controlled behavioral rhythm can be driv-
en by food availability. In DD, mice normally follow their
endogenous circadian rhythm, which yields a period
length that is shorter (23.75 h for C57BL6 mice) than the
24-h Earth day (being slightly longer in humans at 24.18
h) (Czeisler et al. 1999). This daily shift in the onset and
offset of locomotor activity can be prevented by restrict-
ing food availability to a time-locked feeding window dur-
ing the active period (Damiola et al. 2000). A similar role
for food timing as a potential dominant Zeitgeber for
behavior was demonstrated in hypothalamic circadian
mutant mice in which the behavioral arrhythmicity that
was observed in DD could be rescued by restricted feeding
(Izumo et al. 2014).

Entrainment of behavior to restricted feeding, as de-
scribed above, has been speculated to be driven by a clock
gene-driven “food-entrainable oscillator” (FEO) in the
CNS, specifically within the DMH (Fuller et al. 2008). Ev-
idence suggests that the FEO may involve signaling to
metabolic centers, given that melanocortin 3 receptor
(MC3R) knockout mice exhibit reduced anticipatory ac-

tivity and wake behavior prior to scheduled restricted
food availability (Sutton et al. 2008). However, given
that Bmal1 ablation driven by CamKIIa also targets hypo-
thalamic nuclei such as the DMH, ARH, and ventromedi-
al hypothalamic (VMH) regions, this suggests that
entrainment to time-restricted feeding does require a
cell-autonomous clock in these centers (Storch andWeitz
2009; Izumo et al. 2014).

Circadian neurocircuitry regulating appetite, sleep,
and energy homeostasis

Emerging evidence from studies in both circuit mapping
and gene targeting indicate that the central circadian sys-
tem functions as an ensemble of oscillators across differ-
ent brain regions. Anterograde tracing of output fibers
from the SCN has revealed projections to a range of re-
gions, such as the subparaventricular zone (SPvZ), median
preoptic (MPO) nucleus, DMHnucleus, and PVHnucleus,
that may be critical for synchronizing sleep/wake and
metabolic processes (Watts and Swanson 1987; Abraham-
son and Moore 2001; Saper et al. 2005).

PVH cells regulate pituitary secretion of hormones in-
volved in metabolic and physiological rhythms, such as
CRH for cortisol release, thyrotropin-releasing hormone
(TRH), oxytocin, and AVP. Evidence also exists that the
SCN projects close to PVH-specific CRH and AVP cells
in humans (Dai et al. 1998). Notably, studies in mice
have found that PVH cells also project to AgRP cells
(Krashes et al. 2014) and may, as such, constitute a poly-
synaptic relay between the SCN and its regulation of hor-
monal and behavioral axes.While SCNcontrol of the PVH
has been established at a neuroanatomical level, the mo-
lecular identity of involved receptors and origin/recipient
cell types across the sleep/wake cycle remains unknown,
as is the case for most of such established or putative SCN
projections.

The SCN projects tomany hypothalamic sites thatmay
indirectly impact sleep, including the DMH (which con-
trols autonomic nervous system activity), the ventrolater-
al preoptic area (Deurveilher et al. 2002), and the zona
incerta (Liu et al. 2017), the latter of whichmay coregulate
sleep with the feeding/fasting state (Zhang and van den
Pol 2017). The SCN also projects to the lateral hypotha-
lamic area (LHA) (Horvath et al. 2012), which contains
wake-promoting hypocretin (Hcrt; also called Orexin)-ex-
pressing neurons that are critical for proper regulation of
sleep/wake state and transitions across sleep stages
(Sakurai et al. 1998; Adamantidis et al. 2007). Sleep-ac-
tive neurons that express melanin-concentrating hor-
mone (MCH) are also found within the LHA as well as
GABAergic neurons. Both of these project through local
connections to wake-promoting hypocretin/orexin neu-
rons (Ferrari et al. 2018), which in turn also feed back
to control activity of LHA MCH but not interspersed
GABAergic neurons (Apergis-Schoute et al. 2015; Ferrari
et al. 2018). As such, the LHA exemplifies how inter-
spersed cells within the same region can have opposing
physiological functions, similar to communication
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within arcuate nuclei between AgRP/NPY and POMC
cells (Andermann and Lowell 2017) or between leptin-re-
sponsive cells within the PVH (Ghamari-Langroudi et al.
2011).
Additional regions receiving SCN projections, such as

the SPvZ, DMH region, PVH region, and VMH region,
contain leptin-activated or leptin receptor-expressing
cells, raising the possibility that such cell types integrate
energy-sensing and circadian signals. Furthermore, drink-
ing behavior seems to be regulated through projections
fromAVP cells within the SCN to the hypothalamic orga-
num vasculosum lamina terminalis (OVLT) to promote
increased thirst drive prior to sleep onset (Gizowski
et al. 2016). The MPO and the subfornical (SFO) regions
are also involved in drinking behavior, the latter in rela-
tion to homeostatic regulation in response to ingested
food and fluids (Zimmerman et al. 2016). The SFO region
has been found to project to the SCN, altogether suggest-
ing bidirectional modulation of drinking behavior that in-
volves the SCN (Lind et al. 1982).
SCN projections to the DMH have been identified

through both classical tracing and genetic circuitmapping
to interconnect food intake and sleep/wake patterns
(Watts and Swanson 1987; Chou et al. 2003). Leptin-re-
sponsive cells within the DMH regulate thermogenesis
(Dodd et al. 2014), which may occur via anterograde pro-
jections to glutamatergic cells in the raphe nucleus in
the brain stem (Machado et al. 2018), in turn stimulating
thermogenic activity in brown adipose tissue (BAT). The
VMH has also been shown to regulate thermogenesis in
addition to activating the adrenergic nervous system
counterregulatory response to hypoglycemia (Kang et al.
2006). Since SCN projections reach both the DMH and
VMH, there may be redundancy with respect to circadian
control of energy balance and glucose homeostasis (Oroz-
co-Solis et al. 2016; Machado et al. 2018).
The SCN may also regulate body temperature through

projections to the MPO (Luo and Aston-Jones 2009), a re-
gion well recognized for its role in sensing organismal
temperature (Tan et al. 2016). Intriguingly, although a
key feature of the periodicity of circadian gene oscillations
is temperature insensitivity, entrainment of the clock has
been shown to involve induction of the heat shock factor 1
(Buhr et al. 2010; Saini et al. 2012). Torpor, a state of ener-
gy conservation induced by short days of winter, is also
characterized by reduced locomotor activity and core
body temperature (Geiser 2004). Core body temperature
also exhibits circadian and sleep regulation, with lower
body temperature during rapid eyemovement (REM) sleep
(Czeisler et al. 1980), a sleep stage that has been particular-
ly tied to regulation by the central circadian system
(Czeisler et al. 1980; Edgar et al. 1993). Intriguingly,
REM sleep may also be influenced by ambient tempera-
ture (Gotic et al. 2016). Thermoregulation thus represents
an intriguing feed-forward and feedback aspect of physio-
logic homeostasis that is tightly coupled to circadian and
sleep/wake systems at the level of brain and peripheral tis-
sues (Gotic et al. 2016).
In addition to hypothalamic regions involved in appeti-

tive and glucoregulatory control, some SCN neurons also

project indirectly to regions involved in reward, such as
the ventral tegmental area (VTA) via the medial preoptic
nucleus (Luo and Aston-Jones 2009). VTA neurons project
to the striatum, a region involved in reward and reinforce-
ment processing (Beier et al. 2015). Activity of VTA dopa-
minergic neurons is also modulated by LHA–Hcrt input,
an excitatory pathway that has been found to increase
VTA dopaminergic cell activity during the active but
not rest phase in mice (Moorman and Aston-Jones 2010).
In addition to providing functional feed-forward regula-
tion of hypothalamic energy circuits, feedback signals
from both reward and appetitive centers also have been
identifiedwithin the SCN. For instance, a large proportion
of SCN neurons express the type 1 dopamine receptor
(DRD1). VTA input to DRD1 SCN neurons has been dem-
onstrated to be involved in modulating circadian entrain-
ment of activity cycles (Grippo et al. 2017), a further
indication of the complex cross-talk across brain regions
involved in sensing energy state versus controlling circa-
dian behavior.
Input to the SCN also arises from hypothalamic and

brain stem areas, including the PVH and the preoptic
area (Pickard 1982; Yuan et al. 2018), although the func-
tional relevance of most such bidirectional circuits re-
mains largely unknown. Serotonergic input from the
brain stem raphe nuclei is particularly dense to the SCN
(Meyer-Bernstein and Morin 1996; Pickard and Rea
1997) and may be involved in modulating functions
such as how light and locomotor activity rhythms convey
entrainment signals to the SCN (Rea et al. 1994;Marchant
et al. 1997). Notably, the intergeniculate leaflets (IGLs)
also indirectly convey light information to the SCN that
is modulated by serotonergic input: The RHT signals to
the IGLs, which also receive input from the dorsal raphe
neurons (Meyer-Bernstein and Morin 1996). IGL projec-
tions (the geniculohypothalamic tract [GHT]) to the
SCN via GABA and NPY provide signals that may thus
fine-tune SCN entrainment by light through integration
with nonphotic entrainment signals (Dibner et al. 2010).
Sleep-related regions such as the paraventricular thala-
mus (PVT) also project back to the SCN (Alamilla et al.
2015; Ren et al. 2018), indicating that bidirectional signal-
ing may exist between systems regulating sleep/wake and
circadian behavior. Finally, distinct subtypes of ipRGCs
(that are Brn3b-positive) have also been demonstrated to
convey the acute response—but not circadian entrain-
ment—of sleep and body temperature to light exposure.
These subtypes do not directly target the SCN (Rupp et
al. 2019) and thus highlight an additional layer of com-
plexity to consider when interrogating neural mecha-
nisms that underlie light-mediated circadian behavior
and physiology.

Glia-dependent regulation of circadian rhythms
and metabolism

Neuronal nutrient and neurotransmitter levels are highly
dependent on adjacent astrocyte glial cells (Ioannou et al.
2019). Astrocytes are involved in neurophysiology
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relevant to behaviors controlled by nutrient-sensing brain
regions such as the hypothalamus. Thesemechanisms en-
compass metabolic activity as well as synaptic plasticity
and nutrient sensing. For instance, leptin’s action on feed-
ing circuits involves signaling through astrocytes, as dele-
tion of astrocytic leptin receptors altered synaptic input
and postsynaptic currents onto both POMC and AgRP
neurons (Kim et al. 2014). Given that leptin signaling ex-
hibits circadian regulation at the level of the CNS, it
will be important to investigate whether CNS circadian
processes regulated by leptin also involve its action on as-
trocytes. Astrocytes within the SCN and cortex exhibit
fluctuations in the rhythmic release of ATP (Womac
et al. 2009), indicating that rhythmicmetabolismmay im-
pact how these glial cells regulate rhythmic firing thresh-
olds or activity patterns in neurons. Further support for
this notion comes from Clock mutant mice and mice
that lack the PAS domain of the PER2 protein, both of
which exhibit decreased levels of the glutamate transport-
er EAAT1 that is involved in astrocytic shuttling of gluta-
mate. Astrocytes from the Per2mutant mice were indeed
observed to have a reduced capacity for glutamate uptake,
which is involved in regulation of extracellular glutamate
levels following its release by neurons (Spanagel et al.
2005; Beaulé et al. 2009).

Recent studies have expanded our insight into how as-
trocytes within the SCN are involved in modulating cir-
cadian rhythms, partly through their interactions with
neighboring SCN neurons. SCN astrocytes exhibit
rhythms that are similar to those of adjacent VIP neu-
rons in terms of period length and circadian amplitude
(Tso et al. 2017), but their core clock machinery (as indi-
cated by Cry1-luciferase) is delayed by ∼6.5 h. Bmal1 ab-
lation targeted to SCN astrocytes increased period
length, as assessed by animal locomotor activity, sug-
gesting that the molecular clock within SCN astrocytes
regulates mammalian circadian behavior (Tso et al.
2017). Contemporaneous characterization of the astro-
cytic clock demonstrated that SCN astrocytes display
broader [Ca2+] rhythms that are antiphasic to neighbor-
ing neurons such that SCN astrocytes are active during
the circadian night and suppress firing of SCN neurons
via signaling through the glutamatergic receptor subtype
NMDAR2C (Brancaccio et al. 2017). Furthermore, ar-
rhythmic clock mutant mice (Cry1/Cry2 double-knock-
out mice) can regain their circadian behavioral rhythms
when the core clock machinery is restored in not only
neurons but also astrocytes. This suggests that the cellu-
lar clock machinery within at least the SCN exhibits
functional redundancy in programming behavioral
rhythms in animals (Brancaccio et al. 2019). Synaptic
pruning, which occurs during sleep and has been linked
to AgRP neuron activity within the AgRP neurocircuitry
(Liu et al. 2012), also relies on both microglia and astro-
cytes (Chung et al. 2013), with evidence for a role of the
microglial molecular clock in this process (Hayashi et al.
2013). Metabolic functions such as lactate shuttling are
likely another pathway that may rely on molecular clock
function in astrocytes, though this remains to be
investigated.

Metabolic flux and redox homeostasis in the CNS

Wakefulness, which is accompanied by increased avail-
ability of nutrients, promotes energy use in neurons,
thereby resulting in greater production of waste products
that reflect cellular metabolism and redox state, such as
amyloid β and τ proteins (Bero et al. 2011; Macauley
et al. 2015; Ioannou et al. 2019). SCN cells sense and reg-
ulate cellular excitability according to redox state (Wang
et al. 2012), and widespread brain targeted clock gene ab-
lation has demonstrated that the neuronal clock is re-
quired to maintain CNS redox homeostasis at both the
neuronal and glial levels (Musiek et al. 2013). Notably,
metabolite influx to and efflux of nutrients and potential-
ly toxic metabolites and drugs (e.g., amyloid β) from the
CNS through the blood–brain barrier (BBB) occurs through
severalmechanisms, some ofwhich have been found to be
dependent on sleep/wake state and circadianmechanisms
and rely on glial cells (Cirrito et al. 2005; Abbott et al.
2006; Xie et al. 2013; Nakazato et al. 2017; Taoka et al.
2018; Zhang et al. 2018).

The BBB permeability is regulated by astrocytic interac-
tions with endothelial cells (Abbott et al. 2006), as astro-
cytes control trans-BBB nutrient and fluid uptake into
the CNS from the periphery through endocytosis and
aquaporin water channel proteins (Haj-Yasein et al.
2011). Inmice,Bmal1 ablation throughout the brain using
Nestin-Cre (which is expressed in the pericytes that regu-
late BBB integrity) increases permeability of the BBB
(Nakazato et al. 2017), possibly due to reduction in
PDGFRβ expression. At present, the role of a functioning
cell-autonomous clock remains to be determined in the
context of BBB function and xenobiotic clearance inmam-
mals. In Drosophila, the perineural glia communicate
rhythmically with subperineural glia via gap junction pro-
teins, which are regulated by the PG cell-autonomous
clock (Zhang et al. 2018). This results in day–night differ-
ences in xenobiotic efflux but not influx to the CNS, cre-
ating a daytime efflux (Zhang et al. 2018). Although
speculative (Palomares et al. 2015), firm evidence of how
disrupted sleep and circadian rhythms can regulate BBB
function and drug bioavailability in humans is currently
lacking.

Our understanding of the regulation of redox state
across the sleep/wake cycle has been expanded with the
recent discovery of the sleep-dependent glymphatic sys-
tem. This brain-specific lymph-like system regulates the
efficiency of the clearance of metabolites and other waste
products from the brain. Glymphatic metabolic efflux is
at its greatest during natural or induced sleep and the diur-
nal rest period (Xie et al. 2013; Taoka et al. 2018) and is re-
lated to fluctuations in size of the interstitial space
between CNS neurons and glia. Ablation of AQP4, the
main aquaporin expressed by astrocytes, greatly diminish-
es glymphatic efflux (Iliff et al. 2012; Murlidharan et al.
2016). The glymphatic system is involved in flow and
clearance of severalmetabolites such as amyloid β and lac-
tate that are linked to neuronal activity and occur at high-
er concentrations in the wake versus sleep state (Xie et al.
2013; Lundgaard et al. 2017). Given that the SCN provides
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output signals through diffusion that are sufficient to pro-
duce circadian behavioral rhythms (Silver et al. 1996;
Maywood et al. 2011), dynamic circadian changes in the
glymphatic system may be critically involved in regulat-
ing how various CNS regions synchronize their activity
across the sleep/wake cycle, potentiallymediated through
the control of neuropeptide, ionic, ormetabolite diffusion,
such as adenosine. It can only be speculated what type of
paracrine signals thismay involve (e.g., neuropeptides, en-
ergy metabolites such as adenosine, or possibly even fluc-
tuations in ion levels) (Ding et al. 2016). Such signals may
be driven by phase-dependent metabolic and genomic
states of neurons and astrocytes, which in turn are regulat-
ed by the cell-autonomous clock.

Redox and energy modulation of circadian function

In peripheral tissues, many metabolic pathways exhibit
circadian regulation at the level of transcription, whereas
emerging evidence has also shown that metabolites feed
back to alter circadian function. The metabolite nicotin-
amide adenine dinucleotide (NAD+) exhibits robust oscil-
lation, and its biosynthesis is under control of the clock. In
turn, changes in NAD+ levels feed back to affect the core
circadian clock, while deficiency in NAD+ has been found
to impair mitochondrial function in circadian mutant
mice (Ramsey et al. 2009; Peek et al. 2013). Even at the lev-
el of the brain, where the central pacemaker is resistant to
modulation of its circadian rhythm by small variations in
temperature and nutrients derived from food, manipula-
tion of brain levels of the NAD+-sensitive protein SIRT1
has been found to impact behavioral circadian properties.
Specifically, ablation of SIRT1 in the CNS using Nestin-
Cre prolonged the circadian period of mice and delayed
re-entrainment in a jet lag protocol, similar to the slower
entrainment seen in aged wild-type mice (Chang and
Guarente 2013). Another set of factors that reflects cellu-
lar energy state is the AMP-dependent kinases (AMPKs),
which sense cellular ATP levels. AMPK1 modulates
CRY1 phosphorylation and thus its rhythmic degrada-
tion, a mechanism that has so far been investigated only
in peripheral tissues (Lamia et al. 2009). As also described
above, mTOR, another nutrient-sensing molecular path-
way, can modulate the mammalian central pacemaker
(Cao et al. 2013).A similar mechanism has been described
in Drosophila (Zheng and Sehgal 2010).
A related question is whether signals of organismal en-

ergy state can signal back to the SCN to impact organis-
mal circadian rhythms. Indeed, overexpression of FGF-
21, which is elevated during fasting, or forebrain versus
hindbrain targeted deletion of one of its receptor compo-
nents, B-Klotho, revealed that FGF-21 acts centrally to
lower insulin and that both overexpression of FGF-21
and its induction by a ketogenic diet reduce overall loco-
motor activity while increasing the proportion occurring
during daytime (Bookout et al. 2013). Notably, FGF-21 im-
pacted anabolic versus catabolic state in liver and adipose
tissue through its action on the SCN (in the forebrain) ver-
sus hindbrain, suggesting feedback from SCN to tissues

producing FGF-21 (Bookout et al. 2013). Neuropeptides
such as ghrelin and leptinmay also provide direct humoral
modulation of central circadian rhythms by acting on
SCN neurons (Prosser and Bergeron 2003; Yannielli
et al. 2007; Yi et al. 2008; Inyushkin et al. 2009). More re-
cently, evidence has emerged that the circadian clock in
skeletalmusclemay regulate sleep, as rescue ofBmal1 ex-
pression specifically in skeletal muscle restores non-REM
(NREM) sleep seen in Bmal1 knockout mice, with no
changes in locomotor activity rhythms (Ehlen et al.
2017). Altogether, this highlights the complex interplay
thatmay exist between regulation of the circadian system,
sleep/wake state, and peripheral energy metabolism (see
also the section below).

Brain clock disruption and peripheral tissue
metabolism

Lesioning or electrolytic ablation of the SCN was essen-
tial to initially establish how the circadian system regu-
lates peripheral metabolism. Such lesioning resulted in
peripheral clock desynchrony and altered peripheral glu-
cose levels (Akhtar et al. 2002; Guo et al. 2005; Saini
et al. 2013). This line of work also indicated that the
SCN drives hepatic transcriptional cycles through the
rhythmic hypothalamic–pituitary–adrenal (HPA) axis
and subsequent hepatic glucocorticoid action (Strubbe
et al. 1987; Chun et al. 1998; la Fleur et al. 2000; Reddy
et al. 2007; Coomans et al. 2013). A caveat of lesioning,
however, is the difficulty of achieving cell type specificity
and the inability to target specific molecular cell-autono-
mous mechanisms.
Genetic evidence for a role of the cell-autonomous cir-

cadian clock in whole-organism glucose, lipid, adipokine,
and energetic homeostasis was later provided by multitis-
sue models that disrupt the molecular clock in both brain
and all peripheral tissues (Turek et al. 2005). Subsequent
conditional gene targeting studies using CRE recombi-
nase to drive tissue-specific ablation revealed an essential
role for clock genes in metabolism even in adult life (La-
mia et al. 2008; Marcheva et al. 2010; Perelis et al. 2015;
Bass and Lazar 2016). Ablation of clocks within the liver,
an “anabolic tissue,” leads to fasting-induced hypoglyce-
mia, hypoketosis, and impaired mitochondrial fatty acid
oxidation. In contrast, ablation of clock function in the
pancreas causes impaired postprandial metabolism, char-
acterized by hypoinsulinemia and hyperglycemia in ad
lib-fed animals. The opposing actions of clocks within dif-
ferent tissue types highlights the need to systematically
control for not only nutrient state (fasted vs. fed) but
also time of day (morning vs. evening) when analyzing
the effects of individual cellular clocks on whole-body ho-
meostasis, such as those operating across brain regions
(Abe et al. 2002).
In the brain, ablation of core clock genes has been

achieved in neurons comprising or sparing the SCN or
in brain regions involved in energy metabolism, such as
specific extra-SCN hypothalamic nuclei (Cedernaes
et al. 2019) and astrocytes (Musiek et al. 2013). Genetic
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studies have established that the positive and negative el-
ements of the core clock machinery are required for the
SCN to generate rhythms of wheel-running activity in
DD, in which light can no longer function as a timed
cue (i.e., a “Zeitgeber”). For instance, ablation of Bmal1
broadly across the forebrain, including >90% of the SCN
(using CRE driven by the Camk2a promoter), disrupted
overall behavioral rhythms as well as ex vivo rhythms in
SCN organotypic slices (Izumo et al. 2014). Conversely,
gain-of-function studies show that rescue of clock expres-
sion in the SCN is sufficient to recover rhythmic locomo-
tor activity (McDearmon et al. 2006; Hughes et al. 2012).
Notably, even in animals lacking core clock components
during development, chemogenetic restoration of the
clock in the SCN only during adulthood is able to restore
circadian behavior, demonstrating that absence of the
TTFLs does not impair development of the rhythm-gener-
ating molecular machinery of the SCN (Maywood et al.
2018). Collectively, clock gene expression in the SCN is
both necessary and sufficient for mammalian locomotor
activity rhythms.

Recent work also indicates that the hypothalamic clock
network controls hepatic glucosemetabolism through va-
gal signaling (Cedernaes et al. 2019). Similarly, targeted
ablation of the hepatic clock as well as genetic restoration
of central clock gene expression in animals that are other-
wise deficient for the functional core clock machinery
have revealed that a proportion of hepatic transcriptional
rhythms responds primarily to central, and presumably
SCN-derived, cues (Akhtar et al. 2002; Kornmann et al.
2007; Hughes et al. 2012). Evidence also suggests that
hepatic transcriptional rhythms are highly sensitive to
timing of food intake (Damiola et al. 2000; Greenwell
et al. 2019), which implies that, under conditions of
circadian misalignment (e.g., in shift work), metabolic
defects may arise from the misalignment of hepatic cell-
autonomous, food-driven, and SCN-driven oscillations
in liver cells. Furthermore, the SCN regulates the release
of melatonin. Since melatonin receptors are expressed in
pancreatic β cells, it has been proposed that melatonin
may mediate glucose homeostasis through direct control
of insulin secretion (Cipolla-Neto et al. 2014) in β cells
(Tuomi et al. 2016).

Several central oscillators outside the SCN have been
investigated for their role in maintaining central and pe-
ripheral metabolic rhythms (Orozco-Solis et al. 2015,
2016; Cedernaes et al. 2019), and these studies have
also begun to uncover molecular processes that underlie
circadian regulation of such oscillators (Fig. 3). For in-
stance, AgRP-specific ablation of the molecular clock in-
creases reductive metabolism during the light period
while also increasing daytime hepatic glucose produc-
tion, similar to the role of fly neurons expressing the
NPY ortholog NPF (Erion et al. 2016). This may be driven
by abrogation of rhythm neuropeptide secretion or in dis-
rupted posttranscriptional rhythms in the expression of
proteins critical for mitochondrial function (Cedernaes
et al. 2019), which has been found to be essential for
AgRP neurons to properly promote feeding (Dietrich
et al. 2013).

Energy expenditure is driven by several components, in-
cluding muscle activity, muscle shivering, and glucose
and lipid oxidation in BAT. Several of these functions
are regulated at the level of the CNS by neuronal popula-
tions distributed across specific hypothalamic nuclei,
such as the DMH, the VMH, the ARH, or the PVH, al-
though the full neurogenetic identity and signaling mech-
anisms of each of these sites still remain to be determined.
Deletion of Bmal1 targeted to the VMH increased energy
expenditure and body temperature via increased BAT ac-
tivity during the active phase and reduced body weight
(Orozco-Solis et al. 2016). This effect seemed to be inde-
pendent of altered activity of the cell-autonomous clock

Figure 3. Neuronal andmetabolic processes regulated by the hy-
pothalamic clock. Light signals during the day promote sleep/qui-
escence and fasting in nocturnal organisms (but wakefulness and
feeding in diurnal species such as humans). However, the molec-
ular machinery between nocturnal and diurnal animals is largely
maintained, and opposite behavioral rhythms are instead thought
to be encoded by different central output pathways. During the
day, clock activator elements CLOCK/BMAL1 are bound to
DNA, mediating transcription of PER and CRY repressor ele-
ments. Emerging studies have begun to uncover how rhythms
in neuronal transcription and posttranscriptional events contrib-
ute to regulation of behavioral and physiologic rhythms. Tran-
scriptional profiling has demonstrated that leptin signals and
mitochondrial oxidative metabolism seem to be active during
the daytime (inactive behavioral period), whereas anabolic pro-
cesses are active during the nighttime period (active behavioral
period) (Panda et al. 2002; Cedernaes et al. 2019). Further analyses
will be necessary to understand whether there are differences
across brain regions within these neuronal processes, which in
turn can be tied to region-specific or cell type-specific differences
in control of appetite and energetic rhythms. Furthermore, a gap
remains in understanding how rhythms are regulated at the epige-
netic level and whether this represents a mechanism by which
disruption of the central circadian system can be involved in
long-term adverse consequences of circadian misalignment, as
occurs in chronic shift work.
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in BAT or the SCN, as core clock gene expression was dis-
rupted only in the VMH. In response to VMH-specific
Bmal1 ablation, increased expression levels of thermogen-
ic, mitochondrial, and adrenergic activity genes (e.g.,
Ucp1, Adrb3, and Nrf1) were observed in BAT, and in-
creased BAT activity was dependent on increased adrener-
gic activity. Whereas the independent role of the clock in
the aforementioned extra-SCN sites has been explored,
little is known currently about how the molecular clock
within these regions is integrated with—or dependent
on—rhythmic output from the SCN.

Overlapping genetics of sleep and circadian rhythms?

A major advantage of autonomous clocks in unicellular
organisms is the coordination of photosynthesis with
DNA photolyase activity (Thompson and Sancar 2002).
Even in nonphotosynthetic cells, separation of reductive
and oxidative pathways may provide protection from gen-
otoxic damage (Rutter et al. 2002) and provides a concep-
tual framework to consider the teleology of circadian
processes. At the behavioral level, the alternating stages
of energy storage and utilization correspond with a daily
quiescent period of immobility and reduced neuronal re-
sponsiveness that we refer to as sleep and which may
have arisen early in the metazoan lineage, even before
the CNS arose (Nath et al. 2017). Modern genetic tools
such as opto- and chemo-genetics have widened our un-
derstanding of the neuronal brain regions that control
sleep/wake states, includingwhat specific neurotransmit-
ters (such as orexin/hypocretin) are involved in this cen-
tral regulation (Adamantidis et al. 2007). However, even
though sleep occupies roughly a third of human life
span, whether epigenetic and genetic changes may occur
within specific neuronal cell types or networks in re-
sponse to sleep per se is still in its infancy (Cirelli et al.
2004; Yelin-Bekerman et al. 2015; Chung et al. 2017).
This lack of knowledge likely stems from multiple chal-
lenges, such as dissociating the effects of sleep restriction
from those caused by the stress inducedwith sleep restric-
tion methods in animals, and brain-specific genetically
targeted analyses required to understand the molecular
programs that neurons initiate during sleep have been
lacking. Studies in flies and mice, however, suggest that
sleep maintains metabolic homeostasis by promoting re-
pair processes and protein synthesis within the CNS (Cir-
elli et al. 2004; Xie et al. 2013; Li et al. 2017). Conversely,
sleep disruption results in metabolic stress (Zhang et al.
2014a), which may be one key mechanism through which
disruption of sleep and circadian rhythms promotes the
accumulation of neurotoxic substances within the CNS
and neurodegenerative diseases in humans, rodents, and
flies (Cedernaes et al. 2017).
Periods of sleep typically overlapwith periods of fasting,

especially in humans. Intriguingly, recent evidence has
linked brain regions involved in regulation of sleep/wake
cycles with the same neuronal populations that also regu-
late fasting/feeding. Specifically, orexigenicAgRPneurons
within the arcuate nucleus have been found to promote

wakefulness (Goldstein et al. 2018), while activating
the reciprocal (anorexigenic) POMC neurons promoted
sleep. Presently, it is unknown to what extent the local
clock in these neurons modulates sleep/wake states and
whether they interact with homeostatic sleep regulation.
Given that these neurons exhibit clock gene modulation
in response to shifting organismal energy state (exerted
by fasting), it can be hypothesized that these neurons
also modulate sleep through cell-autonomous clock regu-
lation. Furthermore, studies in ob and db mice indicate
that alterations in leptin signaling modulate sleep, sug-
gesting that leptin signaling may play a key role in sleep-
orwake-promoting cell types (Laposky et al. 2006). The lo-
cal clockmayalso exert sleep/wake control bymodulatory
input from, e.g.,DMHandPVH, two regionsknown topro-
ject inhibitory and excitatory projections, respectively, to
AgRP neurons and that in turn are modulated by the SCN
(Chou et al. 2003; Krashes et al. 2014; Garfield et al. 2016).
In thewidely accepted two-processmodel, sleep ismod-

ulated by circadian as well as homeostatic factors, charac-
terized by the accrual of sleep drive with wakefulness.
Gene variants have been discovered thatmodulate the cir-
cadian timing of sleep (Hu et al. 2016; Jones et al. 2016),
homeostatic sleep regulation (e.g., Dec2/Bhlhe41 and
Homer1a) (Maret et al. 2007; Pellegrino et al. 2014; Hirano
et al. 2018), sleep duration (e.g., the protein kinase Sik3)
(Funato et al. 2016), and properties of particular sleep stag-
es in mammals (e.g., NALCN) (Funato et al. 2016). While
evidence suggests that some of these genes, such as Sik3,
have nonoverlapping effects on sleep or circadian systems,
there are also variants of genes that not only regulate cir-
cadian rhythms (e.g., PER3) but also can modulate sleep
(Viola et al. 2007). Hinting at how thismay disclose neural
circuitry that converges between sleep and timing sys-
tems, ablation of clock genes (e.g., in CLOCK mutant
mice) (Naylor et al. 2000) or circadian-associated genes
such as Vip also alters sleep duration or structure (Naylor
et al. 2000; Wisor et al. 2002; Laposky et al. 2005; Hu et al.
2011; Zhou et al. 2014). However, in many such studies
conducted to date, the genetic targeting has been unspe-
cific with regard to the involved cell types and timing of
the deletion (to exclude developmental effects). This has
precluded conclusions as to what brain regions those ge-
netic interventions target as well as whether interactions
with peripheral tissues modulate the effects (Ehlen et al.
2017). Thus, further studies will be needed in which sleep
is monitored in animals with cell type-specific modula-
tion of clock gene function, ideally in settings in which
cell activity can be turned on and off within circadian
timeframes.

Summary and questions

Toward the end of his life, the late geneticist Sydney Bren-
ner (Syd 1997; Venkatesh et al. 1997) often remarked that
his major interest in biology had turned toward the hypo-
thalamus because of its place as the seat of motivational
behavior. In addition to its centrality in appetite regula-
tion, Brenner (Bass and Takahashi 2011) acknowledged
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the role of the hypothalamus as central to the circadian
system, which he characterized as guiding “things that
you do only once each day.”An organizing principle of hy-
pothalamic functions derives from the concept of homeo-
stasis, formulated by Claude Bernard (Cooper 2008) in the
mid 19th century; i.e., the ability to maintain constancy
in the internal milieu despite changes in the external en-
vironment. Consistent with Bernard’s viewpoint (Saper
and Lowell 2014), the hypothalamus plays a key role in
maintaining body temperature necessary for survival
and metabolic reactions while also coordinating growth
and reproduction according to energy sufficiency. As dis-
cussed above, our understanding of the molecular mecha-
nisms of hypothalamic-driven behavior emerged with the
discovery of genes encoding the molecular clock, which
provided a mechanistic entry point to merge molecular,
pharmacological, and anatomical approaches toward un-
derstanding how the hypothalamus provides input into
energy regulatory pathways. While the key phenotyping
for circadian genetic studies were behavioral, molecular
analyses of the circadian clock have centered primarily
on clock function in peripheral tissues, especially liver.
A recurring finding has been the reciprocal relationship
betweenmetabolism and the clock, withmajor metabolic
pathways overrepresented as rhythmic circadian factors
across most tissues and evidence that metabolites and ox-
ygen feed back to regulate the core clock. However, de-
spite advances in the field of circadian molecular
biology, major questions remain in our understanding of
intrinsic clockmechanisms at the level of individual neu-
rons, glial cells, and circuits that manifest at the level of
behavior and physiology.

Do circadian epigeneticmechanisms underlie rhythmic
activity within energy-sensing neurons? The circadian
clock is interlinked with epigenetic rhythms involved in
chromatin modification in addition to RNA processing
and translation. While core clock TFs rhythmically bind
DNA in the liver, which also exhibits rhythmic chroma-
tin remodeling (Koike et al. 2012), the extent to which
this occurs in energy-sensing neurons and whether it
drives oscillations in neuronal output remain unknown.
Rhythmic epigenetic modifications in neurons may also
be involved inmodulating the ability of neurons to switch
functional or rhythmic properties in response to stimuli
such as light (Crosio et al. 2000; Dulcis and Spitzer
2008; Dulcis et al. 2013), macronutrients, or organismal
energy state (Kohno et al. 2014). Epigenetic mechanisms
can also be presumed to be involved in generating circadi-
an oscillations in energy-sensing neurons, neurotransmit-
ter and peptidergic release and/or response, or modulating
the threshold for integrating input into acute and more
long-term circadian firing patterns (Tabuchi et al. 2018)
that may be involved in driving downstream neuronal cir-
cuitry. Conversely, epigenetic pathways are coupled to
metabolism (Alenghat et al. 2008; Perelis et al. 2015),
and changes across the sleep/wake–fasting/feeding cycle
may affect neuronal activity through feedback from either
changes in mitochondrial respiration or nucleotide turn-
over affecting methylation and acetylation reactions im-
portant in chromatin regulation.

To what extent is there cellular heterogeneity for func-
tional metabolic output of the SCN? Whereas studies
have begun to delineate how central oscillators regulate
metabolism and feeding behavior (Orozco-Solis et al.
2015, 2016; Cedernaes et al. 2019), this so far has not con-
sidered potential subregional cellular diversity. In the
SCN, studies have defined subregions based on expression
of proteinmarkers such as VIP, AVP,DRD1, cholecystoki-
nin (CCK), gastrin-releasing peptide (GRP), and NMS,
some of which exhibit partial overlap (Lee et al. 2015).
Some of these SCN cell types have been functionally
probed (Tso et al. 2017; Jones et al. 2018), but the extent
to which these cells may be involved in regulating rhyth-
mic feeding and metabolism and whether such popula-
tions also exhibit cellular heterogeneity in terms of
function and their projection (efferent) or input (afferent)
targets remain unanswered. Another outstanding ques-
tion is whether these cells exhibit heterogeneity in terms
of their sensitivity to beingmodulated by changes in envi-
ronment as well as organismal energy state, such as HFD
feeding, obesity, or nonthermoneutral temperatures. Sin-
gle-cell sequencing provides an avenue to address such
questions, yet this requires attention to exon-level analy-
ses that is oftenmissingwith limiting single-end sequenc-
ing, given the important role for splice variants in
determining neuronal function.

Does rhythmic core pacemaker activity functionally
impact organismal energy balance? At its core, themolec-
ular clock is driven by a transcription feedback loop, and
the fundamental mechanisms of rhythmic physiology
can be understood through analysis of transcription. Al-
though elegant circuit-level mapping has provided insight
into first-order neurons important in energy balancewith-
in hypothalamus (namely, the AgRP/NPY- and POMC-
expressing cells within the arcuate nucleus) (Andermann
and Lowell 2017), how the response to hormones varies
across the day requires understanding of both circuit-level
and cell-autonomous input from the circadian clock.
Mounting evidence suggests that feeding at different phas-
es of the light–dark/sleep–wake cycle exerts different ef-
fects on body weight and metabolic homeostasis, and
emerging clinical studies indicate that these phenomena
also translate to humans (Rothschild et al. 2014; Moro
et al. 2016; Sutton et al. 2018). However, little is known
concerning how time of day affects response to feeding
within neuronal regulatory circuits. Specifically, the cell
and molecular pathways that program time-of-day varia-
tion in sympathetic and parasympathetic tone remain in-
completely understood. Does feeding at the “incorrect”
time of the light–dark cycle promote diet-induced obesity
through misalignment of central circadian–appetitive cir-
cuit communication and activity? Furthermore, does obe-
sity alter rhythmic regulation of autonomic tone at the
level of the hypothalamus and thereby reduce energy ex-
penditure in response to overnutrition? The tools are
now in hand to dissect the functional input of circadian
neurons into appetitive cell types and interrogate the
cell and molecular pathways that interconnect temporal
and energy regulatory pathways important in long-term
energy balance and metabolism.
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In summary, as Bernard predicted and Brenner appreci-
ated (Syd 1997; Venkatesh et al. 1997; Bass and Takahashi
2011), the hypothalamus encompasses integrated systems
to align environmental signals with homeostatic physiol-
ogy and motivational behavior. Understanding how
rhythmic transcription within individual neurons en-
codes activity within hypothalamic circuits as well as in-
terlinked brain stem circuits and the response of these
pathways to changes in environmental nutrients, light,
and temperature holds the promise to provide insight
into the relationship between cell- and circuit-level con-
trol of body weight and for determining the mechanism
underlying memory of past weight gain or weight loss.
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