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• is "why do we sleep?" the right question to ask?
• how to define sleep?
• proximal vs ultimate causes and functions of sleep
• sleep regulation vs sleep control
• what is sleep homeostasis?
• what is the function (or biological meaning) of sleep

homeostasis?
• neurophysiological / network substrates of slow waves
• local vs global sleep homeostasis
• the relationship between sleep state, sleep homeostasis

and slow waves
• effects of wake activities / behaviour on subsequent

sleep
• relevance of sleep homeostasis for mental health



Why do we sleep?

What for?How come?

Sleep-wake control

Circadian and homeostatic 
regulation

Synaptic plasticity and learning

Cellular maintenance/repair
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If the null hypothesis were right, we would expect to find:

1. animals that do not sleep at all;

2. animals that do not need recovery sleep when they stay awake 
longer; 

3. that lack of sleep occurs without serious consequences.

Rechtschaffen, 1998; Cirelli and Tononi, 2008

The Null Hypothesis of Sleep Function



How to test the null hypothesis?



First, we have to define what 
sleep is…

(1) physical quiescence
(2) a typical body posture
(3) a specific sleeping site
(4) an elevated threshold for arousal / reactivity
(5) rapid state reversibility

Piéron, 1912



http://classic.sidwell.edu

Sleep is universal

“Every animal passes some portion of its time in sleep. This is a rule to which there is no 
exception: although the kind of slumber and the degree of profoundness in which it exists in 
the different classes are extremely various.”

Macnish, 1827



Campbell and Tobler, 1984

Activity and rest in humans and animals



The data collection is still
ongoing. Nevertheless, after
more than three decades
and cognizant of life’s
finitude it was deemed
timely to undertake a first
analysis. Here we focus
upon sleep duration.



Tobler, 1992; Gravett et al., 2017

Sleep in elephants



By strict definition birds in flight
do not sleep because they are
not quiescent

Evidence that birds sleep in mid-flight

Rattenborg et al., 2016

Using electroencephalogram recordings of great frigatebirds (Fregata minor) flying over the
ocean for up to 10 days, it was shown that they can sleep with either one hemisphere at a
time or both hemispheres simultaneously.



Sleep is a complex phenotype



sleepwake



Unihemispheric sleep in marine mammals



Castelnovo et al., 2018

Coexistence of sleep and wake EEG activities 
during parasomnias



Borbély, 1982; Daan et al., 1984; Achermann et al., 1993

Sleep is regulated by the circadian 
clock and sleep-wake history

“Process C” “Process S”

NREM sleep EEG
Slow Wave Activity



• Homeostatic regulation involves three essential parts: a sensor that measures the
controlled variable, an integrator that processes information and compares the
variable to a set point (or rather the optimal range within which the controlled
variable can vary), and effectors that respond to the commands of the integrator
when the level of the variable deviates from set point.

• None of these three parts are known with certainty in sleep because we do not know
what function(s) sleep fulfills.

• Although we have identified variables that reliably track the prior sleep–wake
distribution, it is likely that these are not themselves the homeostatically regulated
variables but rather reflect an underlying process.

Homeostatic regulation of sleep refers to the 
capacity to sleep longer or more intensely to 

compensate for sleep deficit 



• Which biological variables form the substrate of “sleep need”?
• What characteristics of wake challenge their stability?
• How information about sleep-wake history is integrated over space and time?
• How sleep mediates the restoration of homeostasis?

Does homeostatic sleep regulation reflects an active process,
which reflects a physiological need for the homeostatic regulation
of specific variables?

or

Does it correspond instead to an unknown innate time-keeping
process which ensures that a certain daily quota of sleep is
obtained?

Thomas et al., 2020

Key open questions







What is the substrate of sleep homeostasis?

…and how to measure it?



wake

sleep

Brain activity during waking and sleep 
in humans and rats

1 sec 1 sec

Human Laboratory rat



Our typical night

Achermann and Borbéy, 2003



SWA after sleep deprivation and daytime nap

Achermann and Borbéy, 2003



Effects of 6-h sleep deprivation
on EEG slow-wave activity in mice

sleep
deprivation



Hours

0 6 12 18 24 30 36

S
W

A
 in

 N
R

E
M

S
 (

%
 2

4
-h

 b
as

e
lin

e)

0

50

100

150

200

250

300
16-h SD

12-h SD

6-h SD

SD 6h (n=8)
SD 12h (n=9)
SD 16h (n=9)

Sleep deprivation results in a “dose-dependent” 
increase of SWA during NREMS in rats

Vyazovskiy, Endo, Tobler, unpublished
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with high and low absolute SWA



Large inter-individual differences in absolute
SWA among young healthy subjects

Subject 1: high SWA Subject 2: low SWA

Is there a difference in relative SWA?

Data from Eric Landsness et al.



The relative dynamics of SWA is similar in human
subjects with high and low absolute SWA
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What is the biological meaning 
of sleep homeostasis?



If the null hypothesis were right, we would expect to find:

1. animals that do not sleep at all;

2. animals that do not need recovery sleep when they stay awake 
longer; 

3. that lack of sleep occurs without serious consequences.

Rechtschaffen, 1998; Cirelli and Tononi, 2008

The Null Hypothesis of Sleep Function



Borbély, 1975; Tsai et al., 2009; Muindi et al., 2013; Hubbard et al., 2021

Acute effects of light on sleep
in laboratory rats and mice



Light-induced sleep: 
does sleep-wake history matter?



Hours

Investigating the effects of 1-h light pulse 
at ZT14 and ZT18 

Wake
NREM sleep
REM sleep

Ramkisoensing, Hasan et al., unpublished



Light induces sleep at ZT14 but not at ZT18 
despite similar amount of sleep 

during corresponding baseline intervals

Ramkisoensing, Hasan et al., unpublished



Light does not induce sleep 
when sleep pressure is low

Ramkisoensing, Hasan et al., unpublished
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What are the underlying 
neurophysiological substrates 

of slow waves?



1 sec

100 µm

200 µm

2 mm

Vyazovskiy and Harris, 2013 

Cellular and network mechanisms
of slow waves

Slow wave

OFF period



The slow oscillation

www.med.yale.edu/neurobio/mccormick



Network and cellular mechanisms 
of slow waves

Vyazovskiy and Harris, 2013; Timofeev and Bazhenov, 2005

• the slow oscillation survives extensive thalamic lesions in vivo and exists in cortical 
in vitro preparation.

• during slow oscillation the entire cortical network alternates between silent 
(Hyperpolarizing, or Down) and active (Depolarizing, or Up) states.

• during EEG depth-positivity, cortical neurons remain in hyperpolarized, silent state.
• during EEG depth-negativity cortical neurons move to active states



Longer OFF periods are associated with 
higher amplitude LFP slow wave

OFF



Cortical slow-waves and OFF periods 
during sleep reflect sleep-wake history

Baseline
After SD

high sleep pressure low sleep pressure

McKillop et al., 2018



Local slow waves and OFF periods

Sirota and Buzsáki, 2005 



Nir et al., 2011

Local slow waves during sleep in humans



Slow oscillations are traveling waves 
“originating from a single point of origin”

Massimini et al., 2003



Sleep as a default state of cortical networks?

Lemieux et al., 2014



Watanabe et al. 1999; Vanhatolo and Kaila, 2006

Temporal and spatial features of scalp 
EEG during quiet sleep in a preterm baby

5 sec



Schmitt et al., 2012

Brain activity during deep coma and anesthesia

Isoflurane anaesthesia

Severe brain injury



Edelman, 1987 

Neural Darwinism: 
developmental selection 

and experiential selection



• sleep originates at a local level of neuronal groups;

• sleep "results in the use, and thus maintenance, of synapses
unstimulated during wakefulness" but "which are potentially
necessary for adaptability to environmental challenge", thereby
"serving to reserve a constancy of a synaptic superstructure
important to brain organization" (1993);

• during sleep: locally produced growth factors “mediate a final
consolidation of newly formed synapses as a result of preceding
waking activity” (1999)

A neuronal group theory of sleep function
by Krueger and Obál



• Earlier theories of sleep presumed that it occurred at the level of the
whole organism and that it was governed by central control
mechanisms.

• However, evidence now indicates that sleep might be regulated at a
more local level in the brain: it seems to be a fundamental property of
neuronal networks and is dependent on prior activity in each network.

• Such local-network sleep might be initiated by metabolically driven
changes in the production of sleep-regulatory substances.

Sleep as a fundamental property of 
neuronal assemblies

Krueger et al., 2008 



What is the relationship between 
sleep state, sleep homeostasis

and slow waves?



Vyazovskiy et al., 2011 
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Sleepiness/Coma

Lesion in the 
brainstem

Lesion in the 
anterior part of the 
hypothalamus

Insomnia

Von Economo, 1916, Saper et al., 2005

“The sleep switch”: hypothalamus and brainstem

Konstantin von 
Economo, 1916



Subcortical sleep-wake switch

Andretic et al., 2008; Saper et al., 2010; Brown et al., 2012; Weber and Dan, 2016



Dijk et al., 1993 Vyazovskiy et al., 2009

EEG power spectra in waking, NREM sleep 
and REM sleep



NREM
REM

EMG variance

EMG variance

Muscle atonia during REM sleep in mice

occipital EEG

Krone et al



Funk et al., 2016

Local slow waves during REM sleep in mice 



Coexistence of NREM and REM sleep patterns 
of brain activity in mice 
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Animals that challenge traditional 
definitions of REM sleep

Blumberg et al., 2020



What is the physiological role of slow waves?
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Synaptic homeostasis hypothesis (SHY)

Tononi and Cirelli, 2003, 2014

• Wakefulness is associated with synaptic potentiation in several cortical circuits;
• Synaptic potentiation is tied to the homeostatic regulation of slow-wave activity;
• Slow-wave activity is associated with synaptic downscaling;
• Synaptic downscaling is tied to the beneficial effects of sleep on performance.



Naidoo et al., 2008; Vyazovskiy and Harris, 2013; Cirelli et al., 2004; Hughes and Mallucci, 2018

Sleep deprivation upregulates
molecular markers of UPR in the brain



Do wake behaviour / activities matter?



Mice stay awake spontaneously
running on a wheel during the dark period 

Hours



Running wheel access affects 
wake-sleep architecture

SWA (μV2)

With Running Wheel

Waking
NREMS
REMSWithout Running Wheel

2 hours

Vyazovskiy et al., 2006; Vyazovskiy and Tobler, 2012



Continuous spontaneous performance
in a simple touch screen task

Milinski et al., 2021



Engagement in a simple automatic behaviour
during the light period is “wake-promoting”



Milinski et al., 2021

Sleep SWA is determined not only by preceding 
wake duration but also wake “quality”



Why is it important to study 
the mechanisms and functions 

of slow waves and sleep homeostasis?



Borbély and Wirz-Justice, 1982; Nutt et al., 2008

About three quarters of depressed 
patients have insomnia symptoms

Sleep in endogenous depressives is often characterized by:
(1) the intrusion of wake periods into the sleep process; 
(2) the altered proportion and pattern of sleep stages; 

“depression bears some similarity to 
precocious ageing”



Borbély and Wirz-Justice, 1982

The relationship between sleep and depression has a most puzzling aspect:

On one hand, sleep disturbances are among the most common symptoms in
depression, and the particular type of altered sleep pattern is highly characteristic for
the disease.

On the other hand, the deprivation of night-time sleep often results in a distinct,
though usually short-lived, improvement in depressive symptomatology.

Process S deficiency hypothesis



Antidepressant effects of selective slow wave 
sleep deprivation in major depression

Tasali et al., 2008; Landsness et al., 2011

While the participant was asleep in a sound-attenuated room, the
hdEEG recording was remotely monitored in real-time. Each time
a slow wave (0.5-4.5 Hz; > 75 mV) was visually detected, an
auditory tone (500 - 2000 Hz; 40-110 DB; 1-2 s) was delivered
through a loudspeaker placed next to the participant’s bed
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