
Neurobiology of Sleep and Circadian Rhythms 10 (2021) 100060

Available online 25 January 2021
2451-9944/© 2021 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Challenging sleep homeostasis 
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A B S T R A C T   

In this commentary, I play the Devil’s advocate and assume the title of High Contrarian. I intend to be pro-
vocative to challenge long-standing ideas about sleep. I blame all on Professor Craig Heller, who taught me to 
think this way as a graduate student in his laboratory. Scientists should fearlessly jump into the foaming edge of 
what we know, but also consider how safe are their intellectual harbors. There are many ideas we accept as 
‘known’: that sleep is ubiquitous in the animal kingdom, that it serves vital functions, that it plays an essential 
role in brain plasticity. All of this could be wrong. As one example, I reexamine the idea that sleep is regulated by 
a mysterious ‘homeostat’ that determines sleep need based on prior wake time.   

1. Introduction 

In this commentary, I play the Devil’s advocate and assume the title 
of High Contrarian. I intend to be provocative to challenge long-standing 
ideas about sleep. I blame all on Professor Craig Heller, who taught me 
to think this way as a graduate student in his laboratory. Scientists 
should fearlessly jump into the foaming edge of what we know, but also 
consider how safe are their intellectual harbors. There are many ideas 
we accept as ‘known’: that sleep is ubiquitous in the animal kingdom, 
that it serves vital functions, that it plays an essential role in brain 
plasticity. All of this could be wrong. As one example, I reexamine the 
idea that sleep is regulated by a mysterious ‘homeostat’ that determines 
sleep need based on prior wake time. 

2. What if there is no such thing as sleep homeostasis? 

A central tenet about sleep is that it is controlled by at least two 
regulatory mechanisms. A circadian mechanism (Process C) determines 
the timing of sleep and wakefulness and a homeostatic mechanism 
(Process S) determines sleep propensity based on prior wake time (or 
possibly the absence of sleep). Only one of these mechanisms has been 
irrefutably demonstrated to exist on a molecular, anatomical, cellular, 
electrophysiological and behavioral level (Saper, 2013; Hardin and 
Panda, 2013; Allada et al., 2017). 

Let us first consider the behavioral and electrophysiological evidence 
for a distinct Process S. Currently the strongest evidence is changes in 
mammalian non(N)REM EEG slow wave activity (SWA: a metric of sleep 
intensity). It is an accepted tenet that mammalian NREM SWA rises and 

falls in proportion to sleep propensity. A 2 Process model based on 
NREM SWA dynamics (Process S) and interactions with a Process C has 
proven highly predictive of sleep propensity under a range of experi-
mental manipulations in humans and other mammals (Dijk and Kro-
nauer, 1999). No other sleep metric (across mammalian species) 
changes in response to prior wake time (or sleep deprivation: SD) in 
similar, proportional, and compensatory ways (Borbely et al., 1982; 
Borbely and Achermann, 1992; Franken et al., 1991a, 1991b; Borbély, 
2001). For example, sleep time can be increased by factors other than 
prior wake time. This has been shown in acute stress paradigms (such as 
restraint stress), which increase sleep time but in a manner unrelated to 
the amount of preceding wakefulness (Cespuglio et al., 1995). Sleep 
time lost during deprivation in vertebrates is not consistently recovered 
during the post-SD period, nor can it be modeled as a saturating func-
tion, as is true for NREM SWA (Horne, 1985; Beersma and Daan, 2015). 
Other changes observed after SD (e.g. alertness, decreased latency to 
sleep) are heavily influenced by biological clocks (Jewett and Kronauer, 
1999), and are not used as primary indices of Process S. 

Nevertheless, there have always been troubling findings with NREM 
SWA and a presumed Process S. NREM SWA can undershoot baseline 
values during recovery from SD or increase during extended sleep time. 
These findings do not easily comport with a homeostatic mechanism 
that maintains a set-point for sleep based on prior wake time (Franken 
et al., 1991b; De Koninck et al., 1996; Gagnon et al., 1985; Feinberg and 
March 1995). If decreases in NREM SWA reflect a discharge of sleep 
pressure (Dijk and Kronauer, 1999), then one would predict that inter-
fering with its expression should delay wake time. This does not appear 
to be the case (Dijk and Kronauer, 1999). NREM SWA can also be 
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disconnected from prior wake time under certain conditions. One 
example is early in life, as precocial mammalian species show large 
amounts of NREM SWA in utero at ages when wake time in miniscule 
(Davis et al., 1999) (and see (Davis et al., 2011) for additional exam-
ples). This does not fit a simple 2 process model by which sleep pro-
pensity is determined by prior wake time. Although Process S should be 
connected to sleep function (Benington, 2001), reductions in NREM 
SWA do not always result in negative effects on restorative or functional 
effects of sleep (Greene and Frank, 2010; Seibt et al., 2008). More 
recently, the entire relationship between NREM SWA and Process S has 
been questioned. The portion of SWA responsive to sleep loss resolves 
itself within 60 min and may be influenced by physiological variables 
unrelated to Process S. This challenges previous mathematical models 
describing changes in NREM SWA proportionate to prior wake time 
(Hubbard et al., 2020). All other electrophysiological measures of Pro-
cess S (e.g., neuronal firing rates (Vyazovskiy et al., 2009)) must also 
now be reconsidered, as they are interpreted in terms of changes in 
NREM SWA. 

Next, let us consider the physiological basis for a presumed Process S. 
For comparison it is useful to start with what we know about biological 
clocks. In mammals, there is a comprehensive body of work that iden-
tifies the anatomical location of the master clock (the suprachiasmatic 
nucleus: SCN), the molecular mechanisms that generate timekeeping in 
the clock, and circuits that connect the clock to other regions of the 
central and peripheral nervous system that result in 24-h rhythms in 
behavior, hormone release, and autonomic function (Saper, 2013; 
Hardin and Panda, 2013). In contrast, there is no consensus as to where 
the mammalian ‘sleep homeostat’ exists in the brain, no accepted mo-
lecular model that explains the biological basis of Process S, and no 
accepted explanation for how such a process influences (and is informed 
by) sleep. 

To expand on this point, several brain regions have been proposed as 
the mammalian sleep homeostat, but what is often described are circuits 
necessary for switching between brain states. These circuits do not 
display electrophysiological activity or molecular patterns indicative of 
a process sensing prior wake time and adjusting sleep intensity 
accordingly. For the most part, they are either ‘wake’ active or ‘sleep 
active’ (Saper et al., 2001; Porkka-Heiskanen, 2013; Donlea et al., 
2017). The basal forebrain, for example, has been proposed as housing 
the mammalian sleep homeostat. Indeed, activation/inhibition of 
different types of basal forebrain neurons can increase/decrease sleep 
time or intensity. Unfortunately, the basal forebrain is comprised of 
many different cell types and it is unclear which cells (if any) sense sleep 
propensity, and which are involved in state-switching vs. homeostasis 
(Strecker et al., 2000; Porkka-Heiskanen et al., 1997; Peng et al., 2020; 
Zant et al., 2016; Kalinchuk et al., 2008). There is some consensus 
concerning a mammalian mediator of Process S (i.e. adenosine), but less 
agreement about how adenosine is released (and by which cells) and the 
primary sites of action necessary and sufficient for Process S (Donlea 
et al., 2017; Benington and Heller, 1995; Huang et al., 2007; Lazarus 
et al., 2019). 

In contrast to mammals, an increasingly well-defined set of circuits, 
inputs and outputs necessary for a putative sleep homeostat have been 
identified in Drosophila melanogaster (Allada et al., 2017; Donlea et al., 
2017). On the other hand, it is not clear if what is being measured is a 
true homolog to mammalian Process S. There is no intensity dimension 
in insect sleep (based on electrophysiology or brain imaging) compa-
rable to NREM SWA (Bushey et al., 2015; Nitz et al., 2002; Yap et al., 
2017), therefore changes in sleep time are principally used to determine 
homeostasis. Yet, as discussed above, sleep time is not an accurate 
metric of mammalian Process S, which should make one cautious in 
accepting this metric in non-mammalian species. In fact, compensatory 
increases in Drosophila sleep after SD do not make up for lost sleep time 
(as is also true in mammals) and may be more under the control of clocks 
rather than a separate homeostat (Shaw et al., 2000; Hendricks et al., 
2000; Geissmann et al., 2019; Huber et al., 2004). Other putative 

measures of invertebrate sleep homeostasis (Huber et al., 2004) (e.g. 
changes in arousal thresholds, latency to sleep) are not considered 
reliable indices of mammalian Process S and have not led to mathe-
matical and predictive models of invertebrate sleep propensity. 

In summary, it is possible that sleep homeostasis is a mirage. It 
represents yet another switch in sleep/wake mechanisms that when a 
certain threshold of waking is exceeded, it engages other switches that 
trigger sleep onset. This would explain why mammalian sleep pro-
pensity appears to discharge within 60 min (Hubbard et al., 2020). This 
might also be entirely explained in mundane ways as increasing re-
fractory periods in waking circuits (based on known principles of syn-
aptic transmission) that release sleep-inducing circuits from inhibition. 
In other words, no special separate Process S need exist. 

3. Counterpoint 

As an exercise, I took a contrarian position in my discussion of the 
rarely challenged idea that sleep is homeostatically regulated. But of 
course, things are not so simple, and a discussion of some counterpoints 
is necessary. 

I presented two arguments against Process S. The first essentially 
deals with how sleep homeostasis is defined, based on the current best 
metric of Process S (NREM SWA). The second deals with the absence of a 
central ‘master’ sleep homeostat comparable to the mammalian SCN. 
Addressing the first argument, as originally conceived, NREM SWA is an 
index of a deeper brain process that requires sleep and is not necessarily 
the process itself (Horne, 1985; Beersma and Daan, 2015). Therefore, 
disconnections between NREM SWA and neural outcome measures (e.g., 
cognition, brain metabolism) are to be expected. The distance from this 
measure (NREM SWA) from that function (whatever it is) introduces 
variability. For example, NREM SWA has been hypothesized to decrease 
synaptic strength (Tononi, 2009). But there is no convincing direct ev-
idence in vivo demonstrating that the accumulation and discharge of 
NREM SWA is driven by or drives changes in synapses (Frank, 2012). 
The mere presence of NREM SWA could be conducive to synaptic 
remodeling, but its build up and discharge may reflect some other, un-
related process. This may explain why no clear picture has emerged 
concerning the role of NREM SWA in synaptic plasticity (Seibt and 
Frank, 2019; Klinzing et al., 2019; Steriade and Timofeev, 2003; Tim-
ofeev and Chauvette, 2017). Therefore, an important challenge is to test 
direct links between this measure of sleep propensity and proposed sleep 
functions. Recent findings showing that sleep propensity dissipates 
within 60 min are more difficult to explain (Hubbard et al., 2020), but it 
would be premature to disregard hundreds of studies based on a single 
report. It is important that these findings be replicated and subjected to 
further tests using subjects with variable time courses of Process S 
(Franken et al., 2001) as well as mutants that show increases and de-
creases in the compensatory response to SD (Shaw and Franken, 2003). 

Turning to the second argument, let us consider that the sleep 
homeostat is not a centralized nucleus but is instead an emergent 
property of a more diffuse matrix of brain cells. Astrocytes form a dense 
cell matrix throughout the brain, which allows them to sample sur-
rounding neuronal activity and provide feedback. This provides a simple 
means of adjusting set-points in neural metabolism, neuronal energy 
supply, or synaptic transmission (Benington and Heller, 1995; Frank, 
2013). Astrocyte homeostats could mediate ‘local’ sleep (via feedback 
onto subsets of neurons) as well as global changes in sleep architecture 
and EEG activity (via direct influence on state-switches). These ‘pe-
ripheral’ and ‘central’ sleep homeostats may be synchronized by global 
changes in neuromodulators (Frank, 2013). This view is supported by 
findings in mammals and invertebrates, where astrocytes have been 
shown to track sleep propensity and influence compensatory changes in 
sleep after SD (Frank, 2013; Ingiosi et al., 2020; Liu et al., 2016; Blum 
et al., 2021; Halassa et al., 2009). Therefore, perhaps we haven’t found 
the ‘sleep homeostat’ because we have been looking in the wrong place. 

M.G. Frank                                                                                                                                                                                                                                       
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4. Concluding remarks 

This commentary is not intended to be an exhaustive pro and con on 
the seminal idea that is sleep homeostasis. It is rather presented as a 
provocative prod for further investigation of this and other central topics 
in sleep. Scientists have made extraordinary progress, but many of our 
most accepted ideas should be periodically revisited with an inquisitive 
eye. I chose one idea, but many more could be (should be) subjected to 
similar interrogation. 
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