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1. Love, not at first sight

Any visitor to our planet would register that human activity is
drastically reduced during the nighttime, and that during a large portion
of the night we fall into an unconscious and largely inanimate state we
call sleep. One would think that this blatant, seemingly inescapable
nightly intrusion in overt behavior, which occurs with a strikingly reg-
ular rhythm, should have represented the first chapter of a long-lasting
intimate relationship between two apparent soulmates: the biological
clock that times our 24-h biological rhythms, and sleep. However, the
story of this couple is far more complex.

By the mid-20th century, scientists who studied 24-h rest-activity
rhythms were occupied trying to sort out whether these rhythms were
generated by endogenous timing mechanisms or instead represented a
simple response to environmental cycles. Once it was clear that indeed a
~24-h autonomous biological oscillation—a circadian clock— was
responsible for these rhythms, the effort shifted to finding this clock and
elucidating how it was put together. Meanwhile, the discovery of the
electroencephalogram as the first tool to “see” the human mind at work
mesmerized those interested in the secret messages of the sleeping brain,
and led to a rather fanatical classification of cortical activity—noisily
reported through the skull and scalp—into long and short waves of
different amplitudes that correlated with different behavioral states and
types of sleep. While circadian researchers were interested in dissecting
parts of the clock, determining how light interacted with these parts to
entrain it, and disassembling and putting it back together, exploring
whether the clock sustained rhythms of sleep or sleep stages was a less
attractive endeavor for them. Similarly, sleep researchers were
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interested in why it was so difficult to wake somebody up from “slow-
wave” sleep vs. a sleep stage with an electrical signature resembling
wakefulness, or whether either of these stages were associated with
dreaming and learning, but showed very little interest in how sleep was
temporally organized throughout the day.

2. First kiss

The sleep-circadian relationship moved from one with little mutual
interest to one resembling two teenagers too shy to ask the other to
dance. Before they left the party, though, they finally worked up the
nerve to chat in the early 1980’s. The thorough analysis of long-term
polysomnographically recorded sleep in humans isolated from tempo-
ral cues revealed that the timing of sleep, and especially of rapid-eye-
movement (REM) sleep, were under strong circadian regulation. How-
ever, it was not easy to convince the sleep field to join the dance. Indeed,
the general belief was that the main driver of human sleep timing was
merely a homeostatic demand for sleep. Simply put, we stay awake until
we are tired enough to fall asleep, and then sleep manifests itself as the
sleep debt is paid; non-REM slow-wave sleep is abundant at the begin-
ning of the night when the sleep debt is high, and less so at the end when
the debt is low, at which time REM sleep becomes more prevalent. In
contrast to this view, the studies by Czeisler and collaborators, done first
under spontaneous circadian desynchrony and later under forced-
desynchrony conditions, provided irrefutable evidence for the circa-
dian regulation of sleep and, more specifically, of REM sleep (Czeisler
et al., 1980a,b). These studies showed that when the rest-activity cycle
was scheduled outside of the limits of entrainment several physiological
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outputs continued to display a circadian rhythm with a period longer
than 24 h. Under these conditions, when scheduled rest coincided with
the circadian temperature minimum, sleep propensity, and particularly
REM sleep propensity, where maximal.

3. Enchantment

Thankfully, this awkward initial encounter was followed by a
healthy relationship that lasted several decades. Borbély’s quintessential
two-process model of sleep regulation was the first blessing of the union,
providing both a powerful visual representation of the two fundamental
forces regulating sleep timing and the progression of sleep stages, as well
as quantitative predictive power for real-life sleep scenarios (Borbely,
1982; Borbely et al., 2016). The two-process model found further so-
phistication in studies that showed that lesions of the suprachiasmatic
nucleus (SCN), the hypothalamic center that timed other behavioral and
circadian rhythms, also abolished the circadian timing of sleep. In
squirrel monkeys, these lesions also increased overall sleep, suggesting
that the role of the C process—enacted by the SCN—was to induce
wakefulness and oppose the S process in its homeostatic drive to sleep
(Edgar et al., 1993). This so-called opponent process, however, did not
apply to other species, in which SCN lesions disrupted circadian regu-
lation of sleep but did not change its overall amount (Mistlberger, 2005).
Meanwhile, the circuitry connecting the SCN and sleep-regulatory cen-
ters began to be mapped (Scammell et al., 2017). Later studies unmasked
the circadian timing of REM sleep in nocturnal rodents, showing that, as
in humans, REM propensity peaked during the circadian temperature
minimum, and pointing to the first putative subregions of the SCN
regulating REM sleep timing (Cambras et al., 2007; Lee et al., 2009).
Multiple studies highlighted the unavoidable impact of the circadian
temperature minimum—a reliable marker of the lowest circadian
wakefulness phase—on nocturnal workers (Wyatt et al., 1999). A
renewal of the vows occurred when clock gene mutations identified in
Drosophila in the early 1970’s paved the way for our understanding of
the genetic basis for several prominent sleep disorders in humans
(Konopka and Benzer, 1971; Ashbrook et al., 2020). Indeed, the
decades-long relationship reached the point at which circadian timing
became a defining feature of sleep for virtually all animals.

Sadly, however, this relationship has since developed a bit of an on-
again, off-again nature. Long-term sleep studies in humans continued
beyond the classic studies but have become scarcer and cost prohibitive
in recent years. Similar studies in animals are rare; indeed, only a
handful of labs focused on sleep are interested in its circadian regulation
and similarly very few circadian labs are dedicated to understanding
sleep as an output of the circadian clock, despite the fact that it is
arguably the output with the most prominent physiological and
behavioral consequences.

Individually, each field has made remarkable strides. The under-
standing of sleep’s functions, despite the fact we have not nailed “the”
function, has increased drastically, and it has become a common subject
not only in clinics but also among policy makers, school superintendents
and union leaders, to name a few. On the other hand, the current un-
derstanding of the circadian clockwork has not only been rewarded with
the Nobel Prize but also left the laboratory. Lessons from circadian
biology impact not just the clinic but also when and what we eat, how
we use artificial lights and how we travel across time zones. Yet despite
these individual successes, the synergism of the circadian-sleep couple
needs new perspectives to thrive.

4. Disenchantment

While the 40-year-old relationship has remained largely healthy, like
in any partnership, there have been setbacks. A significant rate-limiting
factor has been the difficulty of recording polysomnographic sleep long-
term in animal models. What is relatively non-invasive in human-
s—electrodes attached to the scalp for electroencephalographic (EEG)
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recordings—is highly invasive in animals, in which electrocortico-
graphic (ECoG) electrodes need to be implanted through the skull. These
cumbersome implants are typically tethered through wires to amplifiers,
rendering them prone to electrical noise, short-lasting and disruptive of
normal behavior. These limitations have precluded long-term experi-
ments that are essential to unmask circadian properties. In fact, with the
exception of the early courtship days of the circadian-sleep love affair
and a few later encounters, studies that record sleep continuously in
laboratory rodents for more than 2-3 days are rare (Cambras et al.,
2007; Lee et al., 2009; Sanchez et al., 2019; Richardson et al., 1985). The
availability of new minimally invasive long-lasting wireless ECoG im-
plants will likely facilitate long-term (weeks to months) recordings.

A second limitation of long-lasting polysomnographic sleep re-
cordings is that EEG (or ECoG) recordings are typically scored by an
experienced researcher who divides them into 5-10-sec bins and
patiently scores bin after bin. A 1-month study with 10 individuals
produces a few million bins to be scored. This limitation has been
recently circumvented by new sleep-stage scoring algorithms that can
identify the signatures of each sleep stage with reliability similar to a
human operator. This and similar advances have made long-term pol-
ysomnographic recordings in multiple animals a reality (Allocca et al.,
2019; Sanchez et al., 2019; Caldart et al., 2020).

A third problem has been the availability of animal models that
display large amounts of REM—or paradoxical—sleep. This is a limita-
tion not just for sleep research as a whole but specifically for the
circadian-sleep interface, particularly if we aim to gain understanding of
the circuitry and neurochemical basis of the signature circadian regu-
lation of REM sleep.

A fourth fundamental limitation has been the lack of easily accessible
diurnal models. Those of us studying the mechanisms by which the
circadian system regulates sleep are focused on animals that sleep dur-
ing the day and are awake at night. While we may learn a lot about sleep
in nocturnal animals, the use of these animal models to further our
understanding of circadian regulation in humans represents a major
constraint that may greatly mislead us.

5. Couple’s therapy

Any decades-long partnership needs fresh mutual sources of inspi-
ration; if we want to keep the relationship healthy we need to think
proactively about what will rekindle the spark.

The study of circadian rhythms and of behavioral sleep in Drosophila
has been pivotal for our understanding of the circadian regulation of
sleep as well as the discovery of signals that homeostatically regulate
sleep (Toda et al., 2019). However, it is unlikely that these invertebrate
models will reveal much about many important aspects of sleep regu-
lation. The identification of neuronal circuits involved in cortical
arousal, the differential dependence of slow-wave sleep and REM sleep
on circadian regulation, or the changing architecture of sleep cycles
throughout the night, to name a few, are clearly research questions that
demand mammalian models. There is a critical need for reliable animal
models that allow for a combination of sleep-stage recordings, cell
type-specific genetic mutations and the mapping and manipulation of
neural circuits. Mice meet all of these criteria, but rekindling the spark in
the circadian-sleep partnership may demand models that are more
compelling. As new bioengineering tools become available and poten-
tially allow for the development of these capabilities in unconventional
vertebrates, we may need to go back to the comparative physiologist
mindset and develop animal models that are appropriate to answer
questions that are at the core of the sleep-circadian relationship (Rat-
tenborg et al., 2017). An alternative is to continue capitalizing on the
unique transgenic advantages that the mouse offers but exploit newly
emerging naturalistic conditions that induce diurnality, such as the
work-for-food paradigm (Riede et al., 2017). No matter what animal
model the circadian-sleep partnership uses to understand sleep in the
diurnal brain, we should not forget that the timing of sleep has real
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behavioral and physiological tradeoffs under natural conditions, and
that not all diurnality or nocturnality is created equal (Smarr et al.,
2013). Thus, it is critical that the life history of the model species always
remains a central framework in our attempts to understand sleep func-
tion and regulation.

Technology development is critical to expand our understanding of
how the circadian system regulates sleep and specific sleep stages, and
how sleep in turn talks back to the clock. Until now the study of verte-
brate sleep has been made possible by our ability to assess cortical ac-
tivity through EEG and ECoG. But these two fundamental tools of sleep
physiologists also represent the narrowest bottle necks for progress in
sleep-circadian studies. Technologies that allow for the non-invasive
long-term recording of sleep in the brain or its subregions in freely
behaving animals, are desperately needed. It may be time to move
beyond electrodes and leverage imaging strategies, which are starting to
unmask sleep properties in novel sleep animal models (Leung et al.,
2019). Other approaches have used detailed behavioral video tracking
to reliably distinguish sleep stages in mice (Fisher et al., 2012; McShane
et al., 2012). Newer approaches to mapping brain activity in freely
behaving animals can be paired with the exponential increase in the
ability of machine-learning algorithms to detect biologically relevant
patterns. All we need are signatures of sleep stages; after all, slow waves
were an obscure epiphenomenon of the deepest sleep until we discov-
ered how they were generated.

Systems neuroscience has reached a remarkable level of sophisti-
cation with our ability to optogeneticallly or chemogenetically affect the
activity of specific brain regions or even specific neurons within a re-
gion. We can now manipulate the behavioral state of a mouse by either
stimulating or inhibiting specific neural circuits, and switching between
sleep and wake, or between non-REM and REM sleep, is no exception
(Shiromani and Peever, 2017). These strategies will be critical to
maintain healthy progress at the sleep-circadian interface. Lesion
studies in which SCN ablation leads to arrhythmicity in the timing of
sleep can be misleading. For instance, the absence of 24-h-organized
sleep in SCN-lesioned animals could be an indirect consequence of
arhythmic locomotor activity. Similarly the absence of 24-h rhythms in
REM sleep in an SCN-lesioned animal could be the consequence of
arhythmic sleep and not proof of direct regulation of REM timing by the
circadian system, a role that has only been unmasked through internal
desynchrony models. We now know that the SCN is even more hetero-
geneous than previously thought, and that different neuronal subtypes
of the SCN likely play unique roles in maintaining specific circadian
rhythms and sensing the internal and external environment (Bussi et al.,
2020; Wen et al., 2020). Targeting these specific neuronal groups for
excitation and inhibition within the SCN, along with their respective
targets, will represent a key strategy to truly understand the mutual
interactions between the circadian system and sleep centers. Indeed,
these strategies are beginning to be used to reveal the role of specific
neurons in the central pacemaker directly regulating sleep (Collins et al.,
2020). Conversely, transcriptomic and proteomic profiling at the
regional or single-cell level represents a powerful tool to understand
how sleep influences the circadian system both within and outside of the
SCN. For instance, sleep deprivation can modify clock gene expression in
the brain and peripheral tissues (Curie et al., 2015), but it remains to be
determined in which cell types this occurs in and what is the impact of
this change on gene expression. Importantly, these omics approaches are
starting to disentangle circadian from sleep regulation. For instance,
whereas the 24-h oscillation of most synaptic transcripts is under
circadian regulation regardless of sleep state, the 24-h oscillation of
synaptic proteins and their phosphorylation state depend on the alter-
nation of sleep states and not on circadian time (Bruning et al., 2019;
Noya et al., 2019).

These approaches need to be further exploited to address funda-
mental unanswered questions: Why do some species need remarkably
less daily sleep than others? What are the mechanisms behind consoli-
dated vs. highly fragmented sleep in different species? How does a
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similarly ticking central circadian clock promote sleep at completely
different times of the day in diurnal vs. nocturnal species? How is sleep
regulated in species that naturally shift between diurnality and noc-
turnality. What are the mechanisms by which the SCN times REM sleep?
What is the neural basis of internal desynchronization of sleep stages
under circadian desynchronization protocols? What are the biological
consequences of the misaligned sleep architecture that results from
challenges to the circadian system such as shift work, jet lag and the later
chronotypes that artificial light has promoted? How do the circadian
and homeostatic processes interact to sculpt the architecture of each
sleep cycle? Although the study of sleep and of the circadian system are
partners naturally meant for each other it is important we continue to
address these and newly emerging questions to nurture the healthy
evolution of the partnership.

CRediT authorship contribution statement

Raymond E.A. Sanchez: Writing - original draft. Horacio O. de la
Iglesia: Writing - original draft.

Declaration of competing interest
No conflict of interest to declare.
Acknowledgments

Supported by NIH awards RO1 NS110012 and RO1 NS108934 to
HOD, and Washington Research Foundation Innovation Graduate
Fellowship in Neuroengineering to RS.

References

Allocca, G., Ma, S., Martelli, D., Cerri, M., Del Vecchio, F., Bastianini, S., Zoccoli, G.,
Amici, R., Morairty, S.R., Aulsebrook, A.E., Blackburn, S., Lesku, J.A., Rattenborg, N.
C., Vyssotski, A.L., Wams, E., Porcheret, K., Wulff, K., Foster, R., Chan, J.K.M.,
Nicholas, C.L., Freestone, D.R., Johnston, L.A., Gundlach, A.L., 2019. Validation of
*somnivore’, a machine learning algorithm for automated scoring and analysis of
polysomnography data. Front. Neurosci. 13, 207.

Ashbrook, L.H., Krystal, A.D., Fu, Y.H., Ptacek, L.J., 2020. Genetics of the human
circadian clock and sleep homeostat. Neuropsychopharmacology 45, 45-54.

Borbely, A.A., 1982. A two process model of sleep regulation. Hum. Neurobiol. 1,
195-204.

Borbely, A.A., Daan, S., Wirz-Justice, A., Deboer, T., 2016. The two-process model of
sleep regulation: a reappraisal. J. Sleep Res. 25, 131-143.

Bruning, F., Noya, S.B., Bange, T., Koutsouli, S., Rudolph, J.D., Tyagarajan, S.K., Cox, J.,
Mann, M., Brown, S.A., Robles, M.S., 2019. Sleep-wake cycles drive daily dynamics
of synaptic phosphorylation. Science 366.

Bussi, L.L., Sanchez, R.E.A., de la Iglesia, H.O., 2020. Vasopressin neurons: master
integrators of time and homeostasis. Trends Neurosci.

Caldart, C.S., Sanchez, R.E.A., Ben-Hamo, M., Beck, A.L., Weil, T.A., Perez, J.G.,
Kalume, F., Brunton, B.W., de la Iglesia, H.O., 2020. Sleep Identification Enabled by
Supervised Training Algorithms (SIESTA): an Open-Source Platform for Automatic
Sleep Staging of Rodent Polysomnographic Data. bioRxiv, 2020.2007.2006.186940.

Cambras, T., Weller, J.R., Angles-Pujoras, M., Lee, M.L., Christopher, A., Diez-
Noguera, A., Krueger, J.M., de la Iglesia, H.O., 2007. Circadian desynchronization of
core body temperature and sleep stages in the rat. Proc. Natl. Acad. Sci. U.S.A. 104,
7634-7639.

Collins, B., Pierre-Ferrer, S., Muheim, C., Lukacsovich, D., Cai, Y., Spinnler, A.,
Herrera, C.G., Wen, S., Winterer, J., Belle, M.D.C., Piggins, H.D., Hastings, M.,
Loudon, A, Yan, J., Foldy, C., Adamantidis, A., Brown, S.A., 2020. Circadian
VIPergic neurons of the suprachiasmatic nuclei sculpt the sleep-wake cycle. Neuron
108, 486-499 e485.

Curie, T., Maret, S., Emmenegger, Y., Franken, P., 2015. In vivo imaging of the central
and peripheral effects of sleep deprivation and suprachiasmatic nuclei lesion on
PERIOD-2 protein in mice. Sleep 38, 1381-1394.

Czeisler, C.A., Weitzman, E., Moore-Ede, M.C., Zimmerman, J.C., Knauer, R.S., 1980a.
Human sleep: its duration and organization depend on its circadian phase. Science
210, 1264-1267.

Czeisler, C.A., Zimmerman, J.C., Ronda, J.M., Moore-Ede, M.C., Weitzman, E.D., 1980b.
Timing of REM sleep is coupled to the circadian rhythm of body temperature in man.
Sleep 2, 329-346.

Edgar, D.M., Dement, W.C., Fuller, C.A., 1993. Effect of SCN lesions on sleep in squirrel
monkeys: evidence for opponent processes in sleep-wake regulation. J. Neurosci. 13,
1065-1079.

Fisher, S.P., Godinho, S.I., Pothecary, C.A., Hankins, M.W., Foster, R.G., Peirson, S.N.,
2012. Rapid assessment of sleep-wake behavior in mice. J. Biol. Rhythm. 27, 48-58.


http://refhub.elsevier.com/S2451-9944(21)00002-X/sref1
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref1
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref1
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref1
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref1
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref1
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref2
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref2
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref3
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref3
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref4
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref4
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref5
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref5
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref5
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref6
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref6
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref7
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref7
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref7
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref7
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref8
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref8
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref8
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref8
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref9
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref9
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref9
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref9
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref9
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref10
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref10
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref10
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref11
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref11
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref11
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref12
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref12
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref12
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref13
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref13
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref13
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref14
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref14

R.E.A. Sanchez and H.O. de la Iglesia

Konopka, R.J., Benzer, S., 1971. Clock mutants of Drosophila melanogaster. Proc. Natl.
Acad. Sci. U.S.A. 68, 2112-2116.

Lee, M.L., Swanson, B.E., de la Iglesia, H.O., 2009. Circadian timing of REM sleep is
coupled to an oscillator within the dorsomedial suprachiasmatic nucleus. Curr. Biol.
19, 848-852.

Leung, L.C., Wang, G.X., Madelaine, R., Skariah, G., Kawakami, K., Deisseroth, K.,
Urban, A.E., Mourrain, P., 2019. Neural signatures of sleep in zebrafish. Nature 571,
198-204.

McShane, B.B., Galante, R.J., Biber, M., Jensen, S.T., Wyner, A.J., Pack, A.L, 2012.
Assessing REM sleep in mice using video data. Sleep 35, 433-442.

Mistlberger, R.E., 2005. Circadian regulation of sleep in mammals: role of the
suprachiasmatic nucleus. Brain Res. Rev. 49, 429-454.

Noya, S.B., Colameo, D., Bruning, F., Spinnler, A., Mircsof, D., Opitz, L., Mann, M.,
Tyagarajan, S.K., Robles, M.S., Brown, S.A., 2019. The forebrain synaptic
transcriptome is organized by clocks but its proteome is driven by sleep. Science 366.

Rattenborg, N.C., de la Iglesia, H.O., Kempenaers, B., Lesku, J.A., Meerlo, P., Scriba, M.
F., 2017. Sleep research goes wild: new methods and approaches to investigate the
ecology, evolution and functions of sleep. Philos. Trans. R. Soc. Lond. B Biol. Sci.
372.

Richardson, G.S., Moore-Ede, M.C., Czeisler, C.A., Dement, W.C., 1985. Circadian
rhythms of sleep and wakefulness in mice: analysis using long-term automated
recording of sleep. Am. J. Physiol. 248, R320-330.

Neurobiology of Sleep and Circadian Rhythms 10 (2021) 100061

Riede, S.J., van der Vinne, V., Hut, R.A., 2017. The flexible clock: predictive and reactive
homeostasis, energy balance and the circadian regulation of sleep-wake timing.
J. Exp. Biol. 220, 738-749.

Sanchez, R.E.A,, Bussi, L.L., Ben-Hamo, M., Caldart, C.S., Catterall, W.A., De La Iglesia, H.
0., 2019. Circadian regulation of sleep in a pre-clinical model of Dravet syndrome:
dynamics of sleep stage and siesta re-entrainment. Sleep 42.

Scammell, T.E., Arrigoni, E., Lipton, J.O., 2017. Neural circuitry of wakefulness and
sleep. Neuron 93, 747-765.

Shiromani, P.J., Peever, J.H., 2017. New neuroscience tools that are identifying the
sleep-wake circuit. Sleep 40.

Smarr, B.L., Schwartz, M.D., Wotus, C., de la Iglesia, H.O., 2013. Re-examining "temporal
niche". Integr. Comp. Biol. 53, 165-174.

Toda, H., Williams, J.A., Gulledge, M., Sehgal, A., 2019. A sleep-inducing gene, nemuri,
links sleep and immune function in Drosophila. Science 363, 509-515.

Wen, S., Ma, D., Zhao, M., Xie, L., Wu, Q., Gou, L., Zhu, C., Fan, Y., Wang, H., Yan, J.,
2020. Spatiotemporal single-cell analysis of gene expression in the mouse
suprachiasmatic nucleus. Nat. Neurosci. 23, 456-467.

Wyatt, J.K., Ritz-De Cecco, A., Czeisler, C.A., Dijk, D.J., 1999. Circadian temperature and
melatonin rhythms, sleep, and neurobehavioral function in humans living on a 20-h
day. Am. J. Physiol. 277, R1152-1163.


http://refhub.elsevier.com/S2451-9944(21)00002-X/sref15
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref15
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref16
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref16
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref16
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref17
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref17
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref17
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref18
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref18
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref19
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref19
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref20
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref20
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref20
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref21
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref21
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref21
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref21
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref22
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref22
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref22
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref23
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref23
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref23
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref24
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref24
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref24
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref25
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref25
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref26
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref26
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref27
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref27
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref28
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref28
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref29
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref29
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref29
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref30
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref30
http://refhub.elsevier.com/S2451-9944(21)00002-X/sref30

	Sleep and the circadian system: The latest gossip on a tumultuous long-term relationship
	1 Love, not at first sight
	2 First kiss
	3 Enchantment
	4 Disenchantment
	5 Couple’s therapy
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


