Chapter 4

The Fine Structure of Slow-Wave Sleep
Oscillations: from Single Neurons to Large
Networks
A. Destexhe and D. Contreras

4.1 Introduction
The discovery that the electrical activity of the brain oscillates during sleep is almost
as old as the discovery of the electroencephalogram (EEG). The first human EEG
recordings already reported a propensity to show oscillations, of which type, frequency and amplitude highly depend on behavioral state (Berger 1929; see Fig. 4.1).
In an alert, awake subject, the EEG is dominated by low-amplitude fast activity
(“desynchronized EEG”) with high-frequency oscillations (beta, gamma), whereas
during slow-wave sleep, the EEG shifts to large-amplitude, slow oscillations. The
early stage of slow-wave sleep is associated with the appearance of spindle waves,
which occur at a frequency of 7 to 14 Hz. As sleep deepens, EEG waves with slower
frequencies (0.1 to 4 Hz), including delta waves and slow oscillations, appear and
progressively dominate the EEG. During paradoxical sleep, also called rapid-eye
movement (REM) sleep, EEG activities are desynchronized and resemble those of
wakefulness. Finally, some pathological states also display clear-cut oscillations,
such as the “spike-and-wave” patterns (∼3 Hz) characteristic of many types of generalized epileptic seizures.
The cellular bases of slow-wave sleep oscillations have been investigated since
the first extracellular and intracellular recordings in mammals. The major brain regions which have been identified are the thalamus and cerebral cortex, which are
intimately linked by means of reciprocal projections. The activities of thalamic and
cortical neurons during sleep have been largely documented by electrophysiological studies. The cellular mechanisms underlying these oscillations depend on many
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Fig. 4.1 Electroencephalographic recordings during different brain states in humans. 5 seconds of
EEG activity are shown for different brain states, from top to bottom: Awake with eyes open, in
which the EEG is dominated by low-amplitude fast activities (>15 Hz, beta and gamma frequency
range); Awake with eyes closed, in which alpha rhythm (10–12 Hz) appears; Sleep stage 2, characterized by sleep spindles (7–14 Hz); Sleep Stage 4, characterized by delta and slow-wave activity
(0.1–4 Hz). During REM sleep, the activity is similar to wakefulness. During absence epileptic
seizures (bottom), the EEG displays spike-and-wave patterns at ∼3 Hz. Modified from Destexhe
(1992)

factors, such as the connectivity and intrinsic properties of the different types of thalamic and cortical neurons. Of great help to understand these cellular mechanisms,
is the use of computational models, which are based on experimental data, and if
possible, generate predictions to test them. This type of interaction between experimental results and modeling efforts has been quite successful in the (still ongoing)
exploration of the mechanisms of sleep oscillations, which this chapter attempts to
summarize.

4.2 Relation Between EEG and Single Cells During Sleep and
Waking Oscillatory Activity in Cats
In cats, the electroencephalogram (EEG) exhibits a rich variety of oscillatory patterns during wake and sleep. Here we review the spatiotemporal distribution of two
oscillations characteristic of slow-wave sleep as well as fast oscillations that characterize wake and rapid-eye movement (REM) sleep episodes. We also relate these
oscillations to the firing of extracellularly recorded cortical neurons at multiple sites
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and to the Vm and firing of single cells recorded intracellularly, thus setting the
stage for exploring the possible physiological roles of these oscillations. This spatiotemporal characterization can be found in more detail in a previous publication
(Destexhe et al. 1999a).
Multisite local field potentials (LFPs) were recorded using a set of 8 equidistant
bipolar electrodes in the cerebral cortex (suprasylvian gyrus) of un-anesthetized
cats. Wake/sleep states were identified using the following criteria: Wake: lowamplitude fast activity in LFPs, high electrooculogram (EOG) and high electromyogram (EMG) activity; Slow-wave sleep: LFPs dominated by high-amplitude slowwaves, low EOG activity and EMG activity present; REM sleep: low-amplitude fast
LFP activity, high EOG activity and abolition of EMG activity. During waking and
attentive behavior, LFPs were characterized by low-amplitude fast (15–75 Hz) activity (Fig. 4.2A, Awake). During slow-wave sleep, LFPs were dominated by highamplitude slow-wave complexes occurring at a frequency of <1 Hz (Fig. 4.2B,
Slow-wave sleep). Slow-wave complexes of higher frequency (1–4 Hz) and spindle waves (7–14 Hz) were also present in slow-wave sleep. During periods of REM
sleep, cortical activity was similar to that observed during awake states (Fig. 4.2C,
REM sleep).
The decay of correlations as a function of distance revealed marked differences
in large-scale coherence between awake/REM and slow-wave sleep (Fig. 4.2, right
panels). Slow-wave complexes during slow-wave sleep episodes displayed high spatiotemporal coherence, in contrast with the steeper decline of the correlations with
distance during wakefulness and REM sleep. The same patterns of the spatial correlations were observed in different animals and during different wake/sleep episodes
in the same animals (Fig. 4.2) (see details in Destexhe et al. 1999a, and references
therein).
Spindle oscillations were also present in the early phases of slow-wave sleep, and
were recorded not only in natural sleep, but also under different types of anesthesia
(Fig. 4.3; Contreras et al. 1997). Under ketamine-xylazine anesthesia (10–15 mg/kg;
2–3 mg/kg, i.m.), spindles are preceded by a depth-positive cortical EEG wave that
ends with a sharp negative wave followed by a waning spindle sequence, usually
at the upper frequency limit of spindling (13–14 Hz) (Fig. 4.3, Ketamine). Under
barbiturate anesthesia (25–35 mg/kg), spindling is waxing and waning, and its frequency is lower with increasing barbiturate doses (Fig. 4.3 Barbiturate). During
natural slow-wave sleep, two types of spindle patterns were observed, one with the
characteristic waxing-and-waning pattern (Fig. 4.3 Natural sleep, right panel), while
the other was similar to K-complexes in which spindles were preceded by an EEG
biphasic complex (depth-positive, depth-negative) and lacked the initial waxing feature (Fig. 4.3, Natural sleep, left panel).
The relation between extracellularly recorded units and the corresponding LFP
activities (from the same set of electrodes) during wakefulness and natural sleep is
shown in Fig. 4.4. When the animal was awake, the desynchronized EEG was associated with very irregular firing activity in the units (Fig. 4.4A,B, Wake). There was
no apparent relation between units and LFP by visual inspection, although a statistical analysis revealed that the depth-negative deflections were on average related to
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Fig. 4.2 Multisite local field potentials in cat cerebral cortex during natural wake and sleep states.
Eight bipolar electrodes (inter-electrode distance of 1 mm) were inserted into the depth (1 mm)
of areas 5–7 of cat neocortex (suprasylvian gyrus, area 5–7; see top scheme for arrangement of
electrodes). Local field potentials (LFPs) are shown (left panels) together with a representation of
the correlations as a function of distance (Spatial correlations; middle panels) and time (Temporal
correlations; right panels). A. When the animal was awake, LFPs were characterized by low-amplitude fast activities in the beta/gamma frequency range (15–75 Hz). Correlations decayed steeply
with distance and time. B. During slow-wave sleep, the LFPs were dominated by large-amplitude
slow-wave complexes recurring at a slow frequency (<1 Hz; up to 4 Hz). Correlations stayed high
for large distances. C. During episodes of REM sleep, LFPs and correlations had similar characteristics as during wake periods (∗ indicates a PGO wave). Modified from Destexhe et al. (1999a)

an increase of firing activity in the units (Fig. 4.4C, Wake; see details in Destexhe et
al. 1999a). During slow-wave sleep, the ensemble activity was surprisingly similar
to wakefulness (Fig. 4.4A, SWS), but at closer scrutiny (Fig. 4.4B), it appeared that
synchronous “silences” in all the units appear systematically and simultaneously
with the depth-positive part of the slow wave (Fig. 4.4A, SWS). This type of synchronized silence will be later referred as “Down-state”. This activity is also visible
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Fig. 4.3 Multisite local field potentials of spindle oscillations in cat cerebral cortex during sleep
and anesthetized states. Top panel: scheme of the position of the recording electrodes in the suprasylvian gyrus. Bottom panels: examples of spindles recorded with the eight electrodes under anesthesia (ketamine-xylazine or barbiturate) are compared to spindling recorded in un-anesthetized,
naturally sleeping animals. In each panel, the top trace is a superposition (1–8) of the eight traces
displayed below. Two types of spindles are shown for natural sleep, a spindle oscillation following
a K-complex (bottom left) and a waxing-and-waning spindle oscillation (bottom right). Modified
from Contreras et al. (1997)

when computing the statistical relation between units and slow waves (Fig. 4.4C,
SWS).
An analysis of spatial coherence was not done for spindle oscillations in cortex,
but LFP and intracellular activity were recorded simultaneously in many studies
demonstrating the broad synchronization of spindle oscillations. In particular, one
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Fig. 4.4 Distributed firing activity in relation to LFPs during wake and sleep states. A. Irregular
firing activity of 8 multi-units shown at the same time as the LFP recorded in electrode 1 (same
setting as in Fig. 4.13). During wakefulness, the activity is sustained and irregular (see magnification below). During slow-wave sleep (SWS), the activity is similar to wakefulness, except that
synchronized “silences” of firing activity occur in all cells simultaneously, and in relation to the
slow waves. B. Same activity as in A at 20 times higher temporal resolution. The gray box indicates the synchronized silence (Down-state) simultaneous in all cells, and occurring in parallel with
slow waves. C. Wave-triggered averages of spiking activity. During wakefulness, the LFP negative
peaks were correlated with an increased firing activity in the units. During SWS, the negative peak
of the slow wave was correlated with a strong decrease of firing in the units (Down-state), followed
by a rebound a sustained activity (Up-state). Modified from Destexhe et al. (1999a)
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Fig. 4.5 Intracellular activity in cat parietal cortex during spindle waves. A. Two neurobiotin-stained pyramidal cells that were simultaneously recorded intracellularly in area 5–7 (distant by
about 2.5 mm). B. Simultaneous activity of depth EEG (top) and the two cells during a spontaneous spindle oscillation (light barbiturate anesthesia). Modified from Contreras et al. (1997)

study (Contreras et al. 1997) obtained dual simultaneous intracellular recordings of
morphologically identified pyramidal neurons (Fig. 4.5A) during spindles in barbiturate anesthesia. These intracellular recordings show synchronized, strong subthreshold modulation of the membrane potential during spindles (Fig. 4.5B). The
two recorded cells in this example fired sparsely during spindle oscillations. The
relatively weak level of firing during spindles was commonly observed in a large
database of intracellularly recorded neurons under different anesthetics and in natural slow-wave sleep states. It was attributed to an unusually strong intracortical
inhibition, specifically recruited during spindle oscillations (Contreras et al. 1997).
Intracellular recordings were also obtained during natural slow-wave sleep (Steriade et al. 2001; Timofeev et al. 2001). As described above for extracellular activity
(Fig. 4.4) the intracellular activity during wakefulness was very irregular, with little apparent relation between LFP and membrane potential recorded in the same

76

A. Destexhe and D. Contreras

Fig. 4.6 Intracellular activity in cat parietal cortex during wakefulness and slow-wave sleep. LFP
(called here EEG) and intracellular recording were obtained in area 5–7 of cat cortex (scheme).
When the animal was awake (top traces), the EEG was desynchronized and the intracellular activity was sustained and irregular. During slow-wave sleep (SWS), the EEG displayed slow waves,
which were correlated with “Down-states”: brief hyperpolarizations with interruption of firing. In
between slow waves, the EEG was closer to desynchronized and the activity displayed “Up-states”
with sustained and irregular firing similar to wakefulness. The right panels show a magnification
of the Vm activity in each case. Modified from Steriade et al. (2001)

brain area (Fig. 4.6, Wake). During slow-wave sleep, the “silence” described above
appeared as a hyperpolarization of the cell, simultaneous with the depth-positive
part of the slow wave (Fig. 4.6, SWS). These define “Up” and “Down” states very
clearly from the membrane potential activity. Such Up–Down-state dynamics was
first described under anesthesia and constitutes the dominant oscillatory pattern under many anesthetic regimes (Steriade et al. 1993b; Contreras and Steriade 1995).

4.3 Genesis of Sleep Spindle Oscillations
As seen in the preceding section, sleep spindles consist of 7 to 14 Hz waxing-andwaning potentials, grouped in sequences lasting for 1 to 3 s and recurring every 3
to 10 s. Spindle oscillations constitute an interesting and well-constrained problem
to investigate by computational models for several reasons. First, these oscillations
are generated in the thalamus, which is a well-known structure anatomically, with
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well-defined connectivity between the different cell types (see circuit in Fig. 4.11A).
Second, spindles are remarkably well documented experimentally and have been extensively characterized both in vivo and in vitro (reviewed in Steriade et al. 1997;
Steriade 2003; Destexhe and Sejnowski 2001, 2003). Third, this oscillation is generated by an interplay of complex cellular properties (schematized in Fig. 4.11B),
such as burst firing (Jahnsen and Llinás 1984), and synaptic interactions via multiple
types of postsynaptic receptors (see Fig. 4.11C). Computational models are needed
to understand this complex interplay (reviewed in Destexhe and Sejnowski 2003).
The typical electrophysiological features of spindle oscillations in the thalamus
are shown in Fig. 4.7. The two cell types involved, thalamocortical (TC) and thalamic reticular (RE) neurons oscillate synchronously and display burst discharges
according to a mirror image: RE cells display bursts following excitatory synaptic
potentials (EPSPs) while TC cells burst following inhibitory postsynaptic potentials
(IPSPs). While RE cells tend to burst at every cycle of the oscillation, TC cells
only produce bursts once every few cycles. These features are typical of spindles
recorded in thalamic neurons in different mammals.

4.3.1 Thalamic Pacemakers for Spindles
Although it is clear that spindles are generated in the thalamus, several hypotheses
for the genesis of oscillations by thalamic circuits have been proposed and tested by
models (reviewed in Destexhe and Sejnowski 2001, 2003). These involve reciprocal
synaptic interactions between TC neurons and local inhibitory interneurons, loops
between TC and RE neurons, or loops within the RE nucleus. The involvement of
the RE nucleus was firmly demonstrated in a series of experiments by Steriade’s
group (reviewed in Steriade et al. 1993d; Destexhe and Sejnowski 2001, 2003). In
particular, the deafferented RE nucleus in vivo can exhibit spindle rhythmicity in
extracellular recordings. In contrast, the RE nucleus does not display autonomous
oscillations in vitro, but spindles have been observed in thalamic slices based on TCRE interactions (see Steriade et al. 1997 a detailed account of these issues). These
in vitro spindles display the same intracellular features as in vivo.
Computational models were designed to attempt clarifying these contrasting
results, but here also, several hypothetic mechanisms were tested. First, models investigated whether the RE nucleus is capable of displaying oscillations
consistent with experiments. Models found that RE neurons interacting through
GABAergic synapses can generate spindle rhythmicity (Wang and Rinzel 1993;
Destexhe et al. 1994c; Bazhenov et al. 1999; reviewed in Destexhe and Sejnowski
2001), but two different mechanisms were proposed. First, based on a HodgkinHuxley (1952) type model of the voltage-dependent Ca2+ current (T-type current)
responsible for burst generation in RE cells, Wang and Rinzel (1993) proposed a
“slow-inhibition hypothesis” to generate spindle oscillations. The interaction of RE
cells endowed with the T-type current and interacting through inhibitory synapses
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Fig. 4.7 Thalamocortical circuits and spindle oscillations. A. Thalamocortical network with four
cell types and their connectivity: thalamocortical (TC) relay cells, thalamic reticular (RE) neuron,
cortical pyramidal cells (PY) and interneurons (IN). TC cells receive prethalamic (Pre) afferent
connections, which may be sensory afferents in the case of specific thalamic nuclei involved in
vision, audition and somatosensory modalities. This information is relayed to the corresponding
area of cerebral cortex through ascending thalamocortical fibers (upward arrow). These axons have
collaterals that contact the RE nucleus on the way to the cerebral cortex, where they arborize in
superficial layers I and II, layer IV and layer VI. Corticothalamic feedback is mediated primarily
by a population of layer VI PY neurons that project to the thalamus. The corticothalamic fibers
(downward arrow) also leave collaterals within the RE nucleus and dorsal thalamus. RE cells thus
form an inhibitory network that surrounds the thalamus, receive a copy of nearly all thalamocortical
and corticothalamic activity, and project inhibitory connections solely to neurons in the thalamic
relay nuclei. B. Spindle oscillations in thalamic neurons in vivo, as seen through intracellular experiments in cats under barbiturate anesthesia. The activity of thalamocortical (TC) and thalamic
reticular (RE) cells is shown during spindle waves (modified from Steriade and Deschênes 1984).
C. In vitro intracellular experiments realized in ferret visual thalamic slices, showing the activity
of the same type of thalamic neuron during spindle waves (modified from von Krosigk et al. 1993)

was found to be able to generate synchronized oscillations but only for slowinhibitory interactions (Fig. 4.8A–B). They quantified the synchrony of RE oscillations as a function of the parameters of synaptic interactions and found a large
region of parameter space supporting synchronized oscillations based on GABAergic interactions (Fig. 4.8C; Wang and Rinzel 1993).
Another hypothesis was later proposed based on fast GABAergic interactions
(Destexhe et al. 1994c). This “fast-inhibition hypothesis” was proposed to palliate to
the two main drawbacks of the slow-inhibition hypothesis, namely that the synchro-
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Fig. 4.8 The “slow-inhibition hypothesis” for generating synchronized oscillations with thalamic
reticular neurons. A. Anti-phase oscillation with fast synaptic decay (kr = 0.5 ms−1 ; V1 and V2
indicate two RE neurons interconnected with slow GABAergic synapses). B. In-phase oscillation
with a fast-rising and slow-decaying synaptic conductance (kr = 0.005 ms−1 ). C. State diagram
indicating the behavior of the model as a function of the synaptic current decay (kr ) and reversal
potential (Vsyn ). SSS, symmetric steady-state (blank); ASS asymmetric steady-state (stippled); IP,
in-phase oscillation (shaded) as in B; AP, anti-phase oscillation (striped) as in A. The synchronous
rhythmic behavior was possible only for sufficiently slow inhibition (small kr ) and negative Vsyn .
Modified from Wang and Rinzel (1993)

nized oscillations are too slow compared to experimental recordings in the isolated
RE nucleus in vivo (Steriade et al. 1997), and that RE neurons were found experimentally to interact through fast GABAA synapses (Huntsman et al. 1999). The
problem was that according to the slow-inhibition model, fast decaying GABAergic
synapses should not synchronize (Fig. 4.8C). However, by considering more extended connectivity (where each RE neuron connects densely to an extended neighborhood), it was found that synchronized fast oscillations can emerge with fast,
GABAA -mediated synapses (Fig. 4.9; Destexhe et al. 1994c). This conclusion was
reached by using Hodgkin and Huxley (1952) type models for the T-type current,
as well as for the Na+ and K+ to generate action potentials, while synaptic interactions were modeled by conductance-based kinetic models (Destexhe et al. 1994a,
1994b). This model displayed fast oscillation in the 10–15 Hz frequency range, and
which showed “waxing-and-waning” patterns in the average activity (Fig. 4.9), as
observed experimentally. Other models based on fast GABAergic synapses were
proposed and also produced oscillations consistent with experiments (Bazhenov et
al. 1999).
Thus, in vivo experiments and models indicate that the RE nucleus can display
self-sustained oscillations in the spindle frequency range. However, in vitro exper-
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Fig. 4.9 “Fast-inhibition hypothesis” for spindle oscillations in the isolated RE nucleus. Snapshots of activity in a 100 neuron network during waxing-and-waning oscillations corresponding
to the regions of the averaged membrane potential as indicated. The top series of snapshots was
taken during the “desynchronized” phase and shows highly irregular spatiotemporal behavior. The
bottom series of snapshots was taken during the “oscillatory” phase, when the network is more
synchronized and coherent oscillations were found in the averaged activity. The time interval between frames was 40 ms. B. Averaged membrane potentials for networks with N = 100, N = 400
and N = 1600 neurons. For N = 400 and N = 1600, the local average membrane potential was
obtained by averaging over a disk of 113 neurons in the center of the network. Vertical calibration
bars for the average membrane potential traces are from −80 to −70 mV. Modified from Destexhe
et al. (1994c)

iments on ferret thalamic slices demonstrated that spindle oscillations require the
integrity of the interconnection between TC and RE cells, and disappear if a cut is
realized in the slice between the two nuclei (Fig. 4.10A; von Krosigk et al. 1993).
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Fig. 4.10 In vitro spindle waves require functional interconnections between thalamic relay and
reticular neurons. A. A small knife cut (1 mm) was performed between the LGNd and PGN in a
thalamic slice from a ferret. Extracellular recordings at various locations of the LGNd and PGN
revealed robust spindling in locations away from the cut (+), and the absence of spindling (−)
in regions anterior and posterior to the center of the cut. B. Mechanism proposed based on in
vitro observations: The oscillations are generated by a loop involving interconnected PGN and
LGNd neurons, with AMPA-mediated excitation (LGNd → PGN) and GABAA -mediated inhibition (PGN → LGNd; PGN → PGN). Modified from von Krosigk et al. (1993)

This suggests another mechanism for spindle generation, based on the reciprocal
interaction between TC and RE cells (Fig. 4.10B).
These findings motivated the construction of another series of computational
models that include TC and RE cells. Such models showed that spindle oscillations
can indeed be obtained from TC-RE loops (Destexhe et al. 1996; Golomb et al.
1996). This TC-RE loop model is shown in Fig. 4.11. Neurons were modeled using
Hodgkin and Huxley (1952) type representations of Na+ , K+ and Ca2+ voltagedependent currents, which were based on voltage-clamp data on thalamic neurons
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Fig. 4.11 Models of spindle oscillations as a reciprocal interaction between thalamocortical and
thalamic reticular cells. A. Circuit of interconnected thalamocortical (TC) and thalamic reticular (RE) neurons with different receptor types. B. Models of the intrinsic properties of thalamic
neurons. C. Models of the synaptic receptor types mediating their interactions. D. Computational
model of spindle oscillations in circuits of interconnected TC and RE cells. The expanded trace
below shows the phase relations of the two cell types. E. Phase relations of TC cells during spindle
oscillations in a different computational model. Panels A, B, D are modified from Destexhe et al.
(1996); Panel C is modified from von Krosigk et al. (1993); Panel E is modified from Wang et al.
(1995)

(see details in Destexhe et al. 1996). These models reproduced the most salient intrinsic properties of thalamic neurons, such as the production of bursts of action potentials (Fig. 4.11B). Synaptic interactions were modeled using conductance-based
kinetic models (Destexhe et al. 1994a) which were used to simulate the main receptor types (AMPA, GABAA and GABAB ) identified in thalamic circuits (Fig. 4.11C).

4 Fine Structure of Slow Waves in Sleep

83

Fig. 4.12 Possible explanation for why the RE nucleus oscillates in vivo but not in vitro. Simulation of a network with 100 RE cells locally interconnected through GABAergic synapses and
where the noradernergic (NE) and serotonergic (5HT) neuromodulation was taken into account.
A moderate stimulation of NE/5HT activity may be present in vivo, but not in vitro. In the presence
of NE/5HT activity, the resting level of RE cells is more depolarized, and the network oscillates at
a frequency of 10–16 Hz (bar), while the average membrane potential displays waxing-and-waning
amplitude fluctuations. After 2 seconds (first arrow), all NE/5HT synaptic activity was suppressed;
the resulting hyperpolarization prevented the network from sustaining oscillations. Depolarizing
(second arrow) or hyperpolarizing (third arrow) current pulses injected simultaneously in all neurons (with random amplitude) could not restore spontaneous oscillations. The latter simulation
might correspond to the conditions of RE cells in vitro. Modified from Destexhe et al. (1994d)

Under these conditions, the circuit generated 7–14 Hz spindle oscillations with the
typical features described intracellularly in the different thalamic neuronal types.
The model reproduced the mirror image between TC and RE cells during spindles, as well as the phase relations between cells (see Fig. 4.11D). In particular,
TC cells produced bursts once every 2–3 cycles within a spindle sequence, a feature
consistently observed experimentally (compare with Fig. 4.11C). More irregular behavior, similar to the experiments, was obtained in larger networks (Fig. 4.11E), or
in the presence of the cortex (see below). The oscillations also showed the defining waxing-and-waning envelope of spindles; this property was due in the model to
Ca2+ -mediated slow regulation of the Ih current (Destexhe et al. 1993), a prediction
that was later verified experimentally (Luthi and McCormick 1998).
Thus, models show that taking into account the complex bursting properties of
thalamic neurons, combined with their interactions through well-defined synaptic
receptors, account for both RE pacemaker oscillations as well as spindle oscillations arising from TC-RE loops in which pacemaker activity in the RE nucleus is
not required. The models therefore do not invalidate any of the experiments mentioned here but rather support the validity of both types of experimental results.
However, it remains to be explained why the RE nucleus does not oscillate in vitro
(Fig. 4.10A). This question was addressed by a computational model of the RE nucleus which took into account the action of neuromodulators (such as noradrenaline)
in depolarizing RE cells. This model produced oscillations only when a sufficient
level of neuromodulator was present (Fig. 4.12; Destexhe et al. 1994d). The differ-
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ence between in vivo and in vitro preparations may therefore be explained by the
limited connectivity between the RE neurons in the slice, and/or by the fact that
slices lack the necessary level of neuromodulation to maintain isolated RE oscillations (Destexhe et al. 1994d). The main prediction from this model is that applying
neuromodulators to slices of the RE nucleus should induce oscillations similar to
those observed in vivo, but if sufficient connectivity is present between RE neurons.
This prediction still awaits to be tested.

4.3.2 Mechanisms for Large-Scale Synchrony of Spindles
Another property of spindle oscillations is their large-scale synchrony in the brain.
Figure 4.13 (Intact) shows that in the intact brain, multisite recordings from the
whole anterior to posterior axis of the thalamus (spanning the occipital to frontal areas) displayed a large-scale synchrony. This synchrony is remarkable because each
of the recorded thalamic nuclei is capable of generating spindle oscillations on its
own. However, more interestingly, it was found that this large-scale synchrony depends on cerebral cortex (Contreras et al. 1996a). Unilateral decortication did not
abolish the ability of each thalamic site to display spindle oscillations, but destroyed
the large-scale coherence of oscillations (Fig. 4.13, Decorticated). In other words,
different thalamic oscillators seem to be set in phase by their interaction with cerebral cortex (Contreras et al. 1996a).
It was further shown that this cortical-dependent large-scale coherence is not dependent on intracortical connections (Contreras et al. 1996a). Multisite recordings
in suprasylvian cortex (area 5–7), an area known for its high density of intracortical
connections, showed that the synchrony between distant sites is resistant to cutting
the corticocortical connections (Fig. 4.14; Contreras et al. 1996a). Thus, the largescale synchrony seems to depend on either callosal connections (which were unaffected in these experiments) or to reciprocal relations between cortex and thalamus.
The latter hypothesis was explored by computational models.
Models of thalamocortical networks were designed, based on Hodgkin-Huxley
type representations of the different classes of neurons, TC and RE cells as before, with cortical pyramidal (PY) cells and inhibitory interneurons (IN). The latter two cell types were regular-spiking and fast-spiking cells, respectively, and
were modeled by Na+ and K+ currents for action potentials, augmented by an
spike-frequency adaptation current (voltage-dependent slow K+ current) in regularspiking cells (see details in Destexhe et al. 1998). This current generated adapting trains of action potentials, similar to experimental observations (Connors and
Gutnick 1990). Using these models, it was possible to reproduce the experimental
observations only when one important property was assumed: the corticothalamic
feedback on TC cells must operate mainly through inhibition (Destexhe et al. 1998).
This property of “inhibitory dominance” is illustrated in Fig. 4.15. In the vast majority of TC cells recorded intracellularly in vivo, cortical stimulation resulted in
a small amplitude EPSP followed by a large IPSP (Fig. 4.15A). In a small circuit
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Fig. 4.13 Removal of the cerebral cortex affects the pattern of spindle oscillations in the thalamus. In an intact network under barbiturate anesthesia (upper panel), three spontaneous spindle
sequences at 8–9 Hz and lasting for 1–3 s occurred at roughly the same time in the local field
potentials recorded from eight tungsten electrodes (Th1–Th8). Tip resistances were 1 to 5 M
and inter-electrode distances of 1 mm. Negativity downward. Cortex was removed by suction after
careful cauterization with silver nitrate (Photo), exposing the head of the caudate nucleus (CA,
in the drawing), most of the dorsal thalamus (TH), the lateral geniculate body (LG), the medial
geniculate body (MG), the superior (SC) and inferior colliculli (IC). Also in the photograph, and
represented in the drawing at right, are the intact contralateral cortex (CX) and the cerebellum
(CB). The eight electrodes were held together and their tips lowered to the positions indicated by
the black dots in the drawing. The two or three most anterior electrodes crossed through the head
of the caudate nucleus to reach the thalamus. After decortication (lower panel), recordings from
approximately the same thalamic location showed that spindling continued at each electrode site,
but their coincidence in time was lost. The 8-electrode configuration was positioned at different
depths within the thalamus (from −2 to −6) and different lateral planes (from 2 to 5); all positions
gave the same result. Modified from Contreras et al. (1996a)
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Fig. 4.14 Synchrony of spindle oscillations is not determined by intracortical connectivity.
A. Multisite recordings from the depth (1 mm) of the suprasylvian (SS) gyrus using a similar
electrode array (Cx1 to Cx8) as described in Fig. 4.13. Spontaneous spindle sequences occurred
nearly simultaneously in control conditions (Intact). Following a 3 mm-deep coronal section (Cut)
of the SS gyrus (horizontal line between electrodes Cx4 and Cx5 in the scheme), crossing laterally
from the lateral aspect of the marginal gyrus (M) to the medial aspect of the ectosylvian gyrus
(ES), did not disrupt simultaneity of oscillations. B. Synchronization was evaluated by calculating
crosscorrelograms between electrode Cx1 and the others. Correlograms from 15 consecutive spindle sequences were averaged before and after the cut. The value of the averaged crosscorrelation
at time zero was represented as a function of distance with respect to the first electrode (left panel;
" for intact cortex and ! after cut). Averaged crosscorrelograms for each pair of electrodes were
represented as surface plots for intact cortex (middle panel) and after cut (right panel). Correlation
values were displayed using a gray scale ranging from −0.4 (black) to 1 (white; see grayscale
bar). Secondary peaks around 120 ms indicate rhythmicity at 8–9 Hz. Modified from Contreras et
al. (1996a)

model with two TC interconnected with two RE cells (see scheme in Fig. 4.15B),
the cortical excitation of RE and TC cells reproduced the EPSP/IPSP sequences observed experimentally provided that the cortical EPSPs on RE cells were stronger
than those on TC cells. In Fig. 4.15B, the conductance of AMPA-mediated cortical
drive on TC and RE cells, as well as the GABAA -mediated IPSP from RE cells were
of the same order of magnitude. In this case, cortical EPSPs were shunted by reticular IPSPs and cortical stimulation did not evoke oscillations in the thalamic circuit.
In contrast, when the EPSPs on TC cells had smaller conductances (5 nS compared
to 100 nS), the EPSP-IPSP sequence was similar to intracellular recordings and
cortical stimulation was effective in evoking oscillations (Fig. 4.15C).
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Fig. 4.15 “Inhibitory dominance” of corticothalamic feedback on thalamic relay cells. A. Intracellular recording of a TC cell in the lateral posterior (LP) thalamic nucleus while stimulating the
anatomically related part of the suprasylvian cortex in cats during barbiturate anesthesia. Cortical
stimulation (arrow) evoked a small EPSP followed by a powerful biphasic IPSP. The IPSP gave
rise to a rebound burst in the TC cell. This example represented the majority of recorded TC cells.
B. Simulation of cortical EPSPs (AMPA-mediated) in a circuit of four interconnected thalamic
cells. Cortical EPSPs were stimulated by delivering a presynaptic burst of four spikes at 200 Hz to
AMPA receptors. The maximal conductance was similar in TC and RE cells (100 nS in this case)
and no rebound occurred following the stimulation (arrow). C. Simulation of dominant IPSP in TC
cell. In this example, the AMPA conductance of stimulated EPSPs in the TC cell was reduced to
5 nS. The stimulation of AMPA receptors evoked a weak EPSP followed by strong IPSP, then by a
rebound burst in the TC cells, as observed experimentally. Modified from Destexhe et al. (1998)

This property of “inhibitory dominance” was essential to reproduce the experimental observations about the large-scale synchrony of spindle oscillations. An extended thalamocortical network was simulated based on local connectivity profiles,
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Fig. 4.16 Spontaneous spindle oscillations in a model thalamocortical network with 400 cells.
A. Schematic connectivity. The network had four layers of PY, IN, RE and TC cells. Each cell
is represented by a dot and the area to which it projects is depicted as a shaded area for a representative cell. Intrathalamic and intracortical connections were topographic with a divergence of
11 cells, whereas thalamocortical and corticothalamic projections were more extended, spanning
over 21 cells. B1. Spontaneous spindle oscillation. Five cells of each type, equally spaced in the
network, are shown (0.5 ms time resolution). The asterisks indicate an initiator TC cell. B2. Detail
of spindle initiation. C. Locally averaged potentials. 21 adjacent PY cells, taken at eight equally
spaced sites on the network, were used to calculate each average. Asterisks indicate two nearly
simultaneous initiation sites. Modified from Destexhe et al. (1998)

as displayed in Fig. 4.16A. The network generated spindle oscillations which were
driven by the TC-RE loops, as in the previous section. However, in the presence of
the corticothalamic loops, the oscillation appeared almost synchronously over the
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Fig. 4.17 Effects of corticothalamic feedback on the simultaneity of spindle oscillations in corticothalamic model. Spontaneous spindles are shown in the presence of the cortex (left panels) and
in an isolated thalamic network (right panels) under the same conditions (same parameters as in
Fig. 4.16). Single TC cells and local TC averages are shown for each case. 21 adjacent TC cells,
sampled from 8 equally spaced sites on the network, were used to calculate each average. The bottom graphs represent averages of a representative spindle at 10 times higher temporal resolution.
The near-simultaneity of oscillations in the presence of the cortex is qualitatively different from the
propagating patterns of activity in the isolated thalamic network (arrows). Modified from Destexhe
et al. (1998)

whole network (Fig. 4.16B–C), although it was initiated only in localized sites (∗ in
Fig. 4.16B–C).
This thalamocortical network model was used to investigate how cortical feedback could organize the coherence of thalamic oscillations that were observed ex-
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perimentally (Contreras et al. 1996a). We reproduced these experimental recording
conditions in the model. The activity of individual thalamic cells as well as local average potentials were considerably more coherent in the presence of cortical feedback (Fig. 4.17): The left panel shows several spindle sequences using the same
parameters as in Fig. 4.16. The right panel shows the same simulation with cortical
cells removed. Without cortical feedback, different initiation sites for spindles were
not coordinated. Some of them remained local, while others gave rise to systematic propagation of oscillations from one side of the network to the other (Fig. 4.17,
bottom right panel), as observed in thalamic slices (Kim et al. 1995). This model
was also able to reproduce the different patterns of spindle oscillations observed in
natural sleep and anesthetized conditions (Destexhe et al. 1999b).
Thus, the thalamocortical model predicted that the main ingredient to reproduce
the experiments on large-scale synchrony is that the cortex must recruit the thalamus
through the RE nucleus. This property was central to explain large-scale synchrony,
but also pathological states such as epileptic seizures, as investigated in the next
section.

4.3.3 Consequences for Generalized Seizures
The cortical control of thalamic relay cells through dominant inhibitory mechanisms has important consequences, not only for explaining large-scale synchrony,
but also to explain pathological situations such as absence epileptic seizures (Destexhe 1998). As a result of inhibitory dominance, a too strong corticothalamic feedback can over-activate thalamic GABAB receptors and entrain the physiologically
intact thalamus into hypersynchronous rhythms at ∼3 Hz. This scheme may explain the genesis of hypersynchronous ∼3 Hz rhythms that appear suddenly in the
thalamocortical system. A similar type of seizure activity can be induced experimentally by increasing cortical excitability, while keeping a physiologically intact thalamus (reviewed in Gloor and Fariello 1988). The same thalamocortical
model as above accounts for those experiments and can simulate seizures based on
inhibitory-dominant corticothalamic feedback (Destexhe 1998). This model directly
predicted that manipulating corticothalamic feedback should entrain intact thalamic circuits to generate hypersynchronous rhythms at ∼3 Hz, a prediction which
has been verified by two independent studies (Blumenfeld and McCormick 2000;
Bal et al. 2000). A similar mechanism, with a different balance between GABAA
and GABAB receptors, can also generate faster hypersynchronous rhythms (around
5–10 Hz), as observed in rat or mouse experimental models of absence seizures.

4.4 Slow Waves and Up/Down-State Dynamics
As seen in Sect. 4.2, during the deepest phases of sleep (stages 3 and 4 in humans),
as well as for some anesthetized states, cortical activity is dominated by delta and
slow oscillations, in a frequency range of 0.1 to 4 Hz. The intracellular correlate of
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Fig. 4.18 Transformation of spindle oscillations into ∼3 Hz oscillations with spike-and-wave field
potentials by reducing cortical inhibition. A. Spindle oscillations in the thalamocortical network in
control conditions. Five cells of each type, equally spaced in the network, are shown (0.5 ms time
resolution). The field potentials, consisting of successive negative deflections at ∼10 Hz, is shown
at the bottom. B. Oscillations following the suppression of GABAA -mediated inhibition in cortical
cells with thalamic inhibition intact. All cells displayed prolonged discharges in phase, separated
by long periods of silences, at a frequency of ∼2 Hz. GABAB currents were maximally activated in
TC and PY cells during the periods of silence. Field potentials (bottom) displayed spike-and-wave
complexes. Thalamic inhibition was intact in all cases. Modified from Destexhe (1998)

the slow oscillation is the alternation between depolarized states (Up-states) and hyperpolarized states (Down-states), which occurs in perfect synchrony with the EEG
(Steriade 2001). An example of slow oscillation in ketamine–xylazine anesthesia is
shown in Fig. 4.19A. Thus, entire cortical regions are simultaneously switching between Up- and Down-states, as also shown by multiple extracellular studies (Destexhe et al. 1999a). The origin of these oscillations seems to be cortical, because
they survive extensive thalamic lesions (Steriade 2001), and they are also observed
in cortical slices (Sanchez-Vives and McCormick 2000).

4.4.1 Up- and Down-States in Cortex
The observation of self-generated Up/Down-states in cortical slices (Sanchez-Vives
and McCormick 2000) has motivated the search for mechanisms for Up/Down-
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Fig. 4.19 Computational models of slow-wave oscillations in cerebral cortex. A. In vivo recordings of a morphologically identified pyramidal neuron during ketamine–xylazine anesthesia.
B. Schematic circuit showing the two main types of cortical neurons, pyramidal cells (PY) and
inhibitory interneurons (IN). Those neurons are connected via different types of synaptic receptors, with the two main types illustrated here. C. Models of the intrinsic properties of cortical neurons (left) and of the synaptic receptor types (right) mediating their interactions. D. Computational
model of slow-wave oscillations arising from reverberation of activity through recurrent connections in networks of cortical circuits. The network displays Up- and Down-states with different
frequency of occurrence depending on the level of spontaneous activity. E. Snapshot of activity in
the network showing the initiation and propagation of the Up-state. A. Modified from Rudolph et
al. (2005); D,E. Modified from Timofeev et al. (2000)

state generation within the cortex. Computational models were investigated based
on recurrent circuits of excitatory and inhibitory cortical neurons described by
Hodgkin–Huxley type models (Fig. 4.19B). The two main electrophysiological
types of cortical neurons were considered, as well as their synaptic interactions
through glutamate (AMPA) and GABAergic (GABAA ) receptors (Fig. 4.19C).
These models showed that Up-states can be generated by recurrent excitatory
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and inhibitory connections, which self-sustain the activity (Fig. 4.19D). Different exact mechanisms by which Up-states begin and terminate have been proposed. Up-states can start either by the interaction between subthreshold Na currents (persistent Na current) and miniature excitatory synaptic potentials (Timofeev et al. 2000). Another possible mechanism is to consider spontaneously active cells that would initiate the wave of activity in the network (Compte et al.
2003). In a third mechanism, Up states initiate due to self-sustained network activity (Destexhe 2009). So far, none of these mechanisms has been verified experimentally. The termination of the Up-state is apparently due to a progressive run
down of synaptic activity, as indicated by conductance measurements (Contreras et
al. 1996b). What causes this run down could be either an intrinsic property, such
as the progressive build-up of a slow potassium conductance (Compte et al. 2003;
Destexhe 2009), as the metabolically dependent KATP current demonstrated to control the termination of Up-states in cortical slices (Cunningham et al. 2006), or
depression of excitatory synapses. Both hypotheses are supported by experimental data, and are also consistent with the refractoriness of the Up-states found in
slices (Sanchez-Vives and McCormick 2000); this refractoriness could be due to the
potassium conductance, or recovery from synaptic depression.
Another property of Up/Down-states is that the duration of the Down is proportional to network size. Down-states are typically short in vivo (a few hundred ms)
while they can last up to 20 seconds in slices. Cutting cortical slabs of different sizes
in vivo confirmed that the Down-state duration varies inversely proportional to slab
size (Timofeev et al. 2000). Here again, this property is consistent with the three
mechanisms of initiation outlined above, as they all depend on coincident activation of either miniature or spontaneously active cells, both of which will occur more
often in large networks.
A final property of slow waves is that the Up-states clearly show propagating
properties in vitro (Sanchez-Vives and McCormick 2000). This propagation can be
reproduced by computational models (Fig. 4.19E), assuming that synaptic connections are made locally in the cortical network. In contrast, there is evidence that
Up-states are highly synchronized in vivo, because the local EEG is always phase
locked with intracellular activity (Fig. 4.19A). Multiple extracellular recordings in
natural sleep also demonstrated that the Up-states of slow waves are highly synchronized across distances up to 7 mm in cortex (Destexhe et al. 1999a; see Sect. 4.2).
Another type of model was proposed more recently (Destexhe 2009) based on
nonlinear integrate-and-fire (IF) neurons. These models are simpler than HodgkinHuxley type models, but still can reproduce the main intrinsic properties of thalamic
and cortical cells (Fig. 4.20). In particular this so-called adaptative exponential IF
model (Brette and Gerstner 2005) can reproduce the rebound bursting activity of thalamic TC and RE neurons, as well as the classical regular-spiking and fast-spiking
patterns.
Using this model, Up- and Down-state dynamics could be simulated by a twolayer cortical network (Fig. 4.21). The Up–Down-state dynamics emerged from the
interaction of two layers, Layer B was a network displaying spontaneous activity
(as a self-sustained state), while Layer A had no spontaneous activity. The Up-state
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Fig. 4.20 Different classes of cortical and thalamic neurons modeled by the adaptive exponential
integrate-and-fire model. A. Regular-spiking (RS) pyramidal (PY) neuron with strong adaptation.
B. RS PY neuron with weak adaptation. C. Fast-spiking (FS) inhibitory (IN) interneuron with
negligible adaptation. D. Low-threshold spike (LTS) PY cell. E. Thalamocortical (TC) neuron.
F. Thalamic reticular (RE) neuron. In all cases, the response to a depolarizing current pulse of
0.25 nA is shown on top. For D–F, the bottom curves show the response to a hyperpolarizing
current pulse of −0.25 nA. The units of the adaptation parameter b in A–C are nA. Modified from
Destexhe (2009)

activity ceased due to adapting currents in PY cells in Layer A, leading to a Downstate, which ended by the spontaneous firing of some of the cells in Layer B, which
restarted the next Up-state. This model is in agreement cortical slices where it was
shown that Up-states always start in Layer 5 and subsequently propagate to other
layers (Sanchez-Vives and McCormick 2000). The model displayed Up–Down-state
dynamics where the Down-state was nearly simultaneous in all cell types, with no
specific built-in mechanism to generate this synchronized activity. Contrary to previous models, the Up–Down-state dynamics was entirely self-generated by the network, without the need for external input or spontaneously active cells (see details
in Destexhe 2009).

4.4.2 Thalamocortical Models of Up- and Down-States
The two-layer model of Up–Down-state shown in the preceding section was extended into a thalamocortical model. In this model, the cortical layer was identical
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Fig. 4.21 Up/Down-state dynamics in a two-layer cortex model with LTS cells. Top: Scheme
of connectivity between two networks of N = 2000 (Layer A) and N = 500 (Layer B) neurons.
Layer B had 10% LTS cells and was capable of displaying self-sustained asynchronous irregular
(AI) states. Bottom: Raster of the activity during 5 seconds (LTS cells shown in red). The stimulation of the network started at t = 0 and lasted 50 ms, leading to self-sustained Up/Down-state
dynamics (CVI SI = 2.49, CC = 0.069). The interlayer connectivity was only excitatory and had
a connection probability of 1%. Modified from Destexhe (2009)

to Layer A in the cortical model, and the thalamic network displayed spontaneous
activity, playing a similar role as Layer B above (Fig. 4.22). As in the two-layer
cortical model, the Up-states ceased due to adapting currents in PY cells, leading to
a Down-state, which occurred nearly simultaneously in the whole network. The dynamics was also entirely self-generated with no external input (see Destexhe 2009).
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Fig. 4.22 Self-sustained irregular and Up/Down-states in a thalamocortical network of adaptive
exponential IF neurons. Top: Scheme of connectivity of the thalamocortical network. The network
had four layers of cortical pyramidal (PY), cortical interneurons (IN), thalamic reticular (RE) and
thalamocortical (TC) relay cells. Each cell is represented by a filled circle (dark gray = excitatory
cells; light gray = inhibitory cells), and synaptic connections are schematized by arrows. Bottom
panels: From A to D, the same model was used (2200 cells total, 1600 PY, 400 IN, 100 TC and
100 RE cells), but with different strengths of adaptation (from b = 0.04 nA in A to b = 0.005 nA
in D). In all rasters, only 10% of cells are shown for each cell type, and the four layers of cells are
indicated on the right. For the AI state in D, cortical neurons were characterized by a mean firing
rate of 44 Hz, a coefficient of variation of CVI SI = 2.45 and a pairwise correlation of CC = 0.004.
Modified from Destexhe (2009)

One of the features of interest of Up-states is that this activity is very similar
to that during the wake state (reviewed in Destexhe et al. 2007). This is supported
by several observations. First, during the Up-state, the EEG is of low-amplitude
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and fast activity, similar to desynchronized EEG. Second, extracellular recordings
showed that the Up-states obey the same dynamics of firing, have similar local
correlations, and display similar relations between EEG and unit firing, as during wakefulness (Destexhe et al. 1999a). Third, simulating nuclei participating to
the ascending arousal system induces periods of desynchronized EEG, which correspond intracellularly to prolonged Up-states. Fourth, conductance measurements
from intracellular recordings in anesthetized or EEG-activated states show similar
conductance patterns during both states.1 Fifth, computational models of Up/Downstates and of activated states in cortical circuits suggest that both can be generated
by similar mechanisms (see below).
The thalamocortical model of Up–Down-states was used to simulate the transition to the sustained and irregular firing activity during wakefulness. Self-sustained
irregular states similar to activated states have been simulated by various models
(reviewed in Vogels et al. 2005). Only a few models, however, provided the transition from Up/Down-states to activated states (Brunel 2000; Bazhenov et al. 2002;
Compte et al. 2003). For all of such models, Up-states and activated states are very
similar and differ only by the level of excitability of the neurons (mostly by downregulating potassium conductances). Some of these models were confronted to input resistance or conductance measurements and reproduced qualitatively the values
measured experimentally. The fact that Up-states and activated states can be simulated using the same models with few differences is another indication that those
two states stem from similar network activity (see above).

4.5 Discussion
In this chapter, we have reviewed some selected aspects of the relation between cellular and global (EEG, LFP) activities during different types of sleep oscillations.
We summarize below the mechanisms of these oscillations, and their possible physiological role.

4.5.1 Cellular Mechanisms of Sleep Oscillations
Sleep spindle oscillations were investigated by experiments and modeling at different levels. At the cellular level, thalamic neurons produce bursts of action potentials in synchrony during spindles. Despite the fact that this represents an unusually
strong input to cortex, cortical pyramidal neurons display surprisingly low levels
1 The

absolute conductance is lower in activated states compared to Up-states, but both states are
characterized by similar ratios between excitatory and inhibitory conductances (Rudolph et al.
2005).
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of discharge. It was shown that the sleep spindles recruit strong inhibitory conductances in cortex, which explains this moderate level of discharge (Contreras et al.
1997).
At the level of the mechanisms of generation of spindles by thalamic circuits, two hypotheses were proposed based on experiments. First, in vivo experiments support the “RE pacemaker” hypothesis for spindle generation (Steriade
et al. 1997). Different models point to the fact that such a pacemaker in the
reticularis is definitely possible (Wang and Rinzel 1993; Destexhe et al. 1994c;
Bazhenov et al. 1999), but it requires a critical amount of connectivity and sufficient
depolarization of RE cells, two conditions which may not be met in slices. Second, the “TC-RE loop” hypothesis, first proposed by Scheibel and Scheibel (1966,
1967), was subsequently found and demonstrated in thalamic slices (von Krosigk
et al. 1993). Models also found that this mechanism is possible (Wang et al. 1995;
Destexhe et al. 1996). So far, only one model addressed the question of the compatibility between all experiments (Destexhe et al. 1994d), and predicted that neuromodulation and depolarization of RE cells could explain the contrasting observations, a
prediction which still awaits to be tested experimentally.
At the level of the thalamocortical system, in vivo recordings demonstrated a
remarkable large-scale synchrony, which was dependent on the integrity of the
thalamocortical system (Contreras et al. 1996a). Models could reproduce these
observations based on the property of “inhibitory dominance” of corticothalamic feedback (Destexhe et al. 1998). This property was shown to be present in
the majority of intracellularly recorded thalamic cells, and it was subsequently
demonstrated that the cortical synapses are much stronger in RE cells compared
to TC cells (Golshani et al. 2001). Interestingly, this inhibitory-dominance also
can explain the emergence of hypersynchronous rhythms at ∼3 Hz following increased cortical excitability (Destexhe 1998). This model predicted that stimulation of corticothalamic fibers in slices should be able to “force” the intact thalamic circuit to produce synchronized ∼3 Hz oscillations. This prediction was successfully tested by two independent studies (Blumenfeld and McCormick 2000;
Bal et al. 2000).
Thus, at this point, the current mechanism for large-scale synchronization of
spindles through successive recruitment loops between thalamus and cortex accounts for a large body of experiments, including the genesis of pathological states
such as generalized seizures. It must be noted, however, that this synchronizing
mechanism was only investigated based on experiments in a cortical area of about
1 cm (area 5–7), but remains to be investigated for the synchrony over the whole
brain. It is likely that other factors, such as callosal connections or non-specific thalamic nuclei, must be considered to fully account for large-scale synchrony. Indeed,
a strong role for the intracortical connectivity was emphasized by models (Destexhe
et al. 1999b).
Another type of sleep oscillation, the slow oscillation (0.1–4 Hz), including the
delta frequency range, was also intensely investigated by experiments and models.
The cellular correlates of slow waves is a “synchronized silence” in the firing of
cortical and thalamic cells, a feature which was first identified in anesthetized states
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and subsequently in natural sleep (Steriade et al. 1993a, 1993b, 1993c). The network
alternates between “Down-states”, associated with neuronal silence and membrane
hyperpolarization, and “Up-states” where cells are depolarized and display tonic
irregular firing similar to the activity during wakefulness.
The genesis of the slow rhythm is more complex than spindles, because multiple
“pacemakers” were found for this type of oscillation. The finding of a slow oscillation in cortical slices (Sanchez-Vives and McCormick 2000) proves that cortical
circuits can autonomously generate this type of oscillation. Note that the characteristics of the slow oscillation in vitro, such as the respective length of Up- and
Down-states, is markedly different from in vivo, although the size of the network
may explain this effect. Nevertheless, different computational models showed that
cortical circuits can generate either self-sustained asynchronous irregular states, or
Up–Down-state patterns
The thalamus has also been shown to generate Up- and Down-state patterns, as
an intrinsic property of thalamic neurons in the presence of glutamate metabotropic
receptor antagonists (Hughes et al. 2002; Blethyn et al. 2006). It is at present not
clear to what extent this conditional thalamic pacemaker plays a role in the Up–
Down-state patterns seen in vivo. Dual intracellular recordings indicate that thalamic
bursts tend to occur just before the onset of the Up-state in cortex (Contreras and
Steriade 1995). However, the lack of any obvious effect of massive thalamic lesions
on the slow oscillation recorded in vivo (Steriade et al. 1993b) suggests that thalamic
slow oscillations have a limited participation in the generation or maintenance of
slow oscillations in cortex.
Concerning the transition from slow waves to wakefulness, awakening of the animal, or stimulation of the ascending activating system under anesthesia induces a
transition from Up/Down-states to sustained Up-states with desynchronized EEG
(Fig. 4.23A). This transition can be mimicked in the thalamocortical model by reducing the adaptation in pyramidal neurons (Fig. 4.23B). This is consistent with
the action of neuromodulators implicated in arousal, such as acetylcholine or noradrenaline, which block or reduce the K+ conductances responsible for spikefrequency adaptation (McCormick 1992). However, these state transitions are qualitative as not all experimental measurements have been taken into account, for example the conductance measurements in natural wake and sleep states (Rudolph
et al. 2007) should be included in models. Reproducing the correct conductance
state in individual neurons requires large network sizes (El Boustani et al. 2007;
Kumar et al. 2008), and it should be done in a near future.

4.5.2 Possible Role of Sleep Oscillations
From the experiments and biophysical models outlined here, and in particular two
of the main sleep oscillations, spindles and slow waves, we can speculate about their
possible role.
One interesting aspect of sleep spindles is their relatively low level of discharge.
Investigating this issue, it was found that reversing inhibition leads to powerful
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Fig. 4.23 Experiments and model of the transition from Up/Down- to activated states. A. Transition from Up/Down-state dynamics to an activated state, evoked by stimulation of the pedonculo-pontine tegmentum (PPT) in an anesthetized cat. The two traces, respectively, show the EEG
and intracellular activity recorded in parietal cortex. B. Similar transition obtained by changing the
value of b from 0.02 nA to 0.005 nA (gray line). All other parameters were identical to Fig. 4.22.
Panel A modified from Rudolph et al. (2005). Panel B modified from Destexhe (2009)

bursts of action potentials, therefore revealing a powerful inhibition during spindles
in cortex (Contreras et al. 1997). Computational models drawn based on these data
concluded that spindles are characterized by strong excitatory and inhibitory conductances. Because of the high density of excitatory synapses in dendrites, it was
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estimated that the dendrites are very depolarized during spindles, while the soma is
kept hyperpolarized by inhibition. This dendritic depolarization is characteristic to
spindles, so the physiological role of spindles may be related to this unusual event.
Because depolarization is an efficient way to induce calcium entry, it was speculated
that the role of spindles may be to induce repetitive volleys of massive calcium entry in pyramidal neurons (Contreras et al. 1997), a signal which may be ideal to
activate specific molecular gates such as protein-kinase A, perhaps in relation to
synaptic plasticity (Destexhe and Sejnowski 2001).
Concerning the slow waves, as mentioned above, the Up-states during slow
waves share many different features of the sustained activity during wakefulness,
and thus, Up-states can be viewed as brief periods of activity in which network dynamics are very similar to the dynamics during wakefulness. This is consistent with
the fact that Up-states would represent “replayed” events that have occurred previously during the wake state (Destexhe et al. 1999a). There is abundant experimental
evidence for such a replay during sleep from birds to higher mammals (see overview
in Ribeiro et al. 2004).
These observations lead to the following speculative scenario. During wakefulness, latent memories are formed throughout the cortex, together with links
to the hippocampal formation that allow top-down retrieval to occur. During
the early stages of sleep, spindle oscillations would mobilize the molecular machinery needed for memory consolidation. In the deeper phases of slow-wave
sleep, during the brief periods of wake-like activities (Up-states), the hippocampal formation would activate latent memories stored in the neocortex (“replay”)
and induce permanent changes in intrinsic or synaptic conductances. This hypothetical mechanism of memory consolidation during sleep is consistent with all
electrophysiological characteristics of sleep oscillations, and it predicts that special correlations between hippocampal and cortical activities should occur during the Up-states of slow waves (see details in Destexhe and Sejnowski 2001).
Such correlations have been found recently between cortical slow waves (Upstates) and hippocampal sharp waves (Sirota et al. 2003; Battaglia et al. 2004;
Peyrache et al. 2009).
This replay during sleep was investigated more quantitatively by computing the
degree of similarity of the spatiotemporal patterns of spikes produced in sleep and
prior wakefulness in rats during exploratory behavior (Peyrache et al. 2009). This
degree of similarity, called “reactivation strength”, was found to be higher in the
slow-wave sleep period immediately following the novel experience. In particular,
the reactivation strength was computed in relation to spindle waves and Up/Downstate events. Interestingly, the peak in reactivation strength was clearly correlated
with slow-waves events, both delta and slow oscillations (Fig. 4.24A–B, top panels). There was also a strong reactivation correlated with spindle waves; in this case
reactivation tended to occur before the spindle (Fig. 4.24C, top panels). In all cases,
the increase of reactivation strength was strongly correlated with the occurrence of
hippocampal sharp waves (Fig. 4.24, middle panels) but not with the mean firing
rate of the ensemble of recorded cortical neurons (Fig. 4.24, bottom panels).
These results clearly show that there is a “replay” of spike patterns during slowwave sleep, and more specifically in relation with the different types of sleep slow
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Fig. 4.24 Reactivation strength in rat prefrontal cortex related to sleep spindles and slow oscillations following a learning task. Prefrontal cortical neurons and LFPs were recorded with multiple
tetrodes in chronically implanted rats, together with LFP electrodes in the anatomically related part
of the hippocampus (see details in Peyrache et al. 2009). A. Top: reactivation strength relative to
the depth-negative peak of delta waves, for sleep periods preceding (Pre, gray) and following (Post,
black) the task. Gray bars indicate significantly (P > 0.001, t -test) higher reactivation strengths
for signal components during post SWS with respect to baseline. Middle: cross-correlogram of
the occurrence of hippocampal sharp waves (SPW) relative to delta peaks. SPWs tended to occur
more frequently just before delta peaks, similar to reactivation. Bottom: spiking probability density
of multi-unit activity relative to delta waves and averaged over all recording sessions. Gray, pre
SWS; black, post SWS. Prefrontal cells showed a strong decrease in firing at the time of the delta
peak, preceded and followed by activity increases. B. Same plot as in A, but centered on putative
DOWN to UP state transitions (as defined by population average firing rate). Results are comparable with those shown in A, except for spiking probability, which only showed a marked deflection
during the Down-state. C. Same plots as in A, but centered on spindle troughs (depth-LFP negative
peaks). The reactivation strength was significantly higher (P > 0.05) for over 1 s before spindles
(top) and this was clearly correlated to the occurrence of hippocampal SPWs (middle). Modified
from Peyrache et al. (2009)

waves. This replay of cortical spike patterns is correlated with the sharp waves of
hippocampus, which are one of the main types of hippocampal electrical activity
during slow-wave sleep (Buzsaki 2006). This analysis constitutes direct evidence
that there is a special dialogue between hippocampus and cerebral cortex during
slow-wave sleep, and that this dialogue is related to the consolidation of novel in-
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formation. It is presently not clear what are the exact mechanisms behind such a
dialogue, but it constitutes an exciting challenge for future experimental and theoretical studies.
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