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CHAPTER 1

Basic Mechanisms of
Sleep
Sleep is a familiar yet mysterious expe-
rience. Every one of us falls asleep ev-
ery night, and we spend almost a third
of our life asleep. Yet it is a bizarre phe-
nomenon: After a tiring day, we lose con-
sciousness for a few hours and on wak-
ing up we usually feel refreshed and ready
to start the day with renewed energy.
Good sleep is appreciated as an enjoy-
able and refreshing experience. On the
other hand, poor sleep has a severe impact
on our daily life, being one of the most
commonly reported complaints (Wilson
et al., 2010). In fact, insomnia is the
most common symptom in mental dis-
orders (Borsboom et al., 2011). Despite
the familiar experience with sleep and its
relevance to our life, it has proved diffi-
cult to decipher the mechanisms under-
lying the generation and maintenance of
sleep. The difficulties in understanding
sleep arise from the complex nature of
this phenomenon and its multifaceted re-
lationship with waking cognitive function-
ing. Determining when sleep begins and
ends remains an open question, and even
the distinction between conscious wake-
fulness and sleep is, on closer inspec-
tion, deceptively hard to define. Answer-
ing these questions, however challenging,
would strongly further our understand-
ing of the neural mechanisms of sleep and
might give unique insights into the nature
of consciousness.
Early attempts at determining the

sleep state relied on the behavioral mark-
ers associated with it. Sleeping animals
show stereotypical behavioral elements,
such as decreased movement, character-
istic posture (e. g. lying), rapid reversibil-
ity (unlike coma), increased threshold to
arousals, and homeostatic control of the
resting periods, such sleep rebound after
sleep deprivation (Fig. 1.1) (Campbell et

Figure 1.1: Sleep has often been described as a
property of the whole organism. This giraffe (Gi-
raffa camelopardalis) show stereotypical behavior
associated with sleep, such specific posture, de-
creased behavioral activity, and increased threshold
to arousals (adapted from Tobler and Schwierin,
1996).

al., 1984). The behavioral description of
sleep has been extremely fruitful in an-
imal research, especially in comparative
biology (Cirelli and Tononi, 2008; Siegel,
2008), but this definition does not cap-
ture the complexity and variety of neu-
ronal processes of the brain and, in more
complex organisms, might fail to dissoci-
ate between physical immobility and wak-
ing conscious experience. The limitations
of this approach are most evident in in-
somniacs, who might spend hours lying in
bed, thus suggesting a sleep state at the
behavioral level, but report to be com-
pletely awake. Because of the unreliabil-
ity of the behavioral characteristics to de-
fine the sleep state and the importance
of the conscious state in our understand-
ing of sleep, it is necessary to recognize
the centrality of the brain in the genera-
tion and maintenance of sleep, and to use
the state of the brain activity as a marker
which differentiates sleep from wakeful-
ness (Hobson, 2005).
In the history of sleep research, the cen-

trality of the brain became apparent with
the observations that the neuronal activ-
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BASIC MECHANISMS OF SLEEP

Figure 1.2: One of the first scalp encephalographic recordings in humans shows the remarkable difference
in brain activity between sleep (indicated by A on the right-hand side) and wakefulness (indicated by B
on the right-hand side). Time in seconds given by dots at top (Loomis et al., 1935).

ity generates electrical currents (Berger,
1929) and these electrical currents are
intimately associated with the conscious
level (Loomis et al., 1937). The brain ex-
hibits a large repertoire of different fluc-
tuations in electrical potentials, which
can be measured by electrodes with elec-
troencephalography (EEG). These fluc-
tuations are sometimes organized in os-
cillations, which are commonly defined
by their dominant frequency (Bullock
et al., 2003). Oscillatory activity dur-
ing the waking state is mostly concen-
trated in high-frequency bands, such as
alpha (8–12 Hz), beta (12–30 Hz), and
gamma (>30 Hz) oscillations (Buzsáki
and Draguhn, 2004; Lopes da Silva, 2013;
Nunez and Srinivasan, 2006). In the tran-
sition from wakefulness to sleep, the elec-
trical potentials of the brain tend to in-
crease in amplitude while their peak fre-
quency decreases. The general slowing-
down of the electrical potentials during
sleep is often punctuated by sleep spin-
dles, brief and intense burst of oscillatory
activity (Loomis et al., 1935), and, in the
deeper stages of sleep, the landscape is
dominated by slow waves (Loomis et al.,
1938) (Fig. 1.2).
The presence of these markers in the

EEG recordings became quickly an effi-
cient quantitative method to determine

the waking or sleep state of a person
and to subdivide the sleep period into
stages (Davis et al., 1938; Rechtschaffen
and Kales, 1968). The latest iteration
of the scoring manual, the AASM 2007
(Iber et al., 2007), prescribes the classi-
fication into wakefulness, non-rapid eye
movement (NREM) stage 1 (or drowsi-
ness), NREM stage 2 (where spindles are
most prevalent), NREM stage 3 (charac-
terized by large slow oscillations), and
rapid eye movement (REM) sleep.
All the scoring classifications rely on

the implicit assumption that wakefulness
and sleep affect the whole brain uni-
formly. When a participant is deemed
to be in NREM stage 2, we consider the
whole brain and in fact the whole or-
ganism asleep. Besides finding support
in the common intuition that people are
either awake or asleep, this interpreta-
tion matches nicely with neurophysiologi-
cal, pharmacological, and molecular stud-
ies on the different stages of sleep (Ste-
riade and McCarley, 2005). The pres-
ence and level of neurotransmitters are
strongly linked to the current state, such
as high levels of acetylcholine can be
observed during wakefulness and REM
sleep, but not during NREM sleep, while
norepinephrine (NE), which is released
chiefly during wakefulness and also during
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CHAPTER 1

NREM sleep, is practically absent dur-
ing REM (McCarley, 2007). Most neu-
rotransmitters are released by specialized
nuclei usually located in the deeper re-
gions of the brain, such as the brainstem
and the ventrolateral preoptic nucleus
(VLPO) (Nieuwenhuys et al., 1998). Be-
cause they project rather uniformly over
cortex, these nuclei are thought to control
the state of the organism, by switching
on or off the activity of wake- and sleep-
promoting brain areas (Lu et al., 2006;
Pace-Schott and Hobson, 2002).
The assumption that the state of the

whole brain can be accurately character-
ized by the classification in sleep stages
has been extremely influential in sleep
research. For example, studies investi-
gating the correlation between the dura-
tion of particular sleep stages and cog-
nitive performance have helped to eluci-
date the relationship between sleep and
memory (Fogel et al., 2007; Peters et al.,
2007; Stickgold et al., 2000; Tamminen
et al., 2010; Walker, 2005). Quantifica-
tion of the prevalence and duration of
sleep stages has also been proven useful
in describing a wide range of sleep disor-
ders, and has become a valuable assess-
ment tool in the diagnosis of several men-
tal disorders, such as depression and post-
traumatic stress disorder (Staner, 2010).

Local Sleep
While considering sleep as a property
of the whole brain has been a useful
paradigm for research and clinical pur-
poses, there is considerable and growing
evidence that sleep might not affect the
brain uniformly at the same time. Al-
ready the pioneers of EEG research into
sleep observed that:

“The transition from A (waking)
to B (‘floating’ or sleep) is not
simultaneous in all parts of the

brain. The alpha waves may be
suppressed and the delta waves
appear in one part while the al-
pha rhythm continues normally
in another region [. . . ]. This
condition merits further study,
for apparently different parts of
the brain may ‘go to sleep’ sep-
arately and to different degrees.
It makes quite meaningless any
question as to the exact moment
at which a person falls asleep.”

— Davis et al. (1937, p. 449)

The observation of multiple sleep stages
contemporaneously present in the same
brain found evidence in marine mammals,
such as dolphins, which showed elements
of unilateral sleep: one hemisphere might
enter show slow wave sleep, while the
other had the electrical signature typical
of wakefulness, while behaviorally the an-
imal kept on moving and reacting to the
environment (Mukhametov et al., 1977;
Mukhametov, 1984). This evidence par-
alleled the findings of the coexistence of
dissociated sleep-like and wake-like EEG
patterns in restricted cortical areas in pa-
tients with parasomnia (Terzaghi et al.,
2009). The observation that sleep might
be a local process has found confirmation
in studies in healthy human participants.
Training one specific region during wake-
fulness leads to increased activity charac-
terized by slow oscillations during subse-
quent sleep in that area only (Huber et
al., 2004; Kattler et al., 1994) and, con-
versely, arm immobilization during wake-
fulness decreases the need for sleep in the
brain regions involved in motor control
(Huber et al., 2006). In addition, ani-
mal studies in rodents have allowed re-
searchers to quantify, with high spatial
resolution, the state of single brain ar-
eas separately. Physiological markers of
sleep can be recorded within single cor-
tical columns (Rector et al., 2009, 2005),
and brain regions in awake animals that
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LOCAL SLEEP

Figure 1.3: Intracranial recordings in human patients without reported sleep disturbances indicate that
sleep might be localized in single brain regions. The trace recorded at motor cortex (Mc) shows a short-
lasting local activation, while the other two traces recorded in the dorso-lateral prefrontal cortex (dlPFc)
and on the scalp (Fz-Cz) are characterized by a burst of slow waves (adapted from Nobili et al., 2011).

were sleep-deprived for long periods of
time would manifest local patterns of ac-
tivity typical of deep sleep (Vyazovskiy
et al., 2011). These observations, among
others (Fig. 1.3), challenge the notion
that sleep is a unitary phenomenon and
have led to proposals that aspects of sleep
can occur within delimited cortical re-
gions (Krueger et al., 2008; Nobili et al.,
2012).
The proposal that sleep is a local phe-

nomenon, circumscribed to limited brain
areas, however, raises two questions. The
first question is the minimal unit that can
be described as being asleep. In other
words, it is necessary to specify whether
sleep should be regarded as a property
of the full organism, of the brain only,
or of some subregions of the brain. If
sleep is defined as the change in the input-
output state, the smallest unit would be
the cortical column (Krueger et al., 2008;
Rector et al., 2009). In a more extreme
fashion, and overcoming the question on
the validity of the columnar concept (Hor-
ton and Adams, 2005), some authors have
suggested that sleep can be ascribed to

the single neurons if it is defined as an
altered physiological state characterized
by changes in membrane potentials (Vya-
zovskiy et al., 2011) or protein transcrip-
tion (Cirelli, 2009; Colwell, 2011). How-
ever, it is hard to conceptualize sleep as
a property of single neurons. Firstly,
not all neurons are equally affected by
the waking or sleep state (Steriade et al.,
2001). Secondly, because most neurons
are thought to be silent at any given mo-
ment, periods of silence in one single neu-
ron do not unequivocally indicate that the
neuron is asleep, but they could be the
temporary consequence of lower excitabil-
ity. Thirdly, the extremely high level of
connectivity of a neuron (which might re-
ceive input from thousands of other neu-
rons) indicates that the firing rate is de-
pendent on the wiring pattern and on the
state of the neuronal network. Fourthly,
even though there have been reports of
sleep-like state in single neurons, the vast
majority of neurons enter and exit the dif-
ferent stages at the same time, due to
the coordinating activity of a few highly
specialized nuclei with broad projections
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CHAPTER 1

over the cortex (Lu et al., 2006; Pace-
Schott and Hobson, 2002). For exam-
ple, the circadian rhythm, which synchro-
nizes the wake-sleep rhythm with the day-
night cycle and has a dramatic influence
on the sleep pattern, is controlled by a
20000 pacemaker neurons in the suprachi-
asmatic nucleus (Reppert and Weaver,
2002). Therefore, the minimal unit that
can be considered asleep should not be
considered either the brain or the sin-
gle neuron but should fall somewhere be-
tween these two extremes.
The second issue arising from accepting

the local sleep theory is finding a satisfac-
tory criterion of the number of neurons
or brain regions that need to be asleep
before we should consider the whole or-
ganism asleep. If each region can express
sleep-like characteristics and can enter or
exit the wake state independently of other
regions (Nobili et al., 2012; Sarasso et al.,
2014), it is necessary to find a line of de-
marcation between an organism’s being
awake and its being asleep. Simply count-
ing the number of neuronal populations
that are in the sleep state is not a sen-
sible approach, both because the bound-
aries between brain areas are not clearly
demarcated and because certain regions,
such as the thalamus, might play a partic-
ularly influential role in determining the
wake or sleep state of a person.
It is important to recognize that both

questions arise from the difficulty in set-
ting the boundary between local and
global processes. The first issue hinges
on the crucial decision of what should be
considered the minimal local unit that
can be asleep. The second issue boils
down to the problem of how individual
local processes can influence the global
state. A solution to these difficulties lies
in abandoning the assumption that each
local process has an input and output
which are independent of other local pro-
cesses. While considering each brain re-

gion or neuron in isolation allows us to
manipulate more easily the experimental
design, it severely undermines our ability
to understand the mechanisms underlying
sleep and the various brain states, as these
phenomena strictly depend on the inter-
action between neuronal populations.
The central tenets of this thesis are

that studying one region in isolation is
not sufficient to foster our understanding
of the brain mechanisms responsible for
sleep and that sleep and its role in wak-
ing cognition are the result of the con-
cerned contribution of multiple brain re-
gions. The necessity to investigate the de-
gree of connectivity between brain regions
associated with sleep derives from the em-
pirical observation that the most charac-
teristic EEG signatures of the sleep peri-
ods, slow waves and spindles, arise from
the interaction of neuronal groups. Be-
fore addressing the quantification of con-
nectivity, these two sleep elements will be
described in more detail.

Slow Waves
When asleep, the electrical potentials on
the brain, measured with local field po-
tential (LFP) and EEG, show promi-
nent fluctuations at ~1 Hz, visible over
the whole cortex. The fluctuations have
been called “slow waves” or “slow oscil-
lations”. Although these two terms are
sometimes used interchangeably, the term
“oscillation” implies the presence of a
well-defined oscillation, such as a peak
in the power spectrum (Lopes da Silva,
2013), which often cannot be observed in
the case of these fluctuations. Therefore,
unless a clear time-giver mechanism can
be determined, the term “slow waves” is
preferred. At the cellular level, the slow
wave was observed to be the result of the
alternation of periods of a hyperpolarized
phase, in which neurons remain silent for
up to a few hundred milliseconds and peri-
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SPINDLES

ods of a depolarized phase, characterized
by intense neuronal spike activity and of-
ten burst firing (Fig. 1.4) (Metherate et
al., 1992; Steriade et al., 1993, 2001).
This synchronized firing resonates with

cortical oscillations in the high (>15 Hz)
frequency band (Bonjean et al., 2011;
Schabus et al., 2007; Steriade, 2003)
and with ripples, bursts of very high-
frequency activity present in the hip-
pocampus (Clemens et al., 2007, 2011;
Siapas and Wilson, 1998; Sirota et al.,
2003). This continuous alternation of up–
states and down–states, measured with
multi-unit activity (MUA), are observed
over the whole brain rather uniformly
(Amzica and Steriade, 1995b; Crunelli
and Hughes, 2010; Sanchez-Vives and Mc-
Cormick, 2000), showing a remarkable
synchronization across distant brain re-
gions, both during the transition to the
up–state, when intense synaptic activ-
ity affects the entire thalamocortical sys-
tem (Steriade et al., 2001), and to the
down–state (Volgushev et al., 2006, 2011).
This long-range synchronization is so well
tuned that it cannot be ascribed uniquely
to the intrinsic properties of individual
neurons, but it probably relies on active
mechanisms at the network level that op-
erate the transition between states (Vol-
gushev et al., 2006).
Several lines of evidence suggest that

network properties control the temporal
and spatial characteristics of the slow
waves. Disruption of cortico-cortical con-
nections affects the synchronization of
slow waves (Amzica and Steriade, 1995a).
Recordings in multiple sites in animals
have allowed researchers to follow the
propagation of slow waves over the cor-
tex on a millisecond scale (Chauvette et
al., 2010; Fucke et al., 2011; Luczak et al.,
2007; Volgushev et al., 2006). The prop-
agation of slow waves has been confirmed
in human studies using EEG, and the
slow waves have been observed to travel

Figure 1.4: Slow waves are generated by the dy-
namic interaction of large neuronal populations
(adapted from Vyazovskiy and Harris, 2013). Dur-
ing slow wave sleep, neurons alternate between peri-
ods of intense firing (ON or up–state) and periods
of relative neuronal silence (OFF or down–state),
as shown by extracellular MUA. Because of this al-
ternation, intracortical LFP recordings describe an
oscillation of <1 Hz, called the “slow wave”. A neg-
ative deflection in the LFP corresponds to a posi-
tive deflection in the scalp EEG, so that the scalp-
positive deflection in the EEG is associated with an
up–state at the neuronal level.

over the human cortex following a defi-
nite site of origin and direction (Massi-
mini et al., 2004). Tracking the transi-
tion from the down–state to the up–state
has indicated that most slow waves orig-
inate at frontal regions and propagate in
an anteroposterior direction (Riedner et
al., 2007). Source reconstruction of the
propagation of the slow waves has identi-
fied the anterior cortex and insula as the
main generators of slow waves, which then
travel along the anterior-to-posterior axis
via the cingulate cortices (Murphy et al.,
2009).

Spindles
Spindles, the other hallmark of NREM
sleep, are oscillatory patterns in the 11–
17 Hz frequency range that last 0.5–2 s,
occur with a remarkable global coher-
ence across thalamic and neocortical ar-
eas (Contreras et al., 1996) and are also
generated by the dynamical interaction
of multiple brain regions. Spindles are
believed to arise from the interplay of
excitatory thalamo-cortical neurons and
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the GABAergic neurons of the thala-
mic reticular nucleus (Fig. 1.5) (Steriade,
2000). An observed temporal correlation
between spindles and hippocampal rip-
ples is thought to reflect a bidirectional
information transfer between cortex and
hippocampus that is probably associated
with memory consolidation (Siapas and
Wilson, 1998; Sirota et al., 2003). There-
fore, the generation of spindles relies on
the precise coordination of long-range ac-
tivity between distant regions located in
the cortex and the thalamus, and the ac-
tivity spreads towards the hippocampal
region. The quantification of structural
and functional connectivity to allow for
such coordination is discussed below.

Connectivity Measures
The beliefs that the main elements of
sleep arise from the interaction of differ-
ent brain regions and that the state of the
brain can only be accurately assessed if
we consider it as a network lead to the
realization that it is necessary to use of
techniques that can record, assess, and
quantify the contribution of each region
to the emergent properties of the net-
work. Single-neuron recordings limited
to one brain region are informative about
the firing patterns and membrane poten-
tials of an individual cell, but the chances
of finding two connected neurons are very
low, therefore limiting the study of their
network interaction. Intracranial record-
ings, both in humans and animals, can
produce a very detailed description of the
neuronal activity, but, because of the lim-
ited coverage over the scalp, it is often
impossible to fully sample the large cor-
tical areas thought to be involved in the
generation of the characteristic features
of sleep, such as slow waves and spindles.
Neuroimaging techniques in humans, such
as magnetic resonance imaging (MRI),
functional Magnetic Resonance Imaging

Figure 1.5: The classical model of spindle genera-
tion illustrates the complex wiring of cortical and
thalamic neurons (adapted from Destexhe et al.,
1998). Thalamocortical neurons (TC) projects to
the neurons in the cortex: to the inhibitory in-
terneurons (IN) and the pyramidal neurons (PY),
the latter project back to the TC neurons. The
network contains inhibitory connections: at the cor-
tical level, IN projects onto PY neurons, while in
the thalamus, the thalamic reticular neurons (RE)
exerts inhibition on themselves and on TC neurons.

(fMRI), and EEG, offer a privileged op-
portunity to study the activity of the
different parts of the brain at the same
time. The differences in spatial and tem-
poral resolution of these techniques can
be leveraged to accurately describe the
state of structural, functional, and effec-
tive connectivity.

Diffusion Tensor Imaging
The fundamental goal of connectivity
studies is to quantify how distant brain
regions are connected at the anatomical
level. Structural connectivity informs us
about the physical links between neuronal
populations. The ultimate assessment of
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structural connectivity can be performed
by tracing each individual axon depart-
ing from one brain region and ending in a
second region, e. g. by injecting dye in the
soma and imaging the dye along the axon.
This technique, however, is not applica-
ble in the living human brain. Recent ad-
vances in neuroimaging have let to the de-
velopment of techniques, such as diffusion
tensor imaging (DTI), that allow for a
comprehensive mapping of the structural
connectivity in humans. This technique is
based on the observation that axons in the
white matter are covered in a hydrophobic
myelin sheath, which is known to affect
the diffusion of water molecules (Le Bi-
han, 2010). Because of this myelin sheath,
water molecules tend to move along the
direction of the axon instead of perpen-
dicularly to it. By mapping the popula-
tion movements of the hydrogen nuclei of
water molecules with DTI, it is possible to
reconstruct the propensity that the water
molecules have to propagate in each direc-
tion and therefore estimate the direction
of axonal bundles.

The amount of displacement along the
main direction, often assumed to be the
direction followed by most axons within
a voxel, is defined as axial diffusivity
(AD), which is the length of the ma-
jor direction of the DTI model. A ma-
jor parameter linked to AD is fractional
anisotropy (FA), which defines the shape
of the DTI model, with high values in-
dicating a more elongated shape. A de-
crease in AD and FA is observed in white-
matter pathology (Budde et al., 2007) and
is thought to track the degree of dam-
age to the microstructural integrity of the
axons (Budde and Song, 2010). On the
other hand, higher values in these DTI
parameters are markers of stronger struc-
tural connectivity of the axonal pathways
(Roberts et al., 2013). The functional
implication of stronger structural connec-
tivity is suggested by the association of

these parameters with task performance
(Forstmann et al., 2010). Plasticity in
structural connectivity is suggested by in-
creases in these parameters in response
to prolonged exercise (Bengtsson et al.,
2005) and motor skill training (Scholz et
al., 2009).

Functional Magnetic Reso-
nance Imaging
The magnetic resonance properties of the
water molecules measured with MRI are
reduced by the presence of deoxygenated
blood. Due to physiological mechanisms
not completely understood, the amount
of deoxygenated blood after neuronal ac-
tivity is diluted by a large influx of oxy-
genated blood (Logothetis, 2008). This
decrease in deoxygenated blood, mea-
sured as an increase in the fMRI signal,
is considered a time-delayed marker of
neuronal activity, also known as blood
oxygen level dependent (BOLD) activity.
Data from fMRI studies are generally ac-
quired while stimuli of interest are pre-
sented to the participant inside the scan-
ner. The analysis proceeds by convolv-
ing the timing of the stimuli with a model
of the BOLD response and by testing in
which brain regions the condition of in-
terest is a better fit to the data than the
baseline condition. However, fMRI re-
search into sleep poses major challenges,
not only because the MRI environment is
extremely noisy and uncomfortably tight,
but also because traditional fMRI proto-
cols quantify brain responses to exper-
imentally induced, and therefore exter-
nally timed, events, while fMRI investi-
gations into sleep should detect informa-
tive aspects of spontaneous activity. A
clever workaround to the latter problem
is the employment of endogenously gener-
ated events, such as slow waves and spin-
dles, as markers of the events of interest
(Dang-Vu et al., 2008, 2010; Schabus et
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al., 2007).
Because it can record the hemodynamic

response in the whole brain with high spa-
tial resolution, fMRI has been successfully
employed to quantify the degree of coac-
tivation between distant brain regions,
a measure called “functional connectiv-
ity”. Functional connectivity describes
the correlation observed between distant
brain regions, quantified with measures
of statistical dependencies, such as cor-
relations, coherence, or transfer entropy
(Friston, 2011). The measures of func-
tional connectivity can reveal the interde-
pendency between multiple brain regions,
by identify brain networks which are as-
sociated with a variety of cognitive func-
tions, such as memory retrieval, cognitive
control, and working memory (Bressler,
1995; Bullmore and Sporns, 2009; Duyn,
2011; Friston et al., 2002).

EEG/MEG
While functional connectivity in fMRI re-
lies on the hemodynamic response in-
duced by the neuronal response, EEG
and its magnetic counterpart, magnetoen-
cephalography (MEG), quantify connec-
tivity more directly by measuring corre-
lation between the electromagnetic fields
generated by the neuronal activity. Co-
herent postsynaptic currents in a suffi-
ciently large sheet of colinearly oriented
pyramidal neurons produce a macroscopic
electromagnetic field (Lopes da Silva,
2013; Nunez and Srinivasan, 2006). Re-
markably, the electric potentials of dis-
tant neuronal populations often synchro-
nize through a variety of mechanisms
(Einevoll et al., 2013; Singer, 1999; Varela
et al., 2001). These electric field can be
recorded as electric potential differences
with EEG using electrodes placed on the
scalp or as magnetic fields with MEG.
Neurons in large neuronal populations

often show rhythmic activity patterns

(Buzsáki, 2006). These neuronal rhythms
reflect cyclic changes in the relative level
of depolarization in the membrane poten-
tials of masses of neurons. Because they
are often band-limited processes charac-
terized by a dominant frequency, these
rhythms can best be described in terms
of separate frequency bands. The power
spectrum of the neuronal oscillations is
classically subdivided in frequency bands
within the range 0.5–100 Hz, although
both infra-slow fluctuations (especially at
0.1 Hz, He et al., 2008) and ultra-fast os-
cillations participate in the dynamic or-
ganization of the brain network. Delta
activity (1–3.5 Hz) is the most character-
istic signature of NREM sleep (Acher-
mann and Borbély, 1997; Amzica and
Steriade, 1995b, 1998; Steriade and Mc-
Carley, 2005) and is thought to facili-
tate memory consolidation (Diekelmann
and Born, 2010; Poe et al., 2010). Al-
pha activity (8–12 Hz) has for a long pe-
riod been interpreted to reflect “cortical
idling” (Pfurtscheller et al., 1996), but re-
cent evidence has shown that activity in
this frequency band might indicate func-
tional gating by inhibiting task-irrelevant
regions, thus promoting unperturbed in-
formation processing in task-relevant re-
gions (Jensen and Mazaheri, 2010). Beta
(12–30 Hz) is the common carrier fre-
quency observed when multiple brain re-
gions are active at the same time (An-
dres and Gerloff, 1999; Brovelli et al.,
2004; Hipp et al., 2011; von Stein et al.,
1999). A large body of evidence sug-
gests that gamma-band (>30 Hz) oscilla-
tions are thought to enhance temporal co-
herence of responses and firing probability
of cortical neurons (Steriade et al., 2003),
therefore representing a generic signature
of local encoding in the cortex (Donner
and Siegel, 2011).

These oscillations measured with EEG
and MEG have the remarkable property
of synchronizing distant neuronal popu-
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lations. Synchronization is most evident
when assessed during tasks that require
the combination of multiple brain areas.
This form of synchronization has been
proposed to be an important mechanism
for interregional exchange of information,
by establishing long-range communica-
tion between task-dependent networks of
cortical regions (Ponten et al., 2010; Stam
and van Straaten, 2012; Varela et al.,
2001). While each region is function-
ally specialized and processes only one ob-
ject’s feature, interregional synchroniza-
tion binds these separate features into a
unitary representation of the object (En-
gel and Singer, 2001; Fries, 2005; Singer,
1999).
Because of conduction delays, oscilla-

tions in low frequency bands provide an
optimal temporal window to synchronize
networks over long distances (Kopell et
al., 2010; von Stein and Sarnthein, 2000).
On the other hand, oscillations in the
gamma frequency band becomes tran-
siently synchronized within local regions,
if multiple features are perceived to repre-
sent a single object (Singer, 1999; Singer
and Gray, 1995; Uhlhaas et al., 2010).
Therefore, oscillations in low and high fre-
quency bands are thought to represent
markers of, respectively, global and local
processing (Kopell et al., 2000).

Complex cognitive functions require
that information processing at the local
level is broadcasted to distant brain re-
gions. A mechanism for this interaction
between local and global processes is pro-
vided by a cross-frequency coupling, by
which high-frequency activity are nested
in slow-frequency fluctuations (Canolty et
al., 2006; Jensen and Colgin, 2007). This
cross-frequency interaction has been ob-
served during sleep as well: In animal
studies, high-frequency oscillations occurs
preferentially during the up–state of the
slow wave (Contreras et al., 1995; Ste-
riade, 2006), while human studies with

scalp EEG have reported a modulation up
to the spindle frequency (Mölle and Born,
2011; Mölle et al., 2002), leaving open
the question whether slow wave-triggered
gamma frequency activity, a marker of lo-
cal processing, can be observed in human
sleep.

Functional connectivity can be used to
identify networks that are co-activated
during cognitive processing, but does not
reveal the directed influence of one re-
gion onto another (Friston, 1994). This
form of connectivity, called “effective con-
nectivity”, is fundamental to our under-
standing of the brain as it aims at mea-
suring how information propagates across
brain regions. EEG studies, for example,
have identified a preferential flow of in-
formation from posterior to anterior re-
gions during resting wakefulness at the
scalp level (Baccala et al., 2001; De Gen-
naro et al., 2004; Kamiński et al., 1997).
Effective, or directed, connectivity can be
quantified using a variety of methods, one
of the most robust being Granger Causal-
ity (GC) (Michel and Murray, 2012). GC
reflects the strength of effective connectiv-
ity from one region to another by quan-
tifying how much the signal in the seed
region is able to predict the signal in
the target region (Geweke, 1982; Granger,
1969). The utilization of GC is, however,
not without caveats. While GC in fMRI
studies is confounded by the interregional
variability of the hemodynamic response
(Smith et al., 2011), the most challeng-
ing limitation in EEG studies is the poor
spatial resolution and the potentially spu-
rious effects caused by volume conduction
(Schoffelen and Gross, 2009; Supp et al.,
2007).
Both EEG and MEG afford high

temporal resolution, but, because the
recorded signal reflects the summed post-
synaptic activity in the underlying cor-
tical regions, it is challenging to local-
ize which brain regions were responsi-
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ble for the effect observed. Because of
volume conduction, source reconstruction
analyses might infer incorrect conclusions
based on the topographical distribution of
the electromagnatic field on the scalp. In
addition, there is no unique solution for
the reconstruction of the source activity
only based on EEG and MEG recordings.
This problem, called “inverse problem”,
can be alleviated by constructing a faith-
ful description of the propagation of the
activity from the neuronal generators to
the recording device and by making some
assumptions about the properties of the
signal and of the generators. Different ap-
proaches can be used to estimate the un-
derlying generators of the measured brain
activity, such as sLoreta (Pascual-Marqui,
2002), beamforming (Gross et al., 2001;
Van Veen et al., 1997), or more elaborate
state-space formulations (Cheung et al.,
2010).

Research Questions
Brain activity is characterized by interre-
gional interactions, which favor communi-
cation between local processes and allows
for the integration of information into a
complex representation. Interregional in-
teractions have been investigated, pre-
dominantly during task-directed behav-
ior and wakefulness, by quantifying struc-
tural, functional, and effective connectiv-
ity, using a variety of techniques, such as
DTI, fMRI, and EEG/MEG. These as-
pects of connectivity, however, have re-
ceived surprisingly little attention in sleep
research. This is surprising, because,
as described above, sleep is inherently
a complex phenomenon characterized by
fine-tuned interaction between multiple
brain areas, especially for sleep graphoele-
ments such as slow waves and spindles.
The main topic of the present thesis is

to investigate the role of structural and
functional connectivity in sleep and its

role in daytime functioning. The central
theme of this thesis is that sleep should be
understood as an emergent property aris-
ing from the interplay of multiple brain
regions. The assumption behind all the
projects in this thesis is that studying one
region in isolation is not sufficient to un-
derstand the brain mechanisms present
during sleep, but that sleep and its role
in waking cognition are the result of the
concerned contribution of multiple brain
regions.

Outline of the Thesis
A necessary prerequisite for the dynam-
ical interaction between distant regions
is the presence of a favorable structural
link between them. If the expression pro-
files of slow waves and spindles are in
part determined by the interaction be-
tween distant regions, stronger structural
wiring should favor the strength of their
expression. The structural connectivity
depends on the microstructural proper-
ties of white matter, which can be stud-
ied with DTI. By measuring the expres-
sion profile of slow waves and spindles and
correlating their values with the white-
matter microstructrual properties with
DTI, Chapter 2 will investigate which
white-matter tracts are most strongly as-
sociated with the dynamical properties of
slow waves and spindles.
Slow waves, in particular, combine ele-

ments of local and global processing. Seen
as a global process, slow waves have a ten-
dency to propagate towards posterior re-
gions. This property might be partially
determined by the anatomical configura-
tion of the human cerebral cortex. A pe-
culiar aspect of the cerebral cortex is that
projections of nuclei located in the brain-
stem first reach frontal regions and then
proceed towards the caudal areas. Chap-
ter 3 will test the hypothesis that the re-
cently discovered occurrence of phasic ac-
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tivity of the locus coeruleus (LC) in the
brainstem during slow wave sleep might
favor the generation of backward-moving
slow waves, by first releasing NE and de-
polarizing neurons in frontal areas and in-
creasingly later in more caudal cortical ar-
eas. To identify the level of activity of the
LC during sleep, we will use fMRI. The
traveling properties of the slow waves will
be quantified using EEG. In this challeng-
ing EEG/fMRI experiment during sleep,
we will assess the contribution of the LC
to the enhanced probability of traveling
slow waves to originate in frontal regions
and travel caudally.
The interaction between global and lo-

cal processes associated with slow waves
is particularly clear in the cross-frequency
coupling between low-frequency fluctua-
tions, which define the shape of the slow
waves, and high-frequency oscillations,
which are mostly present during the up–
state periods (Steriade, 2006). Modula-
tions of high-frequency activity, in the
gamma band, during the slow wave have
been found in animal studies (Contreras
et al., 1995; Steriade, 2006), but human
research using scalp EEG has only ob-
served changes up to the spindle band
(Mölle and Born, 2011; Mölle et al., 2002),
and it remains unknown whether slow
wave modulations of gamma can be ob-
served in the sleep EEG of healthy hu-
mans. Because high synaptic density fa-
vors the expression of oscillatory activ-
ity and synaptic density is highest be-
fore the onset of puberty, Chapter 4 will
probe into the modulation in gamma ac-
tivity during slow wave sleep in children
aged 11–12 years old. By detecting slow
waves from EEG in children, we will test
whether gamma activity is present during
the up–state of the slow wave.
Because memory traces are stored in

distributed networks, the capacity of the
brain to learn and form memories is
thought to involve a coordinated inter-

play between global and local processing.
Acquisition of a memory during wake-
fulness will imprint long-range coupling
between distant brain regions. A domi-
nant theory on how sleep might favor the
consolidating of memory traces is that it
allows for the unperturbed reactivation
of the learning-induced coupling (Diekel-
mann and Born, 2010). Most of the sup-
port for reactivation of coupling between
distant neuronal ensembles has been de-
rived from animal studies. Whereas local
effects on sleep have been reported to fol-
low local use of brain areas, human stud-
ies have hardly addressed reactivation of
prior coupling. Therefore, we measured
MEG activity during a learning task and
during post-learning sleep. By comparing
the coupling in fluctuations in the beta
band activity and slow wave activity dur-
ing wakefulness and sleep, Chapter 5
will identify how learning a task affects
the synchronization during sleep of dis-
tant regions responsible for local process-
ing.

In line with the idea that sleep
strengthens the long-range coupling be-
tween distant areas, we expect that sleep
deprivation should result in impaired
connectivity and incapacitated cognitive
functioning (Boonstra et al., 2007). The
disruption in directed connectivity should
therefore be observable during subsequent
resting-state wakefulness. Because the
backbone of resting-state connectivity is
formed by a network linking the anterior
and posterior cingulate cortex, Chap-
ter 6 will evaluate whether deficits in
long-range communication after sleep de-
privation could be demonstrated along
this axis. We measured high-density EEG
in participants during resting state on two
occasions: one time after a night of nor-
mal sleep and one time after a night of
sleep deprivation. In this chapter, a re-
fined approach to quantify connectivity at
the source level along the cingulate cortex
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will be used to quantify the changes in ef-
fective connectivity as a consequence of
sleep deprivation.

Chapter 7 will aim at defining the pos-
sible role of sleep in supporting the flexi-
bility of connectivity that is required for
optimal cognitive performance. Cognitive
switching requires coordinated changes in
the network configuration and is known
to be severely impaired after sleep depri-
vation. This impairment in the ability
to switch is likely not limited to the se-
lection of an appropriate behavior but it
also includes more basic processes, such
as visual perception. A successful exper-
imental paradigm to study the alterna-
tion in spontaneous perception is bistable
perception, where the incompatible rep-
resentations of the same ambiguous im-
age alternate (Piantoni et al., 2010). Be-
cause it is known that bistable percep-
tion arises from the interaction of mul-
tiple neuronal population in the visual
hierarchy (Blake and Logothetis, 2002),
this paradigm presents an ideal task to in-
vestigate the impairment in the commu-
nication between different brain regions.
Chapter 7 will assess how sleep depriva-
tion affects the stability of bistable per-
cepts, as well as the involvement of alpha
activity in bistable perception because the
expression of this oscillation changes with
sleep deprivation and has been attributed
important roles in visual processing.

In Chapter 8, the findings of the pre-
ceding chapters will be summarized and
put in perspective within the ongoing ef-
forts in sleep research. The results of
this thesis will be discussed within the
fast developing ideas regarding the func-
tions of sleep, its role in maintaining and
strengthening memory traces, and the
consequences of sleep disorders. Particu-
lar attention will be dedicated to the inti-
mate relationship between sleep, connec-
tivity, and state of consciousness.
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