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Cellular correlates of wakefulness and slow-wave sleep: evidence
for a key role of inhibition$
Eduarda Susin and Alain Destexhe
Recent studies have identified interesting cellular dynamics in
wakefulness and slow-wave sleep (SWS), as we review here for
unit recordings in animals and human. First, a novel form of
homeostasis was observed during sleep, where high-firing cells
in wake tend to fire slower during SWS, while low-firing cells in
wake tend to fire faster in SWS. Second, there seems to be a
stronger involvement of inhibitory cells compared to excitatory
cells during gamma oscillations in SWS. Third, pairwise crosscorrelations between cells seem to increase specifically during
SWS, but only for inhibitory neurons. We compare these results
between animal and human unit recordings, and confirm the
similarities in cellular dynamics in wake and SWS, and highlight
that differences are mostly apparent in the dynamics and
correlations of inhibitory cells. These results suggest that
inhibitory networks are key in the dynamics of sleep, and
should be a main target in future studies.
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In natural SWS, extracellularly recorded neurons fire in
coincidence with the depth-negative component of slowwave complexes, whereas the depth-positive component
is associated with neuronal silence [4–6]. Similar relations
were found for delta waves in the intact brain [7], or
isolated cortex [8]. Thus it seems that slow-wave complexes are characterized by alternating periods of sustained firing and neuronal silence usually called “Up” and
“Down” states, respectively. It was further shown that, in
natural sleep, Up and Down states appear synchronously
in multiple cells recorded extracellularly [6], and the
relation between the slow-wave and cellular hyperpolarization was later confirmed by intracellular recordings of
neurons in naturally sleeping animals [9]. Note that
Down states are not periods of complete silence. A
possible relation between the residual activity during
Down states and memory consolidation has been proposed based on extracellular recordings in prefrontal
cortical areas in rats [10]. This residual activity during
down states was also observed in human recordings [11].
Early studies also showed that, in aroused states, cortical
cells fire tonically [12–14], and the EEG is dominated by
low-amplitude fast activity in the beta/gamma (15–75 Hz)
frequency range. Extracellular studies in natural SWS
found that all characteristics from the spiking activity,
LFP activity or LFP coherence, are identical between the
Up-states of SWS, wakefulness or rapid-eye movement
(REM) sleep [6]. These seemingly identical properties
led to the suggestion that SWS Up-states constitute small
episodes of activity replayed from wakefulness, possibly
involved in memory consolidation [15]. This view was
challenged recently by studies who found subtle differences in firing activity between natural SWS and wakefulness [16], as we review in this paper.

Introduction

Cellular correlates of wakefulness and slowwave sleep

Slow-wave sleep (SWS) is characterized by the prevalence of slow waves in the delta (0.5–4 Hz) frequency
range, which are visible in the electroencephalogram
(EEG) and local field potentials (LFPs). Early studies
using intracellular recordings in anesthetized sleeping
animals [1–3] have shown that the depth-positive (surface-negative) EEG components of slow waves are associated with cellular hyperpolarization and pause of firing.

Generic features of brain activity during wake and sleep
states in humans are illustrated in Figure 1. We used a
dataset where units could be separated into fast-spiking
(FS), presumed inhibitory, and regular-spiking (RS), presumed excitatory cells; some of these were confirmed by
direct functional identification [19]. In these human
recordings, during Wake and REM states, the activity
of both RS and FS cells is sustained, asynchronous and
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Figure 1
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Features of different brain states in Human. Selected parts of 10 s of recordings of LFP (top) and spiking activity (bottom) of SWS, Wake and
REM are shown. The data were recorded from the same human subject which had a multielectrode array implanted in temporal cortex before a
therapeutic surgery. LFP and spiking activity were simultaneously measured and the spikes were sorted allowing the identification of 68 putative
excitatory (blue) and 23 putative inhibitory (red). Data sample from [19].

irregular, and the LFP is dominated by high-frequency
activity. In contrast, during SWS, the activity is dominated by slow waves in the LFP, which are paralleled
with synchronized silences (Down states) where almost
all cells cease firing. Outside these periods (Up states),
the dynamics is sustained, asynchronous and irregular,
similar to Wake and REM states. These observations lead
to the statement that the Down states is what makes SWS
dynamics more synchronized, and in a sense, the higher
synchrony during SWS does not come from the firing of
units, but rather comes from these periods of non-firing.
Consistent with this interpretation, a previous extracellular study in marmoset cortical areas [18], found that there
was no significant increase of neural correlation during
SWS when recording spontaneous activity, providing
another evidence that SWS Up-states display firing
dynamics almost identical to wakefulness.
However, several observations have shown differences in
spiking activity during wake states and SWS. For
instance, a relevant feature that has been taken into
consideration is the firing level of single units in different
states. A recent work using wide-field calcium imaging in
cortical superficial and deep layers in mice [17] showed
that the activity of excitatory neurons was highest during
Wake, followed by that of SWS and subsequently followed by that of REM sleep (Wake > SWS > REM).
Using two-photon imaging in layer 2/3, the same study
[17] also showed that paralvabumin-positive (PV+)
www.sciencedirect.com

interneuron activity follow the relation: Wake = REM
> SWS, while somatostatin-positive interneurons follow:
Wake > SWS > REM. In human recordings, the firing
rates were comparable in all brain states [21], which would
tend to support that the recorded FS cells are PV+ cells,
although this should be confirmed with better statistics.
In addition, a recent analysis [16] found important differences between SWS and Wake by focusing on Up
states. By means of silicon probes implanted in frontal
cortical areas of rats, measurements of extracellular signals allowed simultaneous identification of brain state and
the assessment of the firing pattern of putative excitatory
and inhibitory cells. This analysis [16] showed that
during SWS pyramidal cells that displayed high-firing
during Wake tended to decrease their activity during
SWS, while cells that displayed low-firing during wake
tended to increase their firing during SWS. We confirm
these findings also in humans through similar recordings
and data processing performed previously [19]. Figure 2
compares the results from [16] with our own analysis
based on the data coming from [19]. Despite the small
number of cells available in the human data set, in a
confidence interval of 95%, it is possible to observe a
small slope with respect to the identity (0.67–0.94). These
results (in both data sets) indicate that a new type of
homeostasis, as argued by [16], in which a homogenization of firing is observed thorough the differential action
in cells with different levels of activity (in opposition to
previous homeostatic models [22,23]). On the other hand,
Current Opinion in Physiology 2020, 15:68–73
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Figure 2
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Comparison of firing rate during Wake and SWS states in rat and human cortex. Each point in the graph characterizes the firing rate (log
scale) of an individual cell in the two states. Putative excitatory cells, both in rat and humans, suffer a change in their firing rate depending of their
level of activity. Neurons that are highly active during wake decrease their firing during SWS, while neurons that have very low firing rates increase
their firing (see arrows). Diverging results were found in the two data sets when looking to putative inhibitory cells. (A) Putative excitatory and
inhibitory neurons in rat (slopes, 95% confidence interval: 0.66-0.71 and 0.996-1.005). Figure adapted with permission from [16]. (B) Putative
excitatory and inhibitory neurons in human (slopes, 95% confidence interval: 0.67–0.94 and 0.68–0.94). Data sample from [19].

when considering putative inhibitory cells the result is
divergent in the two data sets (rat and human). No firing
alteration is observed in the firing of inhibitory cells
during Wake and SWS in rat [16], while a tendency
close to that which is observed with excitatory cells is
observed in human inhibitory cells. This result should be
checked in data sets where more neurons are available.
A further difference observed during Up states in SWS
with respect to Wake states is the involvement of inhibitory cells in gamma oscillations. As recently shown in
human recordings [11], both putative excitatory regularspiking and putative inhibitory fast-spiking populations
increase their firing during gamma oscillations. Here, by
analyzing the pre-processed data from [19], we noted that
there is a significant increase on the average firing of the
inhibitory population during SWS with respect to its
activity during Wake (see Figure 3D). While no significant increase in firing with respect to Wake is exhibited
by the excitatory population during SWS (see Figure 3E).
Current Opinion in Physiology 2020, 15:68–73

Indicating an increase of FS participation in gamma
generation during SWS.
Another key aspect to differentiate the network state
between Wake and SWS is the pairwise correlations
displayed by unit spikes. Figure 4A shows recordings
of multielectrode arrays implanted in two monkey cortical
areas (premotor dorsal — PMd — and motor neocortical
-MI, layers II/III) [11], in which spiking activity and LFP
were simultaneously recorded. Cross-correlations
between spike trains were normalized by the geometric
mean of each cell pair’s average firing rates to avoid
spurious effects from cell-intrinsic firing levels [24].
Remarkably, comparing the correlation matrices between
Wake and SWS, one sees that pairs of cells become
correlated specifically during SWS (Figure 4). These
sleep-specific correlations appear even between distant
cortical areas. Interestingly, these pairwise spike train
correlations only concern pairs of FS cells. With this
observation we emphasize one more time that there
www.sciencedirect.com
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Figure 3
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Difference of firing rates during g events in RS and FS cells in Human Wake and SWS states. The color-maps indicating the average firing
rate per cell around g events in both Wake and SWS states are indicated in (A) and (B). The firing of regular spiking (RS) are displayed in the
bottom and the fast spiking (FS) cells is displayed in the top. Each line indicates the color-coded firing rate of each neuron in time averaged
between all the gamma periods detected. For each g event the firing rate was calculated in bins of 20 ms around the centered g period. The white
dashed lines indicate the beginning and the average end of g periods identified in the data. Gamma periods were identified by the variation of the
envelope obtained through the Hilbert Transform of the filtered LFP in the range of 30-50 Hz as is schematically shown in (C). Neurons were
ordered by their discharge probability during g. The average firing rate per population during g events in Wake and SWS are displayed in (D) and
(E). The color-coded firing rates shown in A and B were average in between neurons for each population: FS (D) and RS (E). The shadowed parts
indicate the standard error of the mean. Data sample from [19].

seems to exist a particularly high involvement of inhibitory cells specifically during SWS. In agreement, a previous study [18] also reported an increase of correlations
during SWS in the response to auditory stimuli, but no
separation between RS and FS cells was attempted in that
study.
Furthermore, this particular involvement of inhibition
can also be detected from correlated patterns analyzed
using maximum entropy models. Such methods can infer
correlations from large data sets with the advantage that
they can uncover collective dynamics with very few ad hoc
assumptions. Recently, spiking activity in human recordings were used to infer the parameters of a Maximum
Entropy model that takes into account only and exactly
the single neurons’ spiking probability, and the pairwise
covariances observed in the data [20]. In this work,
illustrated in Figure 4B, the empirical probability distributions of population activity of FS and RS cells, during
Wake and SWS, were compared to the probability distributions predicted by the model. Population activity
was defined as the average number of active cells in a
www.sciencedirect.com

certain time window. This work showed that a model
based exclusively on pairwise couplings can successfully
predict the activity of both neuron types during Wake
states (see the measures of the Kullback–Leibler divergence, DKL , in Figure 4b1). However, it also demonstrated that pairwise interactions alone are not enough
to describe the probability distribution displayed by the
FS population during SWS (Figure 4b2). This result
implies that, in contrast to the RS population, higherorder, or even population-wide, interactions govern the
behavior of FS cells during SWS. This indicates another
important difference between Wake and SWS states with
respect to FS cells.

Discussion
In this paper, we briefly reviewed a few of recent studies
about the cellular correlates of wake and sleep states
based on multiple unit recordings. Similar to a previous
study in cats [6], it was found that in human and monkey
multielectrode recordings, wake and sleep states globally
display similar levels of firing. Most units fire irregularly
and asynchronously, and this pattern is seen in all brain
Current Opinion in Physiology 2020, 15:68–73
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Difference in pairwise spike train cross-correlations among RS and FS cells during Wake and SWS. (A) Spiking activity measured during b
oscillations through multielectrod arrays in two cortical areas in monkey (premotor dorsal, PMd, and motor neocortical, MI). Neurons could be
identified as RS and FS. a1) Cell-cell correlations matrices containing cells from the two areas (PMd and MI). For cells 57/69 (during SWS) the
type of target cells is indicated with colors (red, FS; and blue, RS). a2) Spatial location of different cells in the implanted arrays. Note that FS cells
(exemplified by cells 57 and 69) display synchronous activity even with cell recorded in another cortical area (M1). a3) Spike cross-correlogram
between cells 57 and 69 during SWS and Wake states. A significant peak is observed only during SWS. Figure A was adapted from [11]. (B)
Empirical probability distributions of human spiking activity are compared with the ones predicted by Maximum Entropy model (see main text),
both in Wake (b1) and SWS (b2) for two type of cells (FS and RS). Measures of the Kullback-Leibler divergence, DKL , are indicated in the graphs.
Figure B was adapted from [20].

states (Figure 1). Note that, in mice, a different level of
activity is observed between Wake and sleep depending
on the cell type. In the light of recent studies [11], we
also found differences between Wake and SWS in human:
(1) there seems to exist a weak homeostasis of firing
activity, where high-firing cells in wake tend to fire lower
during SWS, and vice-versa for low-firing cells, as found in
rat excitatory neurons [16] and which we confirm here in
human (Figure 2) for RS and FS cells. (2) There is a
stronger participation of FS cells during gamma oscillations in SWS compared to Wake (Figure 3). (3) Besides
the level of firing, there is also an increase of the spiking
correlation between pairs of FS cells, specifically during
sleep [11] (Figure 4).
Current Opinion in Physiology 2020, 15:68–73

Taken together, these results show that inhibition seems
to be a key to differentiate the network state between
Wake and SWS, even though the differences are subtle.
This is true for the level of firing of inhibitory cells, which
seems to be maximally involved during SWS gamma
oscillations. It is also true for the level of correlation
between inhibitory cells, which show remarkably high
correlations that specifically appear during SWS, sometimes extending to large cortical distances [11]
(Figure 4A).
We presently do not know why inhibitory networks seem
different during sleep. A possibility is that the different
levels of cholinergic drive in Wake and SWS may
www.sciencedirect.com

Cellular correlates of wake and sleep states Susin and Destexhe 73

up-regulate some of the inhibitory neurons, resulting in
an increase of participation in gamma oscillations, as we
observed. However, this does not explain why inhibitory
cells are so correlated during SWS, which necessarily
comes from an excitatory drive yet to be identified.
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