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‘Sleep is indeed a delicious invention!’
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Kurzfassung

Kurzfassung
Von der Schnecke über die Fliege und Echse bis hin zum Menschen, nahezu alle Organismen schlafen. Da der Organismus während dieser Phasen äußerst vulnerabel ist, muss
Schlaf aus evolutionsbiologischer Sicht einer lebensnotwendigen Funktion dienen. Eine
Funktion, die in den letzten Jahren zunehmend Beachtung gefunden hat, ist die potentielle
Rolle des Schlafes für synaptische Plastizität. Hierbei hat die bisherige Forschung einerseits Belege für eine unspezifische, allgemeine Abschwächung der synaptischen Übertragungsstärke während des Schlafes gefunden, die möglicherweise der energieeffizienten
Erhaltung der synaptischen Erregbarkeit dient. Andererseits untermauern viele Studien
den positiven Effekt von Schlaf auf das Gedächtnis und die Verstärkung und Bildung
neuer Synapsen während des Schlafs. Diese Befunde deuten auf eine komplexe, multidirektionale Dynamik der synaptischen Plastizität während des Schlafes hin.
Für exzitatorische Synapsen konnte bereits gezeigt werden, dass sich während des Schlafs
die Expression der Glutamatrezeptoren - und somit die Stärke erregender synaptischer
Verbindungen - verändert und stark von der jeweiligen intrazellulären Kalziumkonzentration abhängt. Neuronale Schaltkreise bestehen allerdings zu rund einem Drittel aus inhibitorischen Zellen, deren Rolle für die synaptische Plastizität während des Schlafs bisher nur wenig untersucht wurde.
Die vorliegende Arbeit zielt daher darauf ab, schlafspezifische Veränderungen der Aktivität sowohl von exzitatorischen Pyramidenzellen als auch von verschiedenen Untergruppen von inhibitorischen Zellen zu charakterisieren, um ein möglichst umfassendes Bild
der neuronalen Schaltkreise während des Schlafs zu gewinnen. In insgesamt drei Studien
wurde hierzu die Kalziumaktivität gentechnisch veränderter Mauslinien mithilfe der in
vivo Zwei-Photonen-Mikroskopie im Schlaf- und im Wachzustand gemessen. Die gleichzeitige Aufzeichnung von EEG-Signalen ermöglichte zusätzlich die Klassifizierung verschiedener Schlafstadien und schlafspezifischer EEG-Wellen. Studie I konzentrierte sich
auf schlafstadienspezifische Veränderungen und zeigte, dass die Aktivität der exzitatorischen Zellen während des Tiefschlafs (SWS) und während des paradoxen Schlafs (REM)
stetig abnimmt, während die Aktivität der inhibitorischen, Parvalbumin-positiven Interneurone (PV-In) während des REM-Schlafes ansteigt.
Studie II untersuchte die Aktivität während verschiedener EEG-Rhythmen im Schlaf. Die
hyperpolarisierte Phase der slow oscillation (SO) war von einer Zunahme der Aktivität
der Somatostatin-positiven Interneurone (SOM-In) und einer gleichzeitigen Abnahme der
PV-In Aktivität begleitet. Das entgegengesetzte Muster zeigte sich während der Schlafi
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Spindeln. Hier wiesen die PV-In erhöhte Kalziumaktivität auf, während die Aktivität der
SOM-In unverändert blieb. Exzitatorische Zellen zeigten nur dann eine erhöhte Aktivität,
wenn Schlaf-Spindeln gekoppelt mit SOs auftraten.
In Studie III wurden alle Zelltypen basierend auf ihrer Aktivität während der Schlaf-Spindeln gruppiert. Dies ermöglichte es zu testen, ob exzitatorische Zellen, die eine erhöhte
Aktivität während der Schlaf-Spindeln aufweisen, ihre Erregbarkeit dauerhaft erhöhen.
Diese Hypothese bestätigte sich. Darüber hinaus konnte festgestellt werden, dass die Erregbarkeit der Zellen, die während der Spindeln inaktiv sind, abnimmt.
Zusammengenommen zeigen die Ergebnisse, dass Schlaf durch einzigartige Veränderungen der Balance zwischen neuronaler Erregung und Hemmung gekennzeichnet ist. Darüber hinaus weisen sie darauf hin, dass die Zellaktivierung während der Schlaf-Spindeln
zu Veränderungen der synaptischen Übertragung, die die Erregbarkeit der Zelle dauerhaft
verändern, beiträgt. Die Ergebnisse liefern die Grundlage für gezielte Manipulationen der
jeweiligen Zellen zur Überprüfung kausaler Zusammenhänge in zukünftigen Studien.
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Abstract
From the snail to the fly and the lizard to humans, almost every organism sleeps. Since
the organism is extremely vulnerable during these phases, from an evolutionary point of
view sleep must serve a vital function to justify such a high risk. One function that has
been receiving increased attention during the recent years is sleep’s potential role in synaptic plasticity. On the one hand, this line of research, has found evidence for an unspecific, general weakening of synaptic strength during sleep, which may serve the energyefficient stabilization of synaptic excitability. On the other hand, it not only has shown
beneficial effects of sleep on memory but also on strengthening and formation of synapses
suggesting a variety of neuronal plasticity dynamics during sleep.
For excitatory synapses, it has already been shown that over sleep the glutamate receptor
expression and thus the excitatory synaptic connectivity changes and depends strongly on
intracellular calcium concentrations. However, about one third of neuronal circuits consists of inhibitory cells, whose role for synaptic plasticity during sleep has so far received
less attention.
Therefore, the present work aims at characterizing sleep-specific changes in the activity
of excitatory pyramidal cells as well as of different sub-groups of inhibitory cells in order
to obtain a comprehensive picture of the neuronal circuits during sleep. In total three
studies using in vivo two-photon microscopy combined with genetically modified mice
were performed to record calcium activity of the different cell types. Simultaneous EEG
recordings allowed the classification of different sleep stages and sleep-specific EEG oscillations. In study I we focused on sleep stage-specific changes and found that excitatory
activity constantly reduces from wakefulness over slow wave sleep (SWS) to rapid eye
movement (REM) sleep, whereas Parvalbumin-positive interneurons (PV-In) increased
their activity during REM sleep.
In study II we measured the calcium activity during distinct EEG rhythms. During SWS
the hyperpolarized downstate of slow oscillations (SO) was accompanied by an increase
in the activity of Somatostatin-positive interneurons (SOM-In) and a simultaneous decrease in PV-In activity. The opposite pattern was observed during sleep spindles. Here
the PV-in showed increased calcium activity, while the activity of the SOM-in remained
unchanged. Excitatory cells only showed increased activity when sleep spindles occurred
coupled with SOs.
In study III we clustered all cell types based on their activity during sleep spindles to test
whether excitatory cells showing increased activity during spindles show permanently
enhanced excitability. Indeed, we confirmed this hypothesis and furthermore found that
the excitability of cells, which are inactive during spindles, decreased.
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Abstract
Taken together, the results show that sleep is characterized by unique changes in the balance between neuronal excitation and inhibition. In addition, they indicate that cell activation during sleep spindles contributes to changes in synaptic plasticity, which permanently alter the excitability of the neural network. These findings provide the basis for
targeted manipulations of the respective cells to validate causal relationships in future
studies.
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Introduction

1.1 General introduction
Why do we need to sleep? This question is not only the subject of many modern scientific
investigations but reaches back to ancient times. In both the Greek and Roman mythology, sleep was personified as the brother of death, together inhabiting the underworld.
This close relationship emphasizes on two important features of sleep: the disconnection
from the environment and the resulting high vulnerability of the organism. Therefore,
from an evolutionary perspective sleep must serve an important function worth such a
high risk. In our daily lives, we constantly notice that we become tired after being awake
for a long time and that we feel rested and refreshed after sleeping. There are plenty of
explanations for the interplay between wakefulness and sleep, such as the degradation of
metabolic waste products. However, from a neurobiological perspective, this can be considered as follows.
In order to use information from past experiences to show adaptive behavior in the future,
our brain needs to accomplish two seemingly opposing tasks. On the one hand, it needs
to be able to store new information in a long-lasting and stable way and it is assumed that
information storage in the brain is achieved via an increase in synaptic weights between
those cells representing the encoded information. On the other hand, over time this process would lead to a saturation of the neural network’s ability to increase its excitability,
preventing the brain from remaining plastic in order to guarantee the storage of new information at all times. The need for a homeostatic process countering this continuous
potentiation has been acknowledged for a long time. However, it took until almost half a
century ago, when Borbély’s (1982) definition of sleep as a homeostatic process provided
the fundament for a subfield of sleep research investigating a potential regulatory role of
sleep in synaptic potentiation and depotentiation. In the early two-thousands this concept
built the basis for the synaptic homeostasis theory (SHY), which proposes sleep as a key
factor for synaptic downscaling to maintain neuronal connectivity and activity within an
optimal range (Tononi and Cirelli, 2003).
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Five years later Vyazovskiy et al. (2008) backed up this theory with seminal empirical
evidence by combining molecular and electrophysiological methods in rats. On the molecular level, they measured the expression of GluR1-containing AMPA receptors as an
indicator for synaptic strength in cortex and hippocampus. Additionally, they measured
electrically evoked local field potentials within the frontal cortex as a correlate for synaptic strength. Both measures consistently showed that wakefulness is associated with an
increase and sleep with a decrease of intra-cortical net connectivity. The authors discussed that the measured AMPA receptor levels could not differentiate between surface
and internal receptors. However, newer studies confirmed that synaptic AMPA receptor
levels and their phosphorylation are reduced during sleep (Diering et al., 2017).
Ca2+ is a key element for the regulation of neuronal plasticity. Synaptic potentiation as
well as depotentiation strongly depend on Ca2+ influx and intracellular Ca2+ concentrations (Kawamoto et al., 2012). It acts as a second messenger and has been shown to affect
gene expression (Berridge et al., 1998), dendrite development (Lohmann and Wong,
2005), synaptogenesis (Michaelsen and Lohmann, 2010) and several other processes involved in neuronal plasticity. During the depolarization of the cell, NMDA and AMPA
receptors open leading to high intra cellular Ca2+ concentrations, which triggers intracellular cascades such as gene expression and finally synaptic plasticity. However, so far
intracellular Ca2+ has never been measured during natural sleep.
To shed some light on this we conducted a set of experiments, which are part of the present thesis. Besides measuring intracellular Ca2+ transients in all cells, we discriminated
between excitatory and inhibitory activity to be able to distinguish potential opposing
dynamics. To obtain both measures, we used in vivo two-photon microscopy that allowed
the discrimination of excitatory and inhibitory calcium activity in a combination of electro
encephalogram (EEG) recordings for discriminating different sleep stages as well as specific EEG oscillations. Therefore, the second main aim was to investigate how specific
neuronal cell populations are involved in the etiology of these phenomena and how they
relate to neuronal plasticity during sleep. Parts of the present work have been already
published in Current Biology and Proceedings of the National Academy of Sciences of
the United States of America (Study I: Niethard et al., 2016 and Study II: Niethard et al.,
2018) or have been submitted for publication (Study III; Niethard et al., 2019).
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1.2 Sleep
Sleep is often referred to as a recurring state of mind, characterized by unconsciousness.
Scientifically, four main attributes have been used to define sleep in different types of
organisms: Immobility, increased arousal threshold, a specific posture and homeostatic
regulation (longer sleep following sleep deprivation)(Cirelli and Tononi, 2008; Hartse,
2011). Based on those criteria extensive research during the last decades showed that
sleep can not only be found in humans and other mammals but also in animals with low
complexity nervous systems such as e.g. the sea slug Aplysia californica (Vorster and
Born, 2015), the worm Caenorhabditis elegans (Raizen et al., 2008), the fruit fly Drosophila melanogaster (Huber et al., 2004) or the lizard Pogona vitticeps (Shein-Idelson
et al., 2016).
In 1924, the pioneering work of Hans Berger, discovering different EEG rhythms between
sleeping and awake brains, laid the foundation for modern sleep research. 28 years later,
when Aserinsky and Kleitman discovered a unique pattern of eye movements during certain sleep episodes, the discrimination of rapid eye movement (REM) and Non-REM
sleep was introduced (Aserinsky and Kleitman, 1953). However, Rechtschaffen and
Kales (Kales and Rechtschaffen, 1968) were the first to publish a manual for EEG-based
sleep scoring. The majority of sleep studies in humans still follows their sleep scoring
rules dividing Non-REM sleep in 4 sub-stages (stage 1 - 4). The Non-REM stages 3 and
4 are often referred to as slow wave sleep (SWS) as they are characterized by slow rhythmic EEG activity. In non-human mammals, the discrimination of Non-REM and REM
sleep is widely accepted but the subdivision of mammalian Non-REM sleep is often not
applied and is still a matter of discussion (e.g. see Genzel et al., 2014). Therefore, here
Non-REM sleep and SWS are used as an equivalent.
In humans normally a full night of sleep is characterized by four to five cycles of consecutive Non-REM and REM episodes, each cycle lasting for 70-90 minutes (Rasch and
Born, 2013). In rodents, the duration of those cycles is reduced but they also show reoccurring alterations between Non-REM and REM sleep during their resting phase
(Grosmark et al., 2012; Watson et al., 2016). Importantly, Non-REM and REM sleep are
not equally distributed across a whole night or equivalent inactive period of night active
mammals. While the beginning of each inactive period is dominated by Non-REM sleep
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episodes, the density of REM episodes constantly increases over time, leading to more
REM sleep episodes during the second half of the inactive period (Rasch and Born, 2013).

1.2.1 Slow wave sleep (SWS)
One hallmark of SWS are synchronized high amplitude EEG oscillations in frequencies
ranging from 0.1 – 4 Hz called slow oscillations (SO). They are characterized by steplike fluctuating membrane potentials of cortical pyramidal cells. During the SO downstate
these cells are hyperpolarized and show reduced action potential activity, whereas during
the up state, the membrane potential of cortical pyramidal cells is depolarized and therefore shifted towards the spiking threshold leading to an overall increase in spiking probability. SOs often show a propagation pattern of a traveling wave in anterior-posterior
directions (Luczak et al., 2007; Massimini, 2004). Even though SOs can persist without
thalamic input (Steriade et al., 1993), recent work has demonstrated a strong negative
effect of thalamic inactivation on the occurrence of active states of the SO (Lemieux et
al., 2014). Interestingly, research showed that both transcranial current stimulation
(Binder et al., 2014; Marshall et al., 2006) and acoustic stimulation (Ngo et al., 2013a)
can systematically induce SOs. Those findings finally lead to the development of
standalone EEG-based applications for improving SO density and amplitude as well as
overall SWS duration (Debellemaniere et al., 2018).
Sleep spindles are another distinctive oscillatory feature of SWS. They are characterized
by waxing and waning field potentials within frequency ranges of 7 - 15 Hz in rodents
and 10 - 16 Hz in humans for timespans between 0.5 and 3 s. Rhythmogenesis of sleep
spindles is initiated by intrathalamic circuits including GABAergic neurons within nucleus Reticularis thalami (nRT) and glutamatergic cells of thalamo-cortical projection
neurons (For review Lüthi, 2013). Even though thalamic spindles have been recorded
after decortication (Contreras et al., 1996; Steriade, 1995; Timofeev and Steriade, 1996),
their initiation and termination critically depends on cortico-thalamic feedback (Bonjean
et al., 2011; Gennaro and Ferrara, 2003).
Spindles tend to follow the initial depolarization of cortical upstates during SOs (Steriade
et al., 1993) and can even be indirectly induced by auditory stimulation of SOs (Ngo et
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al., 2013b, 2013a). Many studies showed beneficial effects of SOs and spindles on synaptic plasticity and memory consolidation during sleep (Diekelmann and Born, 2010;
Rasch and Born, 2013; Ulrich, 2016). It has been proposed that the beneficial effect of
SOs on memory consolidation derives from the grouping of faster brain rhythms especially of spindle activity (Mölle et al., 2002; Ngo et al., 2013b; Piantoni et al., 2013).
Sejnowski and Destexthe (2000) hypothesized that the beneficial effect of sleep spindles
on memory consolidation during sleep is caused by triggering Ca2+ influx into neocortical
pyramidal cells, which in turn triggers the expression of NMDA receptors (Sabatini et al.,
2001; Zucker, 1999).

1.2.2 REM sleep
The first criterion used to classify REM sleep was the bursting activity of oculomotor
muscles during rapid eye movements, which also gave it its name. Furthermore, REM
sleep is characterized by a very low muscle tone that originates from the active suppression of muscle activity only intermitted by brief muscle twitches and an increased brain
temperature compared to Non-REM sleep. In mammals, one of the most consistent and
pronounced features of REM sleep is hippocampal theta activity (4 - 10 Hz) of the local
field potentials. It is initiated by medial septal inputs to the hippocampus and intrahippocampally it is then mediated via rhythmic activity of parvalbumin (PV)-positive interneurons (Ognjanovski et al., 2017, 2018). In humans, REM sleep-related theta activity is less
obvious than in rodents, however a 4 – 8 Hz rhythm has been described in cortex and also
hippocampus (Cantero et al., 2003; Vijayan et al., 2017).
Naturally, REM sleep always follows SWS. Base on this the “sequential hypothesis” postulates that REM sleep complements the prior memory consolidation during SWS
(Giuditta et al., 1995). This idea was further supported by a study showing that the incidence of sleep spindles and hippocampal ripples predicted hippocampal firing rate
changes during REM sleep (Miyawaki and Diba, 2016).
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1.3 Cortical circuits
A fundamental characteristic of cortical networks is their vast level of diversity. A typical
cortical pyramidal cell is equipped with about 10,000 synaptic inputs (Laughlin and
Sejnowski, 2003) and the majority of those inputs consists of excitatory inputs arising
from other cortical pyramidal cells. Typically, pyramidal cells mainly project on cells in
the close vicinity, which leads to a high level of local, recurrent connectivity. Additionally, inhibitory interneurons interconnect with this excitatory network. A prominent connectivity pattern between excitatory and inhibitory cells within the cortex are excitatory
connections onto inhibitory cells, which, in turn, project back onto the initial excitatory
cell (Fino et al., 2012; Tremblay et al., 2016). One way to distinguish excitatory and inhibitory cells is according to the neurotransmitter they emit. While excitatory cells release
glutamate, inhibitory cells release GABA. However, both cell types can be further discriminated into many distinct types based on morphological, physiological and molecular
properties. In this thesis, only inhibitory cells will be further discriminated based on molecular markers.

1.3.1 Inhibitory cell types
On average, the cortex consists of 20 - 30% GABAergic cells (Douglas and Martin, 2004;
Markram et al., 2004; Rudy et al., 2011). These cells are also called interneurons and can
be further classified based on molecular markers that they express. The three most commonly employed molecular markers are parvalbumin (PV), somatostatin (SOM) and vasoactive intestinal peptide (VIP). Those subclasses of interneurons innervate their target
cells by a stereotypic distribution of their synapses on select membrane domains (e.g.
axon initial segment (AIS), somata, dendritic shafts and spines) (Douglas and Martin,
2004; Kubota et al., 2016; Markram et al., 2004; Yavorska and Wehr, 2016). Dependent
on their input site they differentially affect the output of the targeted cell (Figure 1). PVpositive interneurons (PV-In) mainly target the AIS and somata of pyramidal cells. This
local inhibition is optimally positioned to alter a neuron’s output by precisely changing
the temporal sequence of action potentials. Indeed, it is well established that PV-In play
an important role in phasing neuronal activity (Ognjanovski et al., 2017, 2018). In con-
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trast, SOM-positive interneurons (SOM-In) mainly target the apical dendrites of pyramidal cells. This enables these cells to selectively manipulate synaptic inputs either by local
inhibition of single synapses, by interacting with back propagating action potentials or by
affecting the generation and propagation of dendritic calcium spikes. Dendritic calcium
influx plays a key role in the induction of dendritic plasticity (Zucker, 1999). Therefore,
cell compartment-specific inhibitory input has a direct impact on plasticity at glutamatergic synapses. Indeed, synaptic plasticity during learning is accompanied by a reduction
of projections from SOM-In onto pyramidal cells (Chen et al., 2015). Importantly interneurons not only project onto excitatory pyramidal cells but also onto other interneurons.
This allows complex local changes of the Excitation/Inhibition (E/I) balance without
compromising the network’s overall excitability.

Figure 1: Cortical circuitry of excitatory pyramidal cells and inhibitory interneurons. SOM-positive interneurons (SOM, green) project to apical
SOM
dendrites of excitatory pyramidal cells (Pyr, red)
and to PV-positive interneurons (PV, blue). They
receive excitatory inputs from pyramidal cells and
PV
inhibitory inputs from PV-positive interneurons.
Pyr
PV-positive interneurons project onto the soma and
the axonal initial segment (AIS) of excitatory pyramidal cells. They in turn receive excitatory inputs
from pyramidal cells. SOM-positive interneurons strongly mediate local calcium influx
on dendritic compartments, while PV-positive interneurons mainly affect pyramidal cell
output by changing the temporal dynamics of the action potential propagation.
AIS

soma

rit e
nd
de

1.4 Excitation/inhibition balance and synaptic
plasticity
Research during the last decade has revealed the important role of GABAergic interneurons in information processing and neuronal plasticity during wakefulness (LiguzLecznar et al., 2016; Lovett-Barron et al., 2012, 2014; Scheyltjens and Arckens, 2016;
van Versendaal and Levelt, 2016). Furthermore, they are crucially involved in triggering
7
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the critical period of enhanced synaptic plasticity during development (Hensch, 2005;
Levelt and Hübener, 2012). Following the Hebbian plasticity paradigm, activity-dependent competition of synapses and especially the spike timing of action potentials is crucial
for synaptic plasticity. Especially fast spiking PV-In are known to be involved in the generation of specific brain rhythms through synchronized inhibitory inputs (e.g. theta, spindle or ripple activity) (Averkin et al., 2016; Né Dicte Amilhon et al., 2015; Ognjanovski
et al., 2017; Peyrache et al., 2011; Royer et al., 2012). This synchronized inhibitory input
in turn enforces precise timing of action potentials of excitatory cells (Higley, 2006;
Isaacson and Scanziani, 2011; Wehr and Zador, 2003). Therefore, inhibitory activity is
essential for coordinating spike timing that is necessary for the induction of Hebbian plasticity in the cortex.
Beside the function of synchronizing cortical activity GABA release also directly suppresses local dendritic calcium influx and thereby promotes the competitive selection of
synapses. Interestingly, parallel in vivo imaging of excitatory and inhibitory postsynaptic
sites of the same neuron revealed that the turnover of inhibitory synapses occurs on
shorter timescales than that of excitatory synapses (Villa et al., 2016), suggesting that
inhibitory activity is essential for the induction of local plastic changes on excitatory cells.
This corresponds well with the finding that spine shrinkage or elimination at excitatory
synapses goes hand in hand with the activation of nearby GABA receptors (Hayama et
al., 2013).

1.5 Sleep and synaptic plasticity
Over the last century, researchers have identified sleep as a key mechanism for synaptic
rescaling. On the one side, sleep was shown to promote consolidation of memories by
strengthening memory-specific neuronal synapses (Puentes-Mestril et al., 2019; Rasch
and Born, 2013). On the other side, sleep was proposed to facilitate the global homeostatic
regulation of synaptic connections within the brain (Tononi and Cirelli, 2014). This theory assumes that during wakefulness the cortical excitability increases due to the continuous processing of incoming information, which in turn makes it necessary to counterbalance this increase during subsequent sleep.
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According to this theory, cells that increase their activity during wakefulness must undergo stronger downregulation than cells with lower activity increases during wakefulness. Therefore, a cell’s excitability during wakefulness determines its excitability during
subsequent sleep. Interestingly, over the last decades several studies showed that, those
brain areas and neurons, which are active during the encoding of new information during
wakefulness, are reactivated during subsequent sleep (Chen and Wilson, 2017). This reactivation can predict the quality of memory consolidation during sleep and can even be
facilitated or attenuated by targeted manipulation (Antony et al., 2012; Cairney et al.,
2014; Oudiette and Paller, 2013; Rasch et al., 2007). The neuronal network must therefore
constantly fulfil two opposing tasks. The first is that it must not lose connections that
represent memories and the second is that it must dissolve unnecessarily potentiated connections in order to remain plastic.
To untangle the mechanisms underlying these opposing dynamics, researchers have
started to look more intensively into sleep stage-specific differences of synaptic plasticity.
Although SWS and REM sleep are both associated with memory consolidation, accumulating evidence suggests that they have different effects on synaptic renormalization.
Electrophysiological experiments showed that REM sleep, but not SWS on average reduces firing rates within the hippocampus (Grosmark et al., 2012). On a structural level,
Gan’s group showed that REM sleep leads to synaptic pruning, i.e. removal of excess
synaptic connections (Li et al., 2017). In contrast, SWS enables branch-specific spine
formation, which is not disrupted by selective REM sleep deprivation (Yang et al., 2014).
These studies also included a motor learning task and spine formation during SWS was
accompanied by the reactivation of task-specific cell ensembles. Therefore, they not only
show synaptic formation during SWS and synaptic pruning during REM sleep but also
how these processes facilitate memory consolidation (Li et al., 2017; Yang et al., 2014).
However, there are also contradictory findings, which showed that a subset of cells exhibiting visual evoked responses to repeatedly presented stimuli during wakefulness increase their firing rates over the course of following REM sleep, but not SWS epochs
(Clawson et al., 2018). In summary, it can be said that during SWS as well as REM sleep
divergent synaptic dynamics can be present.
Secondly, research has also focused on investigating homeostatic differences between
different brain areas, e.g. motor cortex and sensory cortical areas during sleep. A recent
9
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study using electron microscopy to investigate the changes of axon-spine interfaces provided evidence that during sleep synaptic connections are in average reduced or weakened
in both primary motor and primary somatosensory cortex (de Vivo et al., 2017). Although
a number of studies support this view, the current literature still does not present a consistent picture. Within visual cortex, neither wake-related increase nor sleep-related decrease in network activity was found in a familiar environment. Instead, after firing rates
were depressed by monocular deprivation, they stayed stable during sleep and only returned to baseline by a sustained increase during following wakefulness (Hengen et al.,
2016). In fact, firing rate responses to visual stimuli even show a select increase during
subsequent sleep but not during wakefulness after stimulus presentation (Clawson et al.,
2018; Durkin and Aton, 2016). Evidence from frontal and visual cortex recordings suggest that especially low active cells – presumably the cells most likely encoding new
information (Grosmark and Buzsaki, 2016) – show an increase in activity and connectivity during sleep, while cells with high activity during wakefulness show a decrease during
sleep (Clawson et al., 2018; Watson et al., 2016). These results suggest that synaptic scaling during sleep depends more on previous activity during wakefulness than on the observed brain region.
This idea is further supported by evidence showing that the novelty of encoded information also affects synaptic plasticity during REM sleep. While hippocampal place cells
that encode a newly experienced place reactivate during the peaks of theta oscillations
during REM sleep, the same cells change their discharge time point to the negative trough
of the theta oscillation once the place becomes familiar (Poe et al., 2000). Importantly
reactivation during the theta peak leads to synaptic potentiation while reactivation during
the trough leads to depotentiation (Poe, 2017; Poe et al., 2000). Taking all the mentioned
findings together, they support the theory of a global downscaling process during sleep.
Concurrently, a small fraction of cells, potentially the ones storing newly encoded information, show selective upscaling during SWS, which then is preserved or even further
strengthened during REM sleep (Figure 2).
For understanding, how synaptic plasticity during sleep subserves adaptive behavior and
memory it is first essential to elucidate how inhibitory networks interact with excitatory
networks and how they are involved in coding information. This is important because
changes in inhibitory circuits trigger opposite dynamics in excitatory circuits and vice
10
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versa. To shed some light on how sleep affects cortical excitation and inhibition the present work investigated cortical calcium activity of three main cortical cell types: excitatory pyramidal cells, PV-In and SOM-In.

SWS

R EM

synaptic strength

WAKE

Figure 2: Synaptic strength dynamics during sleep. Top: Blue
shaded

area

represents

overall

changes in synaptic strength over
the course of wakefulness and sleep.
Both core sleep stages, SWS and
REM sleep can convey synaptic
downscaling. However, contributions of SWS to synaptic downscal-

ing appear to be more limited and restricted to cells highly active during wakefulness
(green line) than cells with low activity during wakefulness (orange line). Recent studies
have revealed signs of a global synaptic downscaling over periods of REM sleep more
consistently than over SWS. A subset of synapses that are activated during spindles in
SWS and are likely to carry fresh memory information, presumably undergo synaptic
upscaling rather than downscaling during SWS and are preserved from pruning during
REM sleep (red line). Bottom: Sleep-related downscaling spares synapses on dendritic
branches carrying freshly encoded memory information and even strengthens them dependent on their reactivation during spindles (red; green and orange illustrates newly
formed, wake active and inactive synapses, respectively; adapted from Niethard and
Born, 2019).

1.6 Objectives and hypotheses
After learning, new spines grow locally on the apical dendrites of pyramidal cells while
axonal boutons of SOM-In are eliminated. At the same time PV-In show increased numbers of axonal boutons (Chen et al., 2015). Importantly, SOM-In preferentially inhibit
distal dendrites of excitatory neurons and PV-In mainly inhibit perisomatic regions
(Douglas and Martin, 2004; Markram et al., 2004; Yavorska and Wehr, 2016). This
11
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shifted inhibition provides a unique environment for the pyramidal cells to form new
spines due to local dendritic disinhibition while the E/I balance is stable and hyperexcitability is avoided. These specific inhibition changes have so far only been shown during
wakefulness.
The first study of this thesis investigated the activity changes within cortical circuits during natural sleep. To untangle changes in E/I balance during sleep in vivo two-photon
calcium imaging was used. This technique allows the selective recording from cell subpopulations combined with surface EEG for classifying sleep stages. Two transgenic animal lines were used to label two major inhibitory cell types: PV-In and SOM-In. Additionally, wide field calcium imaging of excitatory cells was used to investigate regionspecific calcium activity changes during sleep. Based on previous publications
(Vyazovskiy et al., 2009) widespread high excitatory activity was expected during REM
sleep.
The second study was conducted to investigate calcium activity of excitatory pyramidal
cells, PV-In and SOM-In during SWS-specific oscillations. Therefore, slow oscillations,
spindles and the co-occurrence of both events were detected based on cortical surface
EEG. The calcium activity of pyramidal cells was expected to be highest during the upstate of SOs and during spindles while increased inhibitory activity was expected before
and during the SO downstate.
The last study elucidated the role of sleep spindles on the long-lasting changes in cell
excitability. Cells were clustered based on their activity during spindles to discriminate
calcium activity changes during sleep of spindle-active and spindle-inactive pyramidal
cells. It was hypothesized that cells being active during spindles undergo selective upscaling, meaning a persistent increase of their excitability during SWS, which is maintained during subsequent REM sleep.
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2.1 General methods
The following section shortly introduces the general methods used for investigating cortical calcium activity during sleep.

2.1.1 In vivo two-photon calcium imaging
Two-photon imaging depends on the excitation of fluorescence. The important difference
compared to single-photon imaging is that the wavelength of the used light source is twice
as long as the excitation wavelength ideally would be. Therefore, for the actual excitation
of the fluorescent molecules, the energy is only sufficient for the induction of light emission if two photons hit the same molecule simultaneously. Therefore, the excitation probability is highly limited to the area around the focus point and background excitation is
dramatically reduced compared to single-photon imaging (Figure 3). Overall, this leads
to an increased signal to noise ratio that allows the detection of signals coming from single
cell somata or even single dendrites.
A

Figure 3. Basic principles of fluoresλ

λ/2

cence microscopy. A Fluorescence microscopy is based on the ability of fluorophores to absorb light with a specific

B
λ

λ/2

wavelength λ (blue wave) to emit the fluorescent light (green wave). Two-photon
focal plane

microscopy uses an excitation wave-

length that is carrying half λ/2 (red wave)
single-photon
emission

two-photon
emission

of the actually needed excitation energy.
Therefore, the energy is only sufficient

once two photons hit the fluorophore at nearly the same time point. B The probability of
two photons arriving at the same time point is very rare and is limited to the area of the
focal plane. This increases the overall signal to noise ratio because the out of focus background illumination is kept at a minimum compared to single-photon microscopy.
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The expression of fluorescent proteins can be either cell type unspecific or dependent on
genetic markers of transgenic animals. For the present studies using two-photon microscopy we used two different genetically modified mice strains: PV-Cre and SOM-Cre animals. Those strains express the Cre recombinase either in all PV-positive cells or in all
SOM-positive cells. After the injection of a Cre specific virus the expression of a red
fluorescent protein is exclusive for one or the other cell type. Additionally, to monitor the
cytosolic calcium activity of the cells a second virus leading to the expression of a genetically encoded calcium indicator (GECI) must be injected into the same brain area. This
calcium indicator is not Cre-dependent and therefore all cells around the injection site
will express it. Importantly the GECI emits green light while the molecule for the Cre
dependent labeling of the PV- or SOM-positive cell population emits red light. Highly
sensitive photomultipliers detect the emitted light, which is separated by filters between
red and green wavelengths. This then allows using the red signal for the detection of PVIn or SOM-In while the green signal allows the detection of intracellular calcium of all
cells (including PV-In and SOM-In) in the imaging area independent of their cell type
(Figure 4).

Figure 4. Fluorescence signal recorded from an example PV-Cre animal expressing the
green fluorescence calcium indicator GCaMP6f (left) and the PV-In specific red fluorescent protein tdTomato (middle). Overlaying both simultaneously recorded channels allows the discrimination of calcium signals coming from red PV-In (example cell marked
with light blue arrow) and unlabeled cells, which are primarily pyramidal cells (example
cell marked with dark blue arrow).
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2.1.2 In vivo wide field imaging
In vivo wide field imaging is only using single photons for exciting the fluorophores (see
Figure 3). In the present work, a blue high-power LED (λ 570nm) was used as excitation
light source. Transgenic animals expressing the calcium indicator GCaMP6f in all pyramidal cells were used for monitoring cortical activity. The emission light was detected
with a high sensitive CCD camera that allowed frame rates up to 60 frames per second.
The size of the imaging area was around 1 cm2. Even though the transgenic animals express GCaMP6f in the entire brain, the majority of the recorded fluorescence signal originated from the cortical surface, because the excitation light does not penetrate into deep
tissue (see Figure 5).

signal strength

imaging depth

brain surface

Figure 5. Excitation and emission during wide field imaging. With increased imaging
depth, the excitation light gets scattered and less intensive (blue shaded area) this leads
to weaker excitation in deeper tissues. Additionally, also the emission light (green shaded
area) gets scattered after emitting from cell soma and dendrites leading to even weaker
signals from deeper layers. Therefore, the majority of the wide field calcium signal originates from superficial layers, mainly containing apical dendrites.

2.1.3 Sleep scoring
To discriminate the different sleep stages (wakefulness, SWS and REM sleep), every ten
seconds of the recording session were manually classified. The criteria for the classification were the frequency bands of the frontal EEG together with the EMG power. In brief,
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wakefulness was characterized by high frequencies in EEG and high EMG power. SWS
was scored whenever the EMG showed low activity together with high amplitude slow
oscillations (0.5 - 4 Hz) and sleep spindles (7 - 15 Hz) in the EEG signal. High power in
the theta frequency band (6 - 10 Hz) together with very low muscle activity were used as
criteria for scoring REM sleep. Episodes, where the EEG signal saturated or movement
artefacts were present were excluded from any further analysis. To ensure that all animals
showed natural sleep under head fixation we only included animals that showed alterations between SWS and REM sleep.
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SUMMARY

Sleep is characterized by unique patterns of cortical
activity alternating between the stages of slow-wave
sleep (SWS) and rapid-eye movement (REM) sleep.
How these patterns relate to the balanced activity
of excitatory pyramidal cells and inhibitory interneurons in cortical circuits is unknown. We investigated
cortical network activity during wakefulness, SWS,
and REM sleep globally and locally using in vivo calcium imaging in mice. Wide-field imaging revealed
a reduction in pyramidal cell activity during SWS
compared with wakefulness and, unexpectedly, a
further profound reduction in activity during REM
sleep. Two-photon imaging on local circuits showed
that this suppression of activity during REM sleep
was accompanied by activation of parvalbumin
(PV)+ interneurons, but not of somatostatin (SOM)+
interneurons. PV+ interneurons most active during
wakefulness were also most active during REM
sleep. Our results reveal a sleep-stage-specific regulation of the cortical excitation/inhibition balance,
with PV+ interneurons conveying maximum inhibition during REM sleep, which might help shape
memories in these networks.
INTRODUCTION
Sleep induces specific activity patterns in brain and neocortex.
These patterns alternate in a clearly distinguishable manner,
as measured by electroencephalogram (EEG), between the
stages of slow-wave sleep (SWS) and rapid-eye movement
(REM) sleep. Whereas SWS, which is characterized by highamplitude, low-frequency (0.5–4 Hz) EEG activity, is a state
of generally reduced cortical activity, REM sleep with dominant theta activity (4–11 Hz) is considered an active state
of sleep accompanied by enhanced cortical neural activity
[1, 2]. Consequently, these two sleep stages have been associated with quite different ways in which information is processed in the cortex [3–5]. However, it is not clear how the
two sleep stages influence network activity in cortical circuits
to ultimately emboss a stage-specific mode of information
processing.

The activity in cortical networks is mediated through the local
circuits that constitute the network and are composed of
excitatory pyramidal cells and inhibitory interneurons. Cortical
interneurons can be classified into diverse subtypes based on
molecular, structural, and electrophysiological properties [6],
and each of these subtypes has been associated with distinct
functional roles in brain-state-dependent cortical information
processing [7–9]. For example, specific subtypes of interneurons
modulate processing of cortical information during wakefulness,
depending on whether the animal is in an active state (whisking
and running) or in a quiet state with each state linked to specific
changes in the excitation/inhibition balance of the local circuits
[10–13]. Thus, the investigation of how specific subtypes of interneurons contribute to the excitation/inhibition balance appears
to be likewise a critical step toward an understanding of how
brain states like SWS and REM sleep shape the processing of
information in cortical networks.
In this study, we investigated the activity of cortical circuits
during spontaneous wakefulness, SWS, and REM sleep using
in vivo calcium imaging. Using wide-field calcium imaging, we
found that SWS is associated with a global reduction in pyramidal cell activity. Surprisingly, during REM sleep, this global
reduction in network activity was even more profound. Using
specific Cre-mouse lines, we then examined activity of parvalbumin-positive and somatostatin-positive interneurons (PV-INs
and SOM-INs). We found that the reduced cortical activity during
REM sleep is accompanied by the activation of PV-INs, but not of
SOM-INs. We conclude that, during REM sleep, PV-INs mediate
a distinct shift in the excitation/inhibition balance of cortical
network activity toward an enhanced inhibitory control of information processing.
RESULTS
We first investigated how sleep influences the global cortical
network activity using wide-field calcium imaging (Figure 1).
This imaging method can monitor neural activity with high sensitivity over a large portion of the cerebral cortex [14, 15]. We performed the calcium imaging, covering almost the entire dorsal
cortical surface of transgenic mice expressing genetically encoded calcium indicator (GCaMP6f) in the majority of cortical
pyramidal neurons across all layers (CaMKII-GCaMP6f; Figure 1B). High-speed imaging (60 frames/s) revealed spontaneous changes of the normalized fluorescence signal (Fnorm)
that corresponded to local population activity (Movie S1) [14].
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Figure 1. Global Suppression of Cortical
Activity during REM Sleep
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(A) Procedure for wide-field imaging experiments
(n = 6 mice). A head-fixed mouse was placed on
a treadmill (left). EEG and EMG were recorded
simultaneously to distinguish brain states of wake,
SWS, and REM sleep (right).
(B) (Left) An imaging window was placed over the
posterior cortex of one hemisphere. ‘‘x’’ indicates
bregma. The 4 3 4 grid shows the 16 ROIs in which
fluorescence signal (Fnorm) was analyzed. The star
indicates the ROI for which the fluorescence signal
is shown in (C) and (D).
(C) An example recording of Fnorm and concurrent
epochs of wake (green bars), SWS (red), and REM
sleep (blue) during one imaging session. Dotted
box corresponds to the time window shown
enlarged in bottom trace. Note that Fnorm signal
decreases shortly after transition into REM sleep
(blue bar) and increases again at the end of the
REM sleep epoch.
(D) The distribution of Fnorm signal during wake
(229,993 frames), SWS (140,213 frames), and
REM sleep (21,932 frames) for the ROI shown in
(B) and (C).
(E) Mean Fnorm during wake, SWS, and REM sleep
for six mice. In all ROIs, the Fnorm signal is highest
during wake, intermediate during SWS, and lowest
during REM sleep (p < 0.001).
(F) Median Fnorm activity during REM sleep and
a 40-s pre-REM sleep baseline after high pass
filtering at 0.1 Hz.
**p < 0.001. See also Figures S1, S2, and S5.
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Simultaneously, the EEG and electromyogram (EMG) were recorded to classify sleep stages (wake, SWS, and REM sleep)
[16, 17]. We found that sleep stages were consistently associated with changes in population activity; i.e., Fnorm was largest
when the mouse was awake, lower during SWS, and lowest
when the animal was in REM sleep (p < 0.001 for all pairwise
comparisons of mean Fnorm during each stage). Especially,
REM sleep was typically identifiable based on fluorescence
traces alone (Figures 1C and S1). The sleep-stage-dependent
change in activity held over the entire imaging area encompassing parietal and occipital cortices (p < 0.001 for all pairwise comparisons between sleep stages and all 16 subregions; Figures
1D, 1E, and S1; n = 6 mice). These sleep-stage-induced changes
were further confirmed in mice that expressed GCaMP6f in
sensorimotor, barrel, and visual cortices by viral injection (AAVsyn-GCaMP6f). Simultaneous imaging and standard sleep recordings in these animals revealed the fluorescence signal to
be similarly reduced to a minimum during REM sleep in the three
cortical areas (p < 0.001 for all pairwise comparisons between
brain states and for all three areas; Figure S2; n = 6 mice).
The low activity during REM sleep was unexpected, given that
REM sleep is considered an active sleep stage with increased
neural firing [18, 19]. In order to distinguish whether this reduction
in activity originated from neurons in the supra-granular (superfi2740 Current Biology 26, 2739–2749, October 24, 2016

SWS

REM

cial) layers or from deeper infra-granular
layers, we injected a virus that expresses
GCaMP6f (AAV2.1-syn-GCaMP6f) locally
to superficial layers and deep layers of the sensorimotor cortex,
respectively (Figure 2). Injection into superficial layers resulted
in the labeling of neurons in both superficial layers together with
smaller numbers of neurons labeled in deep layers. The injection
of virus into deep layers, on the other hand, resulted in an expression confined to the deep layers. This is presumably because the
virus in the superficial layers infects layer V neurons via the apical
dendrites, whereas the dendritic arbors of layer II/III neurons do
not penetrate into the deep layers (e.g., [20]). In both injection
conditions, the fluorescence signal was easily detectable from
the cortical surface (Figures 2B and 2F), and the fluorescence
signal (Fnorm) exhibited distinct changes depending on the brain
state (Figures 2C and 2G). In both injection conditions, activity
was lowest during REM sleep (p < 0.001 for all pairwise comparisons with the mean Fnorm during wake and SWS; Figures 2D and
2H; n = 3 mice for both experiments). During SWS, activity in most
cases was at an intermediate level (p < 0.001 compared to activity
during wake). These experiments suggest that activity during
REM sleep is minimal in both superficial and deep cortical layers.
In order to further clarify, in particular, the unexpected finding
of strongly reduced activity across cortical layers during REM
sleep, we examined activity of local circuits using in vivo twophoton calcium imaging (Figure 3) [21–23]. In these experiments,
we focused on the activity of different classes of interneurons,
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Figure 2. Fluorescence Signal from Neurons in Superficial and Deep Cortical Layers
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(left), which led to the expression of GCaMP6f in
neurons of both superficial and deep layers (right).
(B) The signal from GCaMP6f in the neurons can
be detected from the dorsal surface. Red circle
indicates ROI for which fluorescence signal is
indicated in (C).
(C) Recording of fluorescence signal (Fnorm) and
concurrent epochs of wake (green bars), SWS (red),
and REM sleep (blue) during one imaging session.
Dotted box corresponds to the time interval shown
enlarged in bottom trace. Note decrease in Fnorm
signal during REM sleep (blue bar).
(D) Mean Fnorm during wake, SWS, and REM sleep
in three different mice.
(E–H) Panels correspond to (A)–(D) but with the
virus injected into the deep layers of the sensorimotor cortex (three mice). Note that expression of
GCaMP6f here was confined to the deep layers.
See also Figure S5.
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quency of the spontaneous activity in a
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PV-INs and SOM-INs. For this goal, a mixture of two types of cells, the frequency of active neurons was highest during the
viruses was injected into the sensorimotor cortex of PV-Cre or wake state, lower during SWS (p < 0.001), and lowest during
SOM-Cre transgenic mice: a virus that expresses a genetically REM sleep (p < 0.001 for pairwise comparisons of mean activity
encoded calcium indicator (GCaMP6f) pan-neuronally (AAV- across the cells; n = 2,042; Figures 4A and 4B), mirroring prosyn-GCaMP6f) [24] and a virus expressing tdTomato in a gressive decrease across the sleep stages, which we observed
Cre-dependent manner (AAV-FLEX-tdTomato). At the time of for pyramidal cells in our wide-field imaging experiments (Figimaging, GCaMP6f was expressed in most neurons within ures 1 and 2). Of the interneurons, PV-INs also showed highest
200 mm around the injection sites (Figures 3B and 3C), whereas activity during the wake state and lower activity during SWS
tdTomato was expressed selectively in the specific types of in- (p < 0.001). However, during REM sleep, activity increased again
terneurons in the same area (Figures 3B and 3C). This allowed to levels only slightly lower than those during wakefulness (p <
us to investigate activity of the specific interneurons simulta- 0.001 for comparison with SWS; p < 0.05 for comparison with
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Imaging during Sleep
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wake; n = 211; Figure 4; see also Figure S4). This increase in the
mean activity during REM sleep appeared to be due to a subset
of interneurons that exhibited quite high activity. In contrast,
SOM-INs displayed a pattern of activity similar to that of pyramidal cells, with highest activity during wake, lower activity during
SWS (p < 0.001), and lowest activity during REM sleep (p <
0.001; n = 117; Figure 4). These data demonstrate the specific
activation of PV-INs during REM sleep, which is accompanied
by the suppression of both pyramidal neural and SOM-IN activity, which suggests that the shift in the overall excitation/inhibition balance toward predominant inhibition during REM sleep
is conveyed by a subset of REM sleep-active PV-INs.
Our data appear to be at odds with past studies using
extracellular unit recordings, showing that cortical activity is
enhanced during REM sleep compared to SWS [18, 19, 27,
2742 Current Biology 26, 2739–2749, October 24, 2016

(A) In vivo two-photon imaging was performed on a
head-fixed mouse that repeatedly went through
periods of wake, SWS, and REM sleep during one
imaging session. Sleep stages were identified by
EEG and EMG.
(B) Representative in vivo two-photon images of
neurons labeled with GCaMP6f (left) and tdTomato
(right) in a PV-Cre mouse. GCaMP6f was expressed pan-neuronally, whereas tdTomato was
expressed in a Cre-dependent manner. The scale
bar indicates 100 mm.
(C) Expression of GCaMP6f (left column) and
tdTomato (middle column) was confirmed through
histological sectioning. In PV-Cre mice, the
expression of tdTomato was confined to PV+ interneurons (PV-INs). Arrows indicate colocalization of Alexa-Fluor-647-conjugated antibody and
tdTomato signals.
(D) Example recordings of DF/F from four neurons
indicated in (C). Cells 3 and 4 are labeled with
tdTomato, indicating that they are PV-INs. Note
that these two PV-INs increased their activity
during REM sleep (horizontal bar).
(E) The activity (for 169-ms frames; see Experimental Procedures) of 110 unlabeled cells,
including mainly putative pyramidal cells, and 17
PV-INs that were imaged simultaneously. The
activity of unlabeled neurons, but not PV-INs, is
substantially decreased during REM sleep.

28]. We suspected that the discrepancy might be due to the selection bias
inherent to extracellular unit recording,
i.e., neurons that are active during the
wake period might be more likely to be
selected for extracellular recordings and
only those neurons might also show
higher activity during REM sleep than
SWS. To test this possibility, we examined the relationship between the activity
a neuron showed during the wake stage
and the difference in activity between
5 min
REM sleep and SWS (REM
SWS).
Indeed, these two values were positively
correlated in all three types of neurons (pyramidal, r = 0.20, p <
0.001; PV-INs, r = 0.35, p < 0.001; SOM-INs, r = 0.25, p < 0.01;
Figures 5A–5C). The effect of wake activity was further demonstrated by analyzing subsets of neurons with high activity during
the wake state. The pyramidal cells with wake activity within the
top 20% showed similar activity during SWS and REM (n = 408;
p > 0.05; Figure 5A, middle), and those within the top 5% were
even more active during REM sleep than SWS (n = 102; p <
0.05; Figure 5A, right). This relationship was even more pronounced for PV-INs, i.e., PV-INs with high wake activity were
substantially more active during REM sleep compared to SWS
(n = 42, p < 0.001 for the top 20%; n = 11, p < 0.001 for the
top 5%; Figure 5B). SOM-INs with wake activity within the top
20% showed lower activity during REM sleep than SWS (n =
24; p < 0.05 for the top 20%), but those few within the top 5%
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Figure 4. Cell-type-Specific Changes in Neural Activity during Wake, SWS, and REM Sleep
Left panels: mean ± SEM activity of (A) unlabeled cells (n = 2,042), (B) PV-INs (n = 211), and (C) SOM-INs (n = 117) during wake, SWS, and REM sleep. Middle
panels: the distributions of activity for the three cell-types are shown. Note that the distribution for PV-INs during REM sleep contains a long tail, indicating that
only a subset of PV-INs contribute to the increased activity during REM. Tick marks at the top of each graph indicate the mean activity. Right panels: threedimensional histograms indicating the distribution of activity for the cell-types across SWS and REM sleep are shown. x and y axes indicate active frames per
seconds during SWS and REM, respectively. z axis indicates the proportion of cells relative to the total number of a cell type. The increased proportion of PV-INs
only active during REM sleep, but not during SWS, is shown. See also Figures S3 and S4 and Table S1.

exhibited similar activity in the two sleep stages (n = 6; p > 0.3 for
the top 5%; Figure 5C). Overall, these data indicate that the neurons with higher activity during wake also show higher activity
during REM sleep, compared to SWS. The analysis not only
reconciles the discrepancy between previous studies based on
electrophysiological recordings of unit activity and the current
findings but also provides further support to the view that the
high activity of PV-INs during REM sleep mainly originates from
a subset of neurons that were also active during the wake period.

The increased PV-IN activity together with decreased activity
of unlabeled cells and of identified pyramidal cell activity in our
wide field imaging data suggests that the network excitatory/
inhibitory balance shifts during REM sleep toward maximum
network inhibition. We used the ratio between the proportion
of active PV-INs and the sum of the proportion of active PVINs and unlabeled cells (i.e., PV-IN %/[PV-IN % + Unl %]) as
an estimate of inhibition in this balance. Indeed, this ratio was
maximal during REM sleep (0.66 ± 0.03), intermediate during
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SWS (0.52 ± 0.01), and highest during wake (0.53 ± 0.01; p <
0.006 for all pairwise comparison). In a more-fine-grained analysis accounting for the temporal dynamics in activity patterns,
we correlated across imaging frames the proportion of active
unlabeled cells with that of active PV-INs, or active SOM-INs,
separately for the wake, SWS, and REM sleep epochs of
each imaging session (Figure 6). During wake periods, whenever a larger portion of PV-INs or SOM-INs was active, this
was accompanied also by an enhanced proportion of active
unlabeled cells in the same frame, resulting in maximum correlations of activation. This co-activation was slightly diminished
in SWS but reached a distinct minimum during REM sleep,
where, in a substantial number of frames, inhibitory cell activity
occurred in the absence of activity in unlabeled cells. This
finding was not a result of the overall lower firing rates during
REM sleep because rank correlations coefficients calculated
separately for the 20% most-active putative pyramidal cells
during REM, which showed the same trend of significantly
reduced correlations during SWS compared with wakefulness
and even lower correlations during REM. These data indicate
that, whereas PV-INs and SOM-INs tend to be co-activated
with pyramidal cells during wake, during sleep, and in particular
during REM sleep, activity of inhibitory and excitatory cells
becomes dissociated.
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It is well-established that wake and sleep
states manifest themselves in distinct
0.4
patterns of cortical activity. However, it
is not clear how these states modulate
cortical activity, at the global level or at
0.2
the fine-scale circuitry level, to regulate
the network’s excitation/inhibition balance and the processing of information
0
WakeSWS REM
in local circuits. In the current study, we
addressed this question using wide-field
calcium imaging and in vivo two-photon
calcium imaging. Wide-field imaging revealed that the global cortical activity decreases from wakefulness to SWS and, surprisingly, further decreased from SWS to
REM sleep, with these dynamics being independent of the
cortical area. Two-photon imaging indicated that the reduced
global cortical activity was accompanied by reduced activity in
the majority of the pyramidal cells and increased activity of PVINs, but not of SOM-INs, pointing to a crucial role of PV-INs in
mediating the global reduction of activity during REM sleep.
The PV-INs with the highest activity during wakefulness also
showed highest activity during REM sleep, and the same relationship was observed for pyramidal cells and SOM-INs,
although less pronounced. These modulations of neural activity
produce changes in the excitation/inhibition balance in the
cortical circuits, with REM sleep hallmarked by a shift toward
predominant inhibition in cortical networks. Thus, our findings
provide novel insights into the framing conditions of cortical
information processing during the different stages of sleep.
The global decrease in cortical activity during SWS well fits
with findings from electrophysiological recordings and might
originate from the slow oscillation, which hallmarks SWS and
which imposes periods of neural silence and disfacilitation
(down states) interleaving with periods of wake-like enhanced
activity [1]. However, the overall reduced cortical activity during
REM sleep was unexpected and stands in contrast with the
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Figure 6. Co-activation Patterns of Unlabeled Cells and Inhibitory Interneurons during Wake, SWS, and REM Sleep
(A) Upper panels: example scatterplots showing the distribution for the proportion (with reference to total number cells) of unlabeled cells and the proportion of
PV-INs that are active within the same imaging frame during a session, separately for periods of wake, SWS, and REM sleep. Lower panels: same, for the
proportions of unlabeled cells versus SOM-INs active within the same imaging frame. Co-activation between unlabeled cells and PV-INs and SOM-INs,
respectively, across the imaging session is also indicated by the Spearman rank correlation coefficient. (Frames showing neither unlabeled cell activity nor activity
of the respective interneuron were omitted in these analyses.) **p < 0.01.
(B) Co-activation between unlabeled cells and PV-INs (upper panel) and SOM-INs (lower panel) expressed as correlation (z-transformed) across imaging sessions
(n = 12 and n = 7, respectively), separately for periods of wake, SWS, and REM sleep. **p < 0.01; *p < 0.05 for pairwise comparisons between brain states.
Distinctly reduced co-activation between unlabeled cells and PV-INs as well as unlabeled cells and SOM-INs during REM sleep is shown.
See also Table S1.

general view that REM sleep is an active phase of sleep with
intense cortical activity. In the EEG, REM sleep is characterized
by low-amplitude, high-frequency activity similar to that during
the vigilant states of wakefulness, although the EEG signal primarily reflects synchrony of membrane potential changes rather
than levels of neural firing activity. Indeed, early studies of
cortical activity using extracellular unit recording also reported
higher cortical activity during REM sleep compared to SWS in
both monkeys and cats [18, 19]. Intracellular electrophysiological recordings in cats revealed that all cells, including regularly
spiking and fast spiking neurons, fire tonically at high rates during REM sleep as high as during wakefulness [1]. More-recent
studies in rodents confirmed that cortical activity during REM
was equal to or higher, but not lower, than that during SWS
[27, 29]. The discrepancy between our findings and these previous studies is difficult to explain. It might partly reflect difference
in the species investigated or differences in the cortical regions
as they were revealed in human studies using fMRI and positron
emission tomography (PET) [30–32]. The latter is, however, unlikely because we observed the suppression of activity during
REM sleep uniformly in a large portion of the cortex. Also,
layer-specific changes might contribute to this discrepancy,
because most electrophysiological recordings of single-unit activity were performed from layer V, whereas the present calcium
imaging concentrated on layer II/III cells, although also activity of
neurons in deeper layers was assessed, with the same result

(Figure 2). Another factor to be considered here is the low frame
rate of calcium imaging that results in under-sampling, in particular of activity of fast-spiking neurons. The slow sampling rate
makes this approach less sensitive to changes in the pattern of
neuronal activity that might be even more characteristic for the
different sleep stages. Nevertheless, calcium imaging, as performed here, allows for the reliable assessment of general levels
of activity in different subtypes of neurons (see Figure 3) [24].
Indeed, we confirmed our results using DF/F values (see Figure S3) where multiple spiking in one frame expresses itself in
an accumulated light signal. Also, such under-sampling cannot
explain a generally reduced excitatory activity that is specific
to REM sleep. We rather think the discrepancy between our
and previous electrophysiological studies might derive from
the biased sampling of the extracellular unit recordings against
neurons with low activity [33]. By selecting a subset of neurons
with high activity during wakefulness, we observed that these
neurons, pyramidal cells as well as PV-INs, exhibited larger activity during REM sleep compared to SWS, consistent with the
earlier electrophysiological studies. Still, for firm conclusions
regarding the discrepancy between the present calcium imaging
data and previous data from electrophysiological recordings,
approaches combining simultaneous recordings of both types
of activity may be necessary. Interestingly, our data concur
with recent findings that employed gene expression analysis,
which has less sampling bias compared to extracellular unit
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recordings, revealing that, during REM sleep, only a small
portion of cortical neurons are active [34]. Taken together, our
presumably more-representative sampling of cortical cells
based on in vivo calcium imaging demonstrates that REM sleep
is not associated with intense cortical activity but is a period
of prevalent suppression of neural activity where a subset of
neurons with high activity during the wake period is reactivated.
The reduced activity of pyramidal neurons during REM sleep
was accompanied by an increased activity of PV-INs, but not
SOM-INs, which identifies PV-INs as a likely source of cells
driving the suppression of cortical activity during REM sleep.
This raises the question of the input origin for the increased PVIN activity. In general, PV-INs receive strong excitatory inputs
with high probability from the nearby pyramidal cells [25, 35,
36]. Through these synaptic inputs, PV-INs integrate the activity
of surrounding pyramidal neurons [7, 25, 37, 38], which is considered to be critical in balancing excitation and inhibition in the local
circuits [10, 39]. Our data are consistent with this scheme during
wake, where PV-INs were tightly co-activated with pyramidal
cells. However, during sleep and in particular during REM sleep,
this coupling was distinctly decreased and the correlation between PV-INs and pyramidal cell activity was lowered, indicating
that here PV-INs do not simply follow the excitatory activity in the
local circuits. Instead, during REM sleep, PV-INs are likely to be
influenced more strongly by long-range inputs. This could be,
for example, long-range inputs from sleep-related areas, such
as basal forebrain [40, 41]. However, our data (Figures 5E and
5F) also provide evidence that such long-range inhibitory control
over cortical networks is conveyed by only a distinct subset
of PV-INs that display high activity also during wakefulness.
Whether this subset corresponds to basket cells or other inhibitory cells known to be involved in the regulation of REM sleep
activity cannot be said [42]. However, the pattern tempts the
speculation that networks involved in specific information processing during waking contribute to this suppression by gating
the long-range activation of PV-INs in select networks. Although
our data strongly suggest that reduced excitatory pyramidal cell
activity is a consequence of increased activity of PV-INs, and
although it is well established that PV-IN activation mediates a
reduction in cortical activity and inhibition of pyramidal neurons
(e.g., [43, 44]), we emphasize that firm conclusions about causal
relationships can be drawn only on the basis of direct manipulations of a subset of PV-IN. In fact, stimulation of PV-INs can result
in signs of increased cortical activity (e.g., increased gamma oscillations) [44, 45], and how subgroups of PV-INs might generally
reduce activity in large cortical networks is currently unclear.
Note also activation of SOM-INs and pyramidal cells is more
dissociated during REM sleep compared with the other two brain
states (Figure 6). However, considering that SOM-INs, unlike
PV-INs, exhibit a general decrease rather than increase in activity
during REM sleep, we suppose this dissociation to be an immediate consequence of the locally changed balance between
PV-INs and pyramidal cells during this sleep stage rather than
a response of SOM-INs to long-range inputs.
It can be questioned that the activity of unlabeled cells in
our two-photon experiments reflected pyramidal cell activity.
Indeed, there are probably other interneurons among these cells,
the proportion of which is negligible (<10%) in deeper cortical
layers but can be substantial in superficial layers [25, 26]. Still,
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the majority of interneurons in cortical layers II/III are PV-IN
and SOM-IN cells, which we labeled in these experiments.
Importantly, the profound decrease in activity across sleep
stages, and particularly during REM sleep, which we observed
for unlabeled cells using two-photon imaging, was likewise revealed in our wide-field imaging experiments, where we used
mice expressing GCaMP6f in CaMKII-positive cells, which are
pyramidal cells. Thus, it appears justified to assume that, also
in the two-photon imaging data, the strong REM sleep-associated decrease in activity of unlabeled cells reflected to a substantial degree pyramidal cell activity.
Although our two-photon imaging approach provides novel insights into the unique regulation of the excitation/inhibition balance in cortical circuitry during sleep, the findings are in need
of further elaboration. First, although we excluded non-neural
activity changes (e.g., in metabolic rate and blood flow) as primary source of the distinct suppression of excitatory activity during REM sleep (Figure S1), the size of such possible confounds
needs to be scrutinized. Second, we restricted recordings to
the dorsal cortex surface, and network dynamics might be
different if deeper cortex areas, such as the anterior cingulate
and the retrosplenial cortex or the hippocampus, are considered
[34], although electrophysiological recordings of hippocampal
activity in rats revealed a pattern (with narrow-spiking interneurons displaying strongly elevated firing in REM sleep) that seems
quite consistent with the present results [46]. Third, activity patterns might also depend on the cortical layers. Although lower
fluorescence level was observed during REM sleep also for neurons in deep layers, the fluorescence signals in Figures 2E–2H
originated mainly from the dendritic tufts. Therefore, although
unlikely, the possibility cannot be entirely ruled out that neurons
in deep layers might act differently at the level of the somata
[47, 48]. Fourth, we did not look at other types of interneurons
that also add to the inhibitory control of cortical networks. However, in the neocortex, these cells are clearly outnumbered by
PV-INs and SOM-INs, rendering unlikely that they substantially
contribute to the global cortical excitation/inhibition balance.
In sum, the present calcium imaging studies revealed that
cortical neural activity shows a progressive decrease from wakefulness to SWS to REM sleep, with the decrease during SWS and
REM sleep likely mediated by entirely different mechanisms, i.e.,
states of neural silence and disfacilitation during the slow oscillation of SWS and increased activity of PV-INs in REM sleep,
respectively. In fact, the present two-photon study is the first
to identify REM sleep as a state of distinctly increased inhibitory
activity in neocortical networks, to a level even exceeding inhibitory control during wakefulness. The function of such shift in the
excitation/inhibition balance remains to be elucidated. It might
generally prime the cortical network for synapse formation [49],
thereby supporting the formation of new neural circuits. Alternatively, rather than conveying a general priming influence on synapse formation, it may shape selective processing of distinct
memory representations reactivated in these networks [50].

EXPERIMENTAL PROCEDURES
Animals and Surgery
All experimental procedures were approved by the University of Tübingen and
the local institutions in charge of animal welfare. CaMKII-Cre mice [51] crossed

with Ai95 (RCL-GCaMP6f; Jax #024105) [52] and C57BL6/J were used for
wide-field calcium imaging; PV-Cre mice [53] (Jax #008069) and SOM-Cre
mice [54] (Jax #013044) were used for in vivo two-photon calcium imaging.
The mice were housed in groups of up to five mice in temperature (22 C ±
2 C)- and humidity (45%–65%)-controlled cages. Experiments were performed during the light period of the 12 hr:12 hr light-dark cycle. Data collection in all mice started 1 hr after light onset of the 12 hr:12 hr light-dark cycle. All
mice were male and older than 8 weeks.
The mice were implanted with a headpost for subsequent experimentation.
They were anesthetized with 0.1 mg/g ketamine and 0.008 mg/g xylazine with
a supplement of isoflurane. Dexamethasone (0.08 mg) was sometimes administered to reduce tissue swelling. Lidocaine was applied to the wound margins
for topical anesthesia. A custom-built headpost was glued to the skull and
subsequently cemented with dental acrylic (Lang Dental).
The headpost implantation was followed by virus injection and window implantation. First, a craniotomy was made above the sensorimotor cortex
(1.1 mm caudal and 1–1.3 mm lateral from the bregma). The size of the craniotomy was 1.2 3 2 mm for all experiments except for those shown in Figures 1
and S1, where the craniotomy was larger (3 3 4 mm or 8 3 9 mm; see Figure S1) and covered the dorsal cortex. In the area of craniotomy, two viruses
(AAV2/1-syn-GCaMP6f 2.96 3 1012 genomes/mL and AAV2/1-Flex-tdTomato
1.48 3 1011genomes/mL) were injected at multiple sites (10–20 nL/site;
3–5 min/injection). For GFP control experiment (see Figure S5), the procedure
was conducted in the same way, but just one virus (AAV2/1-EF1a-GFP) was
injected. The depth of the injection was 130–300 mm, except for the experiments shown in Figures 2E–2H (depth; 700–900 mm). After the virus injection,
two layers of coverglasses (1 mm 3 1.5 mm and 2.0 mm 3 2 mm, depending
on the area of craniotomy) were implanted as an imaging window. The space
between the imaging window and skull was sealed with 1.5%–2% agarose,
and the window was cemented with dental acrylic.
The electrodes for the EEG were implanted contralateral to the imaging window. First, the skull was exposed, and then two bone screws (PlasticOne) were
implanted on the cortical surface (frontal electrode: anterior +1.5 mm, lateral
1.5 mm; parietal electrode: posterior 2.5 mm, lateral +2.5 mm from bregma).
One silver wire (Science Products) was implanted on the brain surface (posterior 1 mm; lateral 0 mm from lambda) and served as reference. Additionally,
two stainless steel wires (Science Products) were implanted into the neck
muscle for EMG recordings. After surgery, the animals were single housed
in their home cages, and calcium imaging was conducted after at least
10 days of recovery.
Head Fixation Procedure
After handling the animals 10 min per day for 1 week, the animal was habituated to the head fixation. Habituation consisted of four sessions with
increasing fixation durations (30 s, 3 min, 10 min, and 30 min) interleaved by
10-min resting intervals. Habituation was conducted 24 hr prior to the first
imaging session during the early light phase. The procedure was the same
for all animals.
EEG and EMG Recordings
Sleep stages were identified based on EEG and EMG recordings during the imaging sessions. EEG and EMG signals were amplified, filtered (EEG: 0.01–
300 Hz; EMG: 30–300 Hz), and sampled at a rate of 1,000 Hz (amplifier: model
15A54; Grass Technologies). Based on EEG/EMG signals for succeeding 10-s
epochs, the brain state of the mouse was classified into wake, SWS, and REM
sleep stages [16]. Sleep stage identification was supported using the software
SleepSign for animals (Kissei Comtech).
Wide-Field Imaging
For wide-field calcium imaging, a charge-coupled device (CCD) camera (iXon
X3 888; Andor Technology) was focused on the cortical surface using a macroscope (MVX-10; Olympus). The illumination light source was 470 nm lightemitting diodes (Thorlabs). The filter cube contained an excitation bandpass
filter of 470/40 nm, a dichroic filter of 495 nm, and an emission bandpass filter
of 525/50 nm. The zoom was adjusted to cover the entire window. The imaging
frame consisted of 125 3 125 pixels, and the frame rate was 48.86–56.26 Hz
(17.8–20.5 ms per frame). The precise timing of individual frames was saved as
voltage pulse in the EEG recording system. To account for possible confound-

ing influences on the fluorescence signal resulting from more-gradual changes
in metabolic rate and blood flow, all subsequent analyses on wide-field imaging data were additionally performed after high-pass pre-filtering [55] the original data at 0.1 Hz. Here, we present, where relevant (i.e., regarding the effects
of REM sleep), results from analyses after pre-filtering in addition to analyses of
the original data (see Figures 1 and S5).
Two-Photon Imaging
In vivo imaging was performed using a two-photon microscope based on the
MOM system (Sutter) controlled by ScanImage software [56]. The light
source was a pulsed Ti:sapphire laser (l = 980 nm; Chameleon; Coherent).
Red and green fluorescence photons were collected with an objective lens
(Nikon; 163; 0.80 numerical aperture [NA]), separated by a 565-nm dichroic
mirror (Chroma; 565dcxr) and barrier filters (green: ET525/70 m-2p; red:
ET605/70 m-2p), and measured using photomultiplier tubes (Hamamatsu
Photonics; H10770PA-40). The imaging frame consisted of 1,024 3 256
pixels, and the frame rate was 5.92 Hz (169 ms per frame). Images were
collected in layer II/III at a depth of 150–250 mm. All subsequent analyses
were performed on the original data or after high-pass pre-filtering at
0.1 Hz to eliminate slower changes possibly originating from metabolic and
blood flow changes. As both analyses yielded essentially the same results,
and also because of the lower sensitivity to changes in blood flow of twophoton imaging, this report is restricted to analyses based on unfiltered
two-photon imaging data.
Wide-Field Image Analysis
To define regions of interest (ROIs) for the imaging data from CaMKII-GCaMP6
mice, the area within the window was divided into 4 3 4 grids, resulting in 16
ROIs (Figure 1). For the data from virus-injected mice, a circle with ten pixels
radius was drawn around each injection site (Figure 2). The precise location
of ROIs did not affect the outcome. For each frame, the pixel values within
an individual ROI were summed, and then this value was normalized by
dividing by the 30th percentile value of all frames within a ±3-min interval
(Fnorm). This normalization affects all frames within a 6-min interval in a constant way (see [57] for a similar procedure). Signals from all sleep stages
were normalized in the same way. The mean Fnorm for wake, SWS, and REM
sleep was calculated as the average Fnorm across all frames within the respective sleep stage. For statistical evaluation, the mean Fnorm was compared
between the different sleep stages using a bootstrap-based algorithm [21],
where the distribution of differences in Fnorm values between sleep stages
was established by randomly permutating the frames for a given sleep stage.
Ten thousand iterations were performed, and the p value was determined by
the proportion of iterations for which the difference was smaller (or larger)
than zero.
Two-Photon Image Analysis
Lateral motion was corrected in two steps [58]. A cross-correlation-based
image alignment (Turboreg) was performed, followed by a line-by-line
correction using an algorithm based on a hidden-Markov model [59].
ROIs containing individual neurons were drawn manually, and the pixel
values within each ROI were summed to estimate the fluorescence of
this neuron. PV-INs and SOM-INs were manually detected by red fluorescence signal expressed by AAV2/1-Flex-tdtomato. The individual cell
traces were calculated as the average pixel intensity within the ROIs for
each frame. The cell traces were transformed into the percent signal
change (DF/F), in which the baseline for each cell was defined as the
20th percentile value of all frames within a ±3-min interval. We confirmed
that the neuropil signal did not affect our results by performing neuropil
subtraction (Figure S3) [24, 37]. The neuropil signal was estimated for
each ROI as the average pixel values within two pixels outside the
ROI (excluding adjacent cells). The true signal was estimated as F(t) =
FinROI
r 3 FroundROI, where r = 0.7. This procedure yielded essentially
the same results (see Figure S3).
The activity of individual neurons was quantified by either mean DF/F or the
frequency of active frames that showed calcium events, with both approaches
yielding essentially the same results. The frequency of active frames for an
individual neuron was defined as follows: a neuron was considered active in
a given frame if the DF/F value was more than two SDs above the mean in a
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sliding time window of ±3 min. The number of active frames was divided by the
total number of frames in each sleep stage and then multiplied by the frame
rate, such that the value represents frames per second. Statistical comparisons between sleep stages were based on the same bootstrap algorithm
described above.
The network excitation/inhibition balance was quantified based on the
proportion of active pyramidal cells to that of active PV-INs. The distribution of these two values (ranging between 0% and 100%) was calculated
separately for wake, SWS, and REM sleep stages for each imaging
session. Then, for each imaging session, after excluding the frames with
no active cells, the Spearman rank correlation coefficients between the
proportion of active pyramidal cells and that of PV-INs was calculated
separately for wake, SWS, and REM sleep stages. Distributions of Fisher
z-transformed correlation coefficients were compared between sleep
stages using t test.
Generally, statistical analyses relied on bootstrapping for comparisons of
repeated measures to test directed hypotheses. Only comparisons of inhibitory/excitatory balance and z-transformed correlations were done using
t tests. No corrections for multiple comparisons were applied.
Immunohistochemistry
Immunostaining was performed using standard procedures (n = 2 mice).
Following the experiments, the mice were deeply anesthetized (0.3 mg/g
ketamine and 0.024 mg/g xylazine, intraperitoneally [i.p.]) and intracardially
perfused with 4% paraformaldehyde in 0.1 M PBS (4% paraformaldehyde
[PFA]). The brains were removed from the skull, post-fixed in 4% PFA at 4 C
overnight, rinsed with 0.1 M PBS, and transferred to 30% sucrose/PBS
overnight. Coronal slices (thickness 20 mm) were cut using a cryostat and
blocked in carrier solution (5% normal goat serum; Jackson ImmunoResearch
Laboratories) and 0.3% Triton X-100 (Sigma-Aldrich) in 0.1 M PBS) for 1 hr at
room temperature on a shaker. Slices were then incubated with anti-PV rabbit
primary antibody (1:500 in carrier solution; #24428; Immunostar) or anti-SOM
rabbit primary antibody (1:500 in carrier solution; #20089; Immunostar) at 4 C
overnight. After three rinses with 0.1 M PBS for 30 min, sections were incubated in donkey anti-rabbit immunoglobulin G (IgG) antibody conjugated
with Alexa Fluor 647 (Thermo Fisher Scientific; 1:500 in carrier solution) for
1 hr at room temperature on the shaker. After a few additional rinses for
30 min in 0.1 M PBS, slices were cleared in a sequence of sucrose solutions
(15%, 30%, 45%, and 60% sucrose in 0.1 M PBS/2% Triton X-100; with a
4-hr period per sucrose concentration) and then mounted on slide glasses
for imaging.
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Figure S1. Wide-field imaging during Wake, SWS and REM sleep. Related to Figure 1.
Top, example recording of Fnorm and concurrent epochs of Wake (green bars), SWS (red) and
REM sleep (blue) for the 16 ROIs imaged simultaneously for one example mouse. Conventions
as in Figure 1C in the main text. Bottom, the distribution of the Fnorm signal during Wake, SWS
and REM sleep for the 16 ROIs in each mouse. Conventions as Figure 1D of the main text.
Bottom, Mean Fnorm activity during Wake, SWS and REM sleep for 16 ROIs for two mice and for
36 ROIs for 4 mice. In all ROIs, the Fnorm signal is highest during Wake, intermediate during
SWS, and lowest during REM sleep (p<0.001).
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Figure S2. Reduced fluorescence signal of virally expressed GCaMP6f during REM sleep.
Related to Figure 1. Left, a virus expressing GCaMP6f (AAV-syn-GCaMP6f) was injected into
sensorimotor (1), barrel (2) and visual (3) cortex (n = 2 mice). Red circles indicate ROIs in each
cortical area. Middle, the distribution of Fnorm signal during Wake (green), SWS (red) and REM
sleep (blue) for each of the ROIs. Right, in all three ROIs, the mean fluorescence signal was
highest during Wake, intermediate during SWS and at a distinct minimum during REM sleep (p <
0.01, for all pairwise comparisons).
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Figure S3. Cell-type specific changes in neural activity during Wake, SWS, and REM sleep
- analysis based on mean F/F before and following neuropil correction. Related to Figure
4 and Figure 5. Instead of the frequency of active frames (as in Figure 4 of the main text), here
mean F/F was used to quantify neural activity during Wake, SWS and REM, yielding
essentially the same results. Left two panels, the distributions of activity for the three cell-types of
interest before and after neuropil correction. Conventions as in Figure 4 of the main text. Right
two panels, activity patterns of neurons showing high (top 20%) and low activity (remaining 80
%) during Wake, before and after neuropil correction. Conventions as in Figure 5 of the main
text.
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Time course of activity (active frames per second) for PV-INs (blue), SOM-INs (green) and unlabeled
cells (red) across triplets of SWS-REM sleep-SWS epochs. Data represent mean ± s.e.m. from 128 triplets
recorded in 10 mice. Sleep stage periods were normalized to a common duration and divided into thirds
(1st, 2nd, 3rd). Note differential dynamics of PV-IN which show peak activity during the middle part of a
REM sleep epoch, and SOM-IN cells and unlabeled cells showing minimum activity at this time.
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Figure S5. Control experiments with GFP. Related to Experimental Procedures, Figure 1
and Figure 2.
To estimate possible confounding effects on the calcium fluorescence signal during wide field
imaging (e.g., coming from blood flow or temperature changes) 3 additional control animals
expressing a calcium independent green fluorescence protein (gfp control animals, AAV2/1EF1α-GFP) were recorded during sleep. (A) Analyses of unfiltered data showed a drop in
fluorescence signal during REM sleep. However, when data were high-pass pre-filtering (at 0.1
Hz) before analyses, to remove gradual drifts in the signal possibly reflecting changes in
temperature or blood flow or temperature, this drop completely disappeared. (B) Comparing prefiltered data from 3 gfp mice (n=42 REM episodes) and 6 GCaMP6f-mice (n = 47 REM
episodes) revealed that only GCaMP6f mice showed a strong drop in activity during REM sleep
which was almost 10 times stronger than in the gfp control mice (p <0.05). This data (1) suggest
the presence of slow changes in non-neural activity confounding calcium-dependent neural
activity, and (2) indicate that such possible confounding influences can be effectively eliminated
by high-pass pre-filtering the signal. Means ± SEM of the difference in median Fnorm activity
during REM sleep and a 40-s pre-REM sleep baseline are indicated. ** p < 0.001, * p < 0.05.
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Slow oscillations and sleep spindles are hallmarks of the EEG during
slow-wave sleep (SWS). Both oscillatory events, especially when cooccurring in the constellation of spindles nesting in the slow
oscillation upstate, are considered to support memory formation
and underlying synaptic plasticity. The regulatory mechanisms of this
function at the circuit level are poorly understood. Here, using twophoton imaging in mice, we relate EEG-recorded slow oscillations
and spindles to calcium signals recorded from the soma of cortical
putative pyramidal-like (Pyr) cells and neighboring parvalbuminpositive interneurons (PV-Ins) or somatostatin-positive interneurons
(SOM-Ins). Pyr calcium activity was increased more than threefold
when spindles co-occurred with slow oscillation upstates compared
with slow oscillations or spindles occurring in isolation. Independent
of whether or not a spindle was nested in the slow oscillation upstate,
the slow oscillation downstate was preceded by enhanced calcium
signal in SOM-Ins that vanished during the upstate, whereas spindles
were associated with strongly increased PV-In calcium activity.
Additional wide-field calcium imaging of Pyr cells confirmed the
enhanced calcium activity and its widespread topography associated
with spindles nested in slow oscillation upstates. In conclusion, when
spindles are nested in slow oscillation upstates, maximum Pyr activity
appears to concur with strong perisomatic inhibition of Pyr cells via
PV-Ins and low dendritic inhibition via SOM-Ins (i.e., conditions that
might optimize synaptic plasticity within local cortical circuits).
sleep

| calcium imaging | slow oscillation | spindle | inhibition

cells. The initiation and termination of spindles critically depend on
corticothalamic feedback (17, 18). The generation of spindles is
driven by the depolarizing upstate of the neocortical slow oscillation
such that they tend to nest in the beginning phase of the cortical
slow oscillation upstate (2).
There is convergent evidence that slow oscillations, as well as
spindles, contribute to the consolidation of memory during sleep
and underlying cortical synaptic plasticity mediating this memory
effect (19–23). The slow oscillation is thought to convey primarily global processes of synaptic downscaling and renormalization (24), although it might concurrently contribute to longterm potentiation and upscaling of synapses in local cortical
circuits (25). Spindles and associated neural firing patterns have
been shown to promote cortical synaptic long-term potentiation
(23, 26, 27). The consolidation of memory during sleep likely
originates from the repeated reactivation of respective neural
ensemble activity in hippocampal as well as neocortical networks
(28–30). Such reactivations occur preferentially during the upstate of the cortical slow oscillation. In fact, the depolarizing
upstate of the slow oscillation appears to drive neural memory
reactivations and thalamocortical spindles in parallel (31–33). In
this framework, slow oscillations co-occurring with spindles have
been proposed to be particularly effective in forming long-term
memory and in regulating underlying synaptic plasticity (34–36).
Significance

M

ammalian slow-wave sleep (SWS) is characterized by two
major EEG oscillatory events (the slow oscillation and the
sleep spindle). The slow oscillation, also considered a neurophysiological substrate of EEG slow-wave activity, is characterized by widespread synchronized changes in the membrane
potential of cortical neurons between hyperpolarization during
the slow oscillation downstate and depolarization during the slow
oscillation upstate, occurring at frequencies between 0.1 and
4 Hz (1, 2). Neural silence characterizing the slow oscillation
downstate pertains to excitatory neurons as well as inhibitory
interneurons (3, 4). The slow oscillation is primarily generated
within cortical networks, where it can occur in the absence of
thalamocortical input, with major participation of layer 5 neurons (5–7). Nevertheless, in natural conditions, thalamic inputs
substantially contribute to the occurrence of cortical slow oscillation upstates (8). Slow oscillations often show propagation
patterns as waves traveling from anterior to posterior cortical
areas (9–11).
Sleep spindles are characterized by waxing and waning oscillatory
field potentials in a frequency range between 7 and 15 Hz and with a
duration of 0.5–3 s (1). Within this frequency band in the human
EEG, fast and slow spindles can be discriminated, which differ in
topography and possibly also in their function (12, 13). Sleep spindles are generated in intrathalamic circuits comprising GABAergic
neurons within the nucleus reticularis thalami and in collaterals of
glutamatergic thalamocortical projection neurons, with these projections also mediating their propagation to widespread neocortical
regions (14–16), where they reach both excitatory and inhibitory
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Slow oscillations and spindles are hallmarks of the EEG during
slow-wave sleep. They are thought to support memory consolidation, particularly in instances where the faster spindle
nests into the “upstate” of a slow oscillation. Using twophoton and wide-field imaging, we recorded calcium transients from distinct populations of cortical excitatory and inhibitory neurons during sleep in mice. Compared with spindles
or slow oscillations occurring in isolation, events where spindles nested in a slow oscillation upstate were indeed accompanied by a unique pattern of calcium activity where high
pyramidal cell activity appears to concur with high perisomatic
inhibition through parvalbumin-positive interneurons and with
low dendritic inhibition through somatostatin-positive interneurons. These conditions might foster dendritic plasticity.
Author contributions: N.N. and J.B. designed research; N.N. performed research; I.E. contributed new reagents/analytic tools; N.N. and H.-V.V.N. analyzed data; and N.N. and J.B.
wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.
1

To whom correspondence may be addressed. Email: niels.niethard@uni-tuebingen.de or
jan.born@uni-tuebingen.de.

2

Present address: Institute of Biomaterials and Biomolecular Systems, Department of
Neurobiology, University of Stuttgart, 70569 Stuttgart, Germany.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1805517115/-/DCSupplemental.
Published online September 12, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1805517115

Results
We investigated the activity of layer 2/3 PV-Ins and SOM-Ins
and of neighboring putative Pyr cells during slow oscillations and
spindles occurring in isolation and during co-occurring slow
oscillation-spindle events during SWS (Fig. 1 A, C, and D). For
this purpose, we identified PV-Ins and SOM-Ins in PV-Cre and
SOM-Cre transgenic mice by Cre-dependent expression of
tdTomato and assessed the calcium signal as a proxy for cellular
activity by panneuronal expression of GCaMP6f (cf. ref. 38) (Fig.
1 B and D). Calcium activity of all three cell types was compared
during a 5-s time window lasting from 2 s before to 3 s after the
negative slow oscillation half-wave peak and the spindle onset,
respectively. Activity between −3 and −2 s before the negative
slow oscillation half-wave peak and spindle onset, respectively,
was used as a baseline. Average calcium activity during this
baseline interval did not differ between solitary slow oscillations,
solitary spindles, and spindles co-occurring with slow oscillations
(P > 0.23). Three different frequency bands were used to analyze
spindles: slow spindles (7–10 Hz), fast spindles (11–15 Hz), and
broad-band spindles (7–15 Hz). As no major differences were
found, we focused on broad-band 7–15-Hz spindles as characterized in previous reports (3, 15, 17).
SI Appendix, Table S1 summarizes basic features of the analyzed slow oscillations and spindles. With our criteria for slow
oscillation and spindle detection (Materials and Methods), we
detected a total of 18,931 solitary slow oscillations in seven
animals (PV-Cre animals: 8,062, SOM-Cre animals: 10,869),
1,311 solitary spindles (PV-Cre animals: 557, SOM-Cre animals:
754) and 1,092 spindles co-occurring with slow oscillation upstates (PV-Cre: 451, SOM-Cre: 641). Across imaging sessions
and animals, mean slow oscillation duration (0.61 ± 0.008 s vs.
0.61 ± 0.01 s) and amplitude (0.26 ± 0.01 mV vs. 0.27 ± 0.01 mV)
were closely comparable between slow oscillations and slow
oscillations co-occurring with spindles. Whereas the duration of
solitary spindles was slightly shorter than for spindles cooccurring with slow oscillations (0.71 ± 0.01 s vs. 0.77 ± 0.01 s;
P < 0.001), interevent intervals (3.26 ± 0.2 s vs. 3.63 ± 0.1 s) and
peak frequencies (12.14 ± 0.04 Hz vs. 12.09 ± 0.04 Hz) did not
differ between the spindle types (P > 0.1; Fig. 1E).
Activity of Pyr Cells, PV-Ins, and SOM-Ins During Slow Oscillations and
Spindles. All three cell types of interest showed distinct modu-

lations of their activity during solitary slow oscillations and
spindles, and during slow oscillation-spindle events (Fig. 2 A and
Niethard et al.

B). To assess the temporal dynamics of cell activity during the slow
oscillation, the slow oscillation cycle was divided into four phases
(Fig. 2C, Top): (i) a positive-to-negative “transition” phase
(0.32 to −0.00 s before a negative half-wave peak), (ii) the “down”
phase (−0.00 to +0.16 s), the “up” phase (+0.32 to +0.48 s), and
an “after” phase (+0.54–3 s). In solitary slow oscillations, the
transition phase was hallmarked by a distinct increase in SOM-In
activity paralleled by a significant decrease in PV-In activity (both
P < 0.01 with reference to baseline activity; Fig. 2 B and C). Increases in Pyr cell activity during the transition phase were not
significant. During the subsequent down phase, we observed significantly reduced activity, on average, across all three cell types
[in percent signal change value (ΔF/F) ×10−3: −6.3 ± 0.5, −7.1 ±
0.7, and −6.1 ± 0.6 for Pyr cells, PV-Ins, and SOM-Ins, respectively; all P < 0.001]. In the up phase, putative Pyr cells and
SOM-Ins displayed significant increases in activity (P < 0.01),
averaging +2.8 ± 0.5 and +1.7 ± 0.7 (in ΔF/F ×10−3), respectively.
For SOM-Ins, this increase was restricted to the initial part of the
up phase (Fig. 2B). By contrast, PV-In activity during the up phase
did not differ from baseline. In the after phase, all cell types displayed significantly reduced activity (all P < 0.01). Exploratory
principal component analyses (PCAs) confirmed a predominant
inhibitory control via SOM-Ins rather than PV-Ins during the slow
oscillation. This analysis identified one component starting with
the transition phase and extending over the whole slow oscillation,
with component scores in the opposite direction for SOM-Ins and
PV-Ins (SI Appendix, Fig. S1).
During solitary spindles [+0.00 to +1.00 s with reference to
spindle onset (“during”)], PV-Ins showed distinctly increased
activity (on average, by +10.1 ± 3.0 ΔF/F ×10−3; P < 0.001). For
putative Pyr cells, a similar increase did not reach significance
(Fig. 2B). By contrast, SOM-In activity did not differ from
baseline (Fig. 2C). After solitary spindles [+1.00 to +3.00 s with
reference to spindle onset (after)], activity of SOM-Ins was decreased, compared with baseline levels (P < 0.05). PCA confirmed an opposing modulation of PV-In and SOM-In cells,
reflecting high PV-In activity and low SOM-In activity, for the
major component covering the whole spindle range (SI Appendix,
Fig. S1).
To examine how the temporal dynamics in cell activity during
a slow oscillation were modified by a spindle nesting in its up
phase, we compared patterns during solitary slow oscillations
and slow oscillation-spindle events (Fig. 2C). For all three cell
types, activity did not significantly differ between solitary slow
oscillations and slow oscillation-spindle events before (transition
phase) and during the slow oscillation down phase. During the
subsequent up phase, co-occurring spindles consistently enhanced Pyr cell activity more than threefold (P < 0.01) and PVIn activity more than 20-fold (P < 0.01), but did not change
SOM-In activity (Fig. 2C). Additional analyses revealed that for
both Pyr cells and PV-Ins, the duration of calcium transients, as
assessed per cell, during the up phase was longer for slow
oscillation-spindle events compared with calcium transients observed during solitary slow oscillations (P < 0.01). In the after
phase of slow oscillations, when spindles co-occurred with slow
oscillations, we observed a reduction in activity for putative Pyr
cells and PV-Ins (P < 0.01) compared with solitary slow oscillations, but not for SOM-Ins. ANOVA across all slow oscillation
phases confirmed significant co-occurring/solitary × phase interactions for all three cell types (Pyr: F = 8.2, P < 0.001; PV-In:
F = 10.7, P < 0.001; SOM-In: F = 4.1, P < 0.01).
After comparing solitary slow oscillations and slow oscillations
co-occurring with spindles, we likewise assessed whether the
presence of a slow oscillation upstate changed the dynamics of
cell activity seen during solitary spindles (Fig. 2C, Right). This
analysis confirmed that the activity of putative Pyr cells was more
than threefold higher during a spindle that nested in a slow oscillation upstate than during a solitary spindle (P < 0.05),
PNAS | vol. 115 | no. 39 | E9221
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Here, we aimed to directly link calcium activity, also as a factor
that has been considered to eventually enable the neural plasticity
underlying memory formation during SWS (37) in the mouse
cortex, to EEG measures of slow oscillations and spindles,
reflecting synchronized membrane potential oscillations in cortical
networks. Two-photon imaging was used to assess calcium activity
before, during, and after solitary slow oscillations and spindles,
and spindles co-occurring with slow oscillation upstates, in
pyramidal-like (Pyr) cells and neighboring parvalbumin-positive
interneurons (PV-Ins) and somatostatin-positive interneurons
(SOM-Ins) representing the major populations of excitatory and
inhibitory neurons, respectively, in cortical circuits. We find that
solitary slow oscillation upstates and spindles are accompanied by
increased Pyr calcium activity. Inhibitory regulation during the
slow oscillation appears to be conveyed mainly by SOM-Ins, which
show strongly increased calcium activity in the beginning of the
slow oscillation downstate and also a transient increase in the
beginning of the slow oscillation upstate, whereas inhibitory PV-In
activity is dominant during spindles. Notably, spindles nesting in
the slow oscillation upstate are accompanied by maximal increases
in Pyr activity, while inhibitory PV-In activity is maintained at the
same high level as during solitary spindles and SOM-In activity
is low.

A

B

C

D

E

Fig. 1. Simultaneous EEG recording and two-photon calcium imaging. (A,
Left) Illustration of EEG and electromyography (EMG) electrode positions
and of the imaging window for the two-photon experiments. (A, Right)
Example frame from one SOM-Cre animal. (Scale bar: 100 μm.) (B) Fluorescence image of GCaMP6f (green) and td-tomato–positive interneurons (red;
Top, SOM-Cre; Bottom, PV-Cre) and immunohistochemical staining (yellow,
SOM; blue, PV). (C) Example EEG trace (from a parietal electrode) and, underneath, corresponding classification of sleep stages [wake, SWS, rapid eye
movement (REM) sleep] and example calcium activity traces from three individual putative Pyr cells. The frame marks the interval magnified in D. (D,
Top) Zoomed-in EEG trace (from a parietal electrode) and, underneath, the
corresponding time-frequency plot. For detection of slow oscillation(s) (SO),
the EEG signal was filtered between 0.1 and 4.0 Hz. An SO was identified in
the EEG when (i) the distance between consecutive positive-to-negative zero
crossings was between 0.4 and 2 s, (ii) the amplitude of the negative halfwave peak in this interval exceeded 0.66 SD (gray-shaded range) from the
mean of all identified intervals in a recording session, and (iii) the difference
in amplitude between the negative and succeeding positive peak was
greater than 2/3 of the average negative-to-positive peak amplitude for all
identified intervals in a recording session. Spindle(s) (Spi) were detected
when the amplitude of the filtered EEG signal (7–15 Hz) was greater than 1.5
SDs from the mean (gray-shaded range) amplitude during a recording session for at least 0.5 s. (D, Bottom) Example fluorescence traces (ΔF/F) from
three individual putative Pyr cells during the same time interval. Note the
synchronous activity of cells 1 and 2 during the first Spi co-occurring with an
SO and of cell 3 during the second Spi co-occurring with an SO (arrows). (E)

E9222 | www.pnas.org/cgi/doi/10.1073/pnas.1805517115

whereas activity of PV-Ins during these two types of spindles was
at a high but comparable level during solitary and nested spindles. Also, the after phase of spindles was characterized by enhanced Pyr cell activity when the spindle had occurred during a
slow oscillation compared with solitary spindles [F = 5.1, P <
0.05 for co-occurring/solitary main effect in an ANOVA across
both phases (i.e., during and after the spindle)].
To examine to what extent scattered fluorescence from the
neuropil contaminated the fluorescence signal from the cell
soma, we repeated the analyses using ΔF/F values that were
neuropil-corrected. In this approach, calcium events were detected whenever the signal within a frame exceeded 2 SDs of the
median neuropil-corrected fluorescence signal of the cell (Materials and Methods). This analysis revealed temporal dynamics of
calcium event rates during solitary spindles, slow oscillations, and
slow oscillation-spindle events, which are summarized in SI Appendix, Fig. S2. These control analyses rule out the possibility
that the results concerning uncorrected ΔF/F signal from the
three neuron subpopulations of interest reported above are
substantially contaminated by scattering dendritic fluorescence.
Overall, these findings indicate the existence of specific mechanisms of circuit regulation for slow oscillations and spindles. On
one side, slow oscillations are characterized by enhanced SOM-In
activity, which precedes the initial negative slow oscillation halfwave peak and seems to also counterregulate the distinct increase
in Pyr cell activity during the slow oscillation upstate. On the other
side, during spindles, increased PV-In activity appears to counterregulate the increase in Pyr cell activity. The co-occurrence of a
slow oscillation upstate with a spindle produces a maximum increase in Pyr cell activity in the presence of high levels of PV-In
activity and low levels of SOM-In activity.
Wake-Active Versus Wake-Inactive Neurons. Previous studies have
revealed that cell activity dynamics differ depending on the cell’s
activity during wakefulness (38–40). To investigate whether the
wake activity level affected cell-specific calcium activity during
slow oscillations and spindles, we compared, separately for each
of the three cell types of interest, fluorescence signals between
the 20% of cells (fifth quintile) that were most active during
wakefulness and the 20% of cells (first quintile) that were least
active during wake phases (SI Appendix, Fig. S3).
This comparison revealed that wake-inactive SOM-In cells
displayed a stronger modulation of calcium activity by slow oscillations and spindles than the wake-active SOM-In cells (SI
Appendix, Fig. S3). For putative Pyr and PV-In cells, the direct
comparisons between wake-active and wake-inactive cells did not
reach significance, which might partly reflect the enhanced signal
variability in these subsamples.
Fluorescence Signal Correlates with EEG Signal During Slow Oscillations
and Spindles. To clarify the relationship between fluorescence in-

tensity and EEG signal amplitude during slow oscillations and
spindles, we calculated Pearson’s correlation coefficients between
respective measures. Only a few survived Bonferroni corrections
for multiple testing. For slow oscillations, correlations were
stronger for the negative-to-positive peak amplitude measure than
for the other amplitude measures (negative half-wave and positive
half-wave peak amplitudes) and slightly higher for slow oscillations
co-occurring with spindles than for solitary slow oscillations.
Correlations between r = 0.12 and r = 0.09 (P < 0.01) were found
between the slow oscillation negative-to-positive amplitude and

Summary of SO and Spi properties (mean duration, mean SO amplitude,
mean Spi frequency across all animals and all recorded events), separately
for isolated SO and Spi and for SO co-occurring with Spi (SO + Spi). **P <
0.01, for pairwise comparison (corresponding results for each animal are
shown in SI Appendix, Table S1).
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the ΔF/F signal of Pyr cells and SOM-Ins, respectively, during the
transition, down, and up phases of slow oscillations co-occurring
with spindles, with overall highest coefficients for correlations with
the signal during the up phase.
Analyses of spindles revealed somewhat higher correlations
(Fig. 3). The ΔF/F signal of putative Pyr cells showed significant
positive correlations with spindle power, with this correlation
being more robust for spindles co-occurring with slow oscillations (r = 0.19, P < 0.001) than for solitary spindles (r = 0.12, P <
0.001). Moreover, for spindles co-occurring with slow oscillations, this correlation was significantly (P < 0.001) stronger for
wake-active Pyr cells (fifth quintile; r = 0.27, P < 0.001) than
for wake-inactive cells (first quintile; r = 0.12, P < 0.001). On
the other side, wake-inactive SOM-Ins (first quintile) showed
stronger correlations between ΔF/F signals and spindle power
than wake-active SOM-Ins during spindles co-occurring with
slow oscillations (r = 0.18, P < 0.001 vs. r = 0.04 P = 0.27; P <
0.001 for difference between coefficients).
We also calculated pairwise correlations of ΔF/F signals within
the populations of putative Pyr cells, PV-In cells, and SOM-In
cells, as well as between Pyr cells and the two inhibitory cell
populations (SI Appendix, Fig. S4). Generally, these correlations
were small (r < 0.15), and their distribution did not provide evidence for the presence of highly correlated subgroups of cells
accompanying the occurrence of slow oscillations or spindles.
Cortical Topography of Calcium Activity During Slow Oscillations and
Spindles. To characterize the cortical topography of slow oscil-

lation and spindle-related changes in calcium activity, we used
wide-field imaging of the dorsal surface of the cortex in mice
(Fig. 4 A and B). This technique provides calcium signals with
high temporal resolution (50–60 frames per second) and, additionally, broader fields of view covering cortical areas in ranges
of square centimeters (38, 41). The cortical surface of transgenic
animals expressing a genetically encoded calcium indicator
Niethard et al.
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Fig. 2. Distinct modulation of calcium activity during slow oscillation and spindle. (A, Left) Grand average (across all events from all animals) of the EEG
signal (filtered between 0.1 and 4 Hz) during slow
oscillation(s) (SO) time-locked to the negative SO
half-wave peak (0 s). (A, Right) Grand average of the
rms of EEG spindle (Spi) signal (7–15 Hz) time-locked
to Spi onset (0 s). (B) Mean ΔF/F signals for putative
Pyr cells (green), PV-Ins (blue), and SOM-Ins (red)
during solitary SO (Top Left) and solitary Spi (Top
Right) and during SO co-occurring with Spi (SO +
Spi), time-locked to a negative SO half-wave peak
(Bottom Left) and to Spi onset (Bottom Right). Bars
on top indicate significance (P < 0.05) with reference
to a baseline (−3 to −2 s) set to zero. Average traces
across all events from all animals are indicated. (C,
Left) Comparison of mean (±SEM) ΔF/F signals between solitary SO and SO + Spi events for the positiveto-negative transition phase (Trans; −0.32 to −0.00 s,
with reference to the SO negative half-wave peak = 0 s),
the down phase (−0.00 to 0.16 s), the up phase (0.32–
0.48 s), and the following after phase (0.54–3 s). (C,
Right) Comparisons between mean (±SEM) ΔF/F signals
between solitary Spi and SO + Spi events for the phase
during the acute Spi (0–1 s with reference to Spi onset
set to 0 s) and the after phase (1–3 s). **P < 0.01, *P <
0.05, and tP < 0.1 for pairwise comparisons between
solitary events and SO + Spi events respectively. ##P <
0.01, #P < 0.05, and tP < 0.1 for difference from baseline
activity (−3 to −2 s).

(GCaMP6f) in almost all cortical Pyr cells (CaMKII-positive
cells) was monitored. To investigate the topographical distribution of calcium activity during sleep spindles and slow oscillations, we compared grand averages (across all events from all
animals) of fnorm signals in 36 regions of interest (ROIs) during
solitary slow oscillations, solitary spindles, and slow oscillations
co-occurring with spindles, with the EEG events detected in
recordings from either the left frontal cortex or the left occipital
cortex. To characterize anterior and posterior cortical activities,
and for the respective statistical comparisons, activity was averaged across four frontal and four occipital target ROIs (Fig. 4A).
During solitary slow oscillations, calcium signal showed a
widespread and significant reduction during the down phase
regardless of whether the slow oscillation was identified in the
frontal or occipital EEG channel (P < 0.05 for analysis of target
ROIs, with reference to baseline levels −3 to −2 s before the
negative half-wave peak; Fig. 4C and SI Appendix, Fig. S5). This
decrease was followed by a transient increase in calcium signal in
the beginning of the slow oscillation up phase, which did not
significantly differ from baseline, however. Solitary spindles detected in the frontal EEG channel were associated with significantly increased calcium signal in the anterior target ROIs,
which was succeeded by a widespread reduction in calcium signal
persisting for more than 3 s after the spindle had ceased (P <
0.01). This reduction in signal was likewise significant for solitary
spindles identified in the occipital EEG (P < 0.01 for posterior
target ROIs; SI Appendix, Fig. S5). Slow oscillations that cooccurred with a spindle were marked by a clear increase in calcium signal during the up phase, most pronounced over the
anterior ROIs (P < 0.01). However, the mean fnorm signal amplitude during a 1-s interval starting with spindle onset did not
significantly differ between solitary spindles and spindles that
occurred during a slow oscillation upstate (P > 0.1). Like solitary
slow oscillations, these slow oscillation-spindle events were associated with a widespread decrease in activity during the prior
PNAS | vol. 115 | no. 39 | E9223
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down phase, and, like solitary spindles, they were followed by a
widespread persisting suppression of activity (P < 0.05 across all
target ROIs; SI Appendix, Figs. S5 and S6 show corresponding
data for events detected in the occipital EEG channel).
Calcium activity associated with the slow oscillation revealed a
systematic traveling from frontal to occipital cortical regions, such
that reductions in activity during the negative half-wave peaked
slightly earlier over frontal cortical areas than over posterior areas
(Fig. 5 and Movie S1). This traveling was significant for both solitary
slow oscillations and slow oscillation-spindle events (mean ± SEM
delay between frontal ROIs 25–36 and occipital ROIs 1–12: 10.5 ±
1.7 ms; P < 0.001). No significant delay between hemispheres was
found, and there were also no hints at a systematic traveling of
spindle-associated changes in calcium activity.
We wanted to exclude the possibility that changes in fluorescence observed with GCaMP6f imaging are not reflecting calcium activity but are confounded by metabolic and/or blood flow
changes, which can affect the intensity of the detected fluorescence signal. To this end, we measured fluorescence change in
control animals expressing GFP within cortical layer 2/3, which is
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Fig. 3. Calcium activity of putative Pyr cells correlates with spindle amplitude.
Density plots showing the correlation between activity of putative Pyr cells
(mean ΔF/F across all cells for each event) and EEGs with 7–15-Hz spindle amplitude (normalized rms) for solitary spindles (Left) and spindles co-occurring
with slow oscillations (Right). Results are shown separately for all Pyr cells (A),
wake-active Pyr cells (B), and wake-inactive Pyr cells (C). **P < 0.001.
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Fig. 4. Cortical topography of calcium activity during slow oscillation and spindle.
(A) Schematic drawing of the wide field used for calcium imaging, positioning of
electrodes for EEG (pink crosses), and electromyography (EMG) recordings (blue
dots). (Right) Imaging window was divided into 36 ROIs. Asterisks mark ROIs used
for statistical comparison of activity between anterior (red) and posterior (orange)
regions. (Scale bar: 2 mm.) (B) Average EEG signal for solitary slow oscillations (Top;
from left frontal cortical recordings, white line overlaying average time-frequency
plot with color-coded power) together with average (±SEM) calcium activity (fnorm)
across the four designated anterior (red) and posterior (orange) cortical regions
(Middle). Averages are time-locked to the negative half-wave peak of the slow
oscillation (0 s). Intervals with significant changes in calcium activity (P < 0.01,
relative to the baseline interval from −3 to −2 s) are indicated in red [for anterior
ROIs (FRO)] and orange bars [for posterior ROIs (OCC)]. (Bottom) Topographic
changes of calcium activity in all 36 ROIs (fnorm, color-coded) for subsequent 500-ms
time windows. (C and D) Corresponding data for solitary spindles (Spindle) and
slow oscillations co-occurring with spindles (Slow oscillation + Spindle). Note that
for solitary spindles, the average EEG signal (overlaying the corresponding EEG
time-frequency plot) shows the rms amplitude and averaging is time-locked to the
spindle onset. Average traces are shown across events from four animals (total: n =
9,472, n = 706, and n = 770, for solitary slow oscillations, solitary spindles, and slow
oscillations co-occurring with spindles, respectively; corresponding results for EEG
events identified in occipital recordings are shown in SI Appendix, Fig. S5).
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Discussion
Using calcium imaging in the naturally sleeping brain, our study
provides evidence that the slow oscillations and spindles of SWS
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C

Fig. 5. Slow oscillation-associated calcium signal travels from anterior to
posterior cortex. (A) Illustration of the 36 cortical ROIs used for wide-field
imaging experiments. The red-shaded area indicates anterior ROIs (25–36),
and the blue-shaded area indicates posterior ROIs (1–12). (B) Histogram
showing the distribution of the temporal delays of slow oscillation negative
(neg.) half-wave peaks defined in the fnorm signal between frontal ROIs and
occipital ROIs. Only slow oscillation events were included in this analysis,
where the minimum of the fnorm signal was associated with the slow oscillation half-wave peak exceeding a critical threshold for both anterior and
posterior regions (with the threshold defined by 0.66 SD from the mean
activity of the filtered 0.1–4-Hz signal). (C) Calcium activity for 36 cortical
ROIs using wide-field imaging during solitary slow oscillations (Left), solitary
spindles (Center), and slow oscillations co-occurring with spindles (Right,
Slow Oscillation + Spindle). The red-shaded area indicates anterior ROIs, and
the blue-shaded area indicates posterior ROIs. The numbering of ROIs is
indicated in A. Average traces across four animals (total: n = 9472, n = 706,
and n = 770 for solitary slow oscillations, solitary spindles, and slow oscillations co-occurring with spindles, respectively) are indicated. Averaging is
time-locked (0 s) to the negative half-wave peak of slow oscillation and
spindle onset, respectively. EEG events were detected in the frontal EEG
channel (corresponding results for EEG events detected in occipital recordings are shown in SI Appendix, Fig. S6). The red-marked calcium signal indicates intervals of significantly (P < 0.05) enhanced or reduced activity (with
reference to activity during the baseline interval from −3 to −2 s).
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are characterized by a specific balance between the activity of
excitatory and specific inhibitory neurons within cortical circuits.
We find that the slow oscillation upstates and, to a far lesser
extent, spindles are accompanied by an increase in calcium activity of putative Pyr cells. The excitatory drive during the slow
oscillation appears to be mainly countered by inhibitory activity
of SOM-Ins showing distinct increases in the beginning of the
downstate and also transiently in the beginning of the upstate. By
contrast, inhibitory activity during spindles is primarily conveyed
by increased activity of PV-Ins. Importantly, when spindles cooccur with the slow oscillation upstate, Pyr calcium activity reaches a maximum in the presence of high levels of PV-In activity
and low levels of SOM-In activity.
Our results, revealing an increase in SOM-In calcium activity
at the transition into the slow oscillation downstate as well as at
the transition into the upstate, shed light on the regulation underlying the emergence of the cortical slow oscillation. The slow
oscillation downstate is considered a disfacilitatory state (1, 42),
which is confirmed by the present findings indicating a general
decrease in the activity of excitatory Pyr cells as well as inhibitory
PV-Ins or SOM-Ins during the downstate. However, what triggers the downstate, and what explains its high synchrony across
cortical columns, has been unclear for a long time. Based on
studies of slice preparations of the rodent entorhinal cortex, an
involvement of slow GABA(B) receptors as well as D1-like dopaminergic receptors has been suggested (43, 44). Comparisons
of local field potentials in mice lacking glutamate decarboxylase
67 in either SOM-Ins or PV-Ins provided the first hints that these
cells might specifically contribute to the regulation of slow oscillation downstates and upstates (45). Strong electrophysiological evidence for the induction of the slow oscillation by distinct
inhibitory activities has only recently been provided by Timofeev
and coworkers (46). They found in natural sleeping cats that
the slow oscillation downstate was preceded by a longer (100–
300 ms) chloride-mediated inhibitory barrage that was likely
mediated by long-range afferent inputs to inhibitory interneurons. The rather similar time course observed here for the increase in SOM-In activity preceding the slow oscillation
downstate, together with findings that optogenetic stimulation of
SOM-Ins can induce slow oscillations (47), speaks for a contribution of SOM-Ins in initialization of the slow oscillation
downstate. This view is further supported by our observation that
PV-In activity gradually decreased in the same time interval (i.e.,
before the downstate), as SOM-Ins are known to directly inhibit
PV-Ins and a number of other cortical interneurons (48). The
majority (∼70%) of cortical SOM-In cells are Martinotti cells
(49). They mainly target the apical dendrites of Pyr cells, where
they regulate dendritic spike generation and synaptic integration
in local networks of Pyr cells (50, 51). These properties make
them a strong candidate for active induction of the slow oscillation downstate, as well as for regulating inhibitory control
during the downstate-to-upstate transition, when their activity
transiently increased.
Our finding that spindles are accompanied by a strong increase in PV-In calcium activity concurs with findings from
electrophysiological studies. Not only do PV-In–like fast spiking cells show increased firing rates during spindles but firing is
also in synchrony with the spindle oscillation (52, 53). On the
other hand, Pyr cells do not show consistent increases in firing
during spindles, even though they receive highly synchronized
excitatory input. This picture of a predominant inhibitory regulation of spindles via feedforward or intracortical feedback
inputs to PV-Ins agrees well with the present data of a distinct
increase in PV-In activity accompanied by only a slight (but
significant) increase in Pyr activity (54). Interestingly, at the
same time, SOM-In activity was low, possibly reflecting inhibition of SOM-In via PV-In, thereby shifting Pyr inhibition
from SOM-In–driven dendritic inhibition to PV-In–driven
PNAS | vol. 115 | no. 39 | E9225
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not a calcium-dependent fluorescent protein (Materials and Methods). As expected, these animals showed neither the acute decrease
and increase in calcium signal accompanying the slow oscillation
downstate and upstate nor an acute increase in calcium signal
during spindles (P < 0.001 for all relevant comparisons with the
experimental GCaMP6f animals).

perisomatic inhibition, which might favor dendritic synaptic
plasticity (48, 55, 56).
Mainly based on computational models, it has been proposed
that a massive intracellular increase in calcium in Pyr cells during
spindles mediates persisting synaptic plastic changes underlying
memory consolidation during sleep (37). This study provides
evidence that calcium activity in cortical layer 2/3 Pyr is only
slightly enhanced when spindles occur in isolation but becomes
profoundly enhanced when the spindle occurs during a slow
oscillation upstate, rendering such slow oscillation-spindle events
a condition particularly fostering the consolidation of cortically
represented memories (19, 36, 57).
Our data also uncover some of the underlying circuit conditions of the strong increase in Pyr activity during slow oscillationspindle events, as it concurred with PV-In activity at levels as
high as during solitary spindles, as well as with rather low SOMIn activity. The shift toward perisomatic inhibition by PV-Ins in
the presence of low dendritic inhibition through SOM-Ins during
slow oscillation-spindle events and solitary spindles probably
enables local increases in calcium levels within dendrites by excitatory inputs. Such inputs might originate from reactivated
memory representations in cortical and extracortical regions
such as the hippocampus. As they are synchronized to the
depolarizing slow oscillation upstate with a co-occurring spindle,
they reach cortical Pyr cells in a time window of dendritic disinhibition, allowing for effective local calcium responses (31, 32,
35, 58). Indeed, in awake rats, dendritic encoding of sensory
stimuli and associated increases in dendritic calcium levels were
facilitated by increased perisomatic inhibition and simultaneously decreased inhibition through Martinotti cells (50).
According to this scenario, low SOM-In activity during spindles
nesting in slow oscillation upstates would play a permissive role
for dendritic calcium activity, facilitating the induction of persisting plasticity at dendritic synapses in Pyr cells. Although this
view is tentative, as we did not directly assess dendritic calcium
activity, it concurs well with findings in awake mice showing that
low SOM-In activity, in the presence of strong perisomatic inhibition of Pyr cells, facilitates dendritic synaptic plasticity upon
encoding of motor memories in these cells (47, 55, 59). Moreover, during SWS, after motor memory encoding dendritic
plasticity was shown to occur, as a consequence of reactivated
representations, on select apical branches of Pyr cells (60) and
dendritic calcium activity was found to be distinctly increased
during spindles (54). Collectively, those and the present findings
tempt one to propose that the constellation of low SOM-In–
mediated dendritic inhibition, together with strong perisomatic
inhibition of Pyr cells, is a general feature facilitating dendritic
plasticity in postencoding wake conditions as well as during SWS,
when newly encoded representations are reactivated in the
presence of slow oscillation-spindle events (29, 31, 61).
Recent studies suggest that synaptic plastic changes during
sleep depend on the prior activity of the involved neurons during
wakefulness (62, 63). In the present study, differences between
the most and least active cells during wakefulness were moderate
overall and mainly found for inhibitory cells, but not for putative
Pyr cells. The described dynamics in calcium activity, especially
during spindles, appeared to be more pronounced in SOM-Ins
and PV-Ins with the lowest wake activity than in those with
highest wake activity, although direct comparisons between the
cell clusters often failed to reach significance. This observation
might be linked to electrophysiological findings indicating that
cells with low firing activity are more likely involved in encoding
specific memories (39). However, the greater dynamics in wakeinactive interneurons were observed independent of whether
activity levels were determined based on only the wake periods
preceding the experimental sleep period or on wake periods
preceding and following sleep, suggesting that the enhanced
E9226 | www.pnas.org/cgi/doi/10.1073/pnas.1805517115

dynamics in wake-inactive cells are unrelated to the encoding of
information during the prior wake phase.
Wide-field imaging confirmed the more widespread topography of slow oscillations in comparison to spindles, as well as the
anterior-to-posterior traveling of slow oscillation-related activity,
a feature also reported in other studies using calcium imaging (7)
and electrophysiological recordings (e.g., refs. 10, 12, 64, 65).
Whether the traveling of the slow oscillation reflects spreading
via long-range intracortical excitatory connections, consequently
depending on the excitatory–inhibitory balance within cortical
columns, or critically involves thalamic regulation is not clear (7,
66, 67). Notably, our wide-field imaging did not show the pronounced increase in Pyr calcium activity during spindles that
nested in slow oscillation upstates, compared with solitary spindles, which we revealed with two-photon imaging of the Pyr
soma. This discrepancy might be related to the fact that, for the
most part, wide-field imaging covered calcium activity of apical
dendrites, whose dynamics are expected to differ from those of
the soma [e.g., as to the reflection of action potentials (54)].
Although our calcium imaging data mirrored topography and
its temporal dynamics for spindles and slow oscillations quite
well, correlations between calcium activity of the cells and our
electrophysiological amplitude measures, although significant,
remained rather modest. This is owing to the fact that calcium
signal and EEG amplitude reflect different aspects of activity: on
the one hand, calcium level in the contributing neurons and, on
the other hand, the synchronized changes in membrane potential
mainly of Pyr cells, as the parallel orientation of these neurons
and their dendrites enables the summation of extracellular field
potentials. It is thus not unexpected that the observed correlations were highest for Pyr activity. The calcium activity in Pyr
cells was most robustly associated with the amplitude of slow
oscillation that co-occurred with a spindle, underscoring that the
up-regulation of calcium activity in these cells is particularly
strong when spindles nest in the slow oscillation upstate.
Not only was the size of correlation coefficients between
measures of EEG oscillations and calcium activity modest but
statistical effect sizes (partial eta-squared) for the observed main
effects were also consistently <0.3 despite their high significance
(P < 0.01). In fact, the overall moderate magnitude of effects
agrees well with electrophysiological studies demonstrating that
spontaneous firing rates of cortical neurons are log-normally
distributed, with the majority of neurons showing very low firing rates [<0.2 Hz (68)] and, importantly, that only a small
fraction of these neurons is recruited for the slow oscillation and
spindle events of interest here (69–71). Even during events of
highly synchronized activity like the upstate of the slow oscillation, no more than 3% of all cells are synchronously active.
Concurring with those findings, our calcium imaging approach
unselectively covering all cells revealed that changes in calcium
activity accompanying slow oscillations and spindles were always
conveyed by only a subsample of neurons covered. Thus, our
calcium imaging approach corroborates the notion that slow
oscillations and spindles are not associated with a global recruitment of neural firing activity but only with activity in distinct
neuronal subpopulations, which are possibly those involved in
encoding of information during prior wakefulness (72–74).
In the current study, we aimed at linking changes in calcium
activity in distinct subsets of cortical neurons to EEG field potential oscillations known to be involved in memory formation
during sleep. The basic question arises of to what extent the
assessed calcium signal changes relate to action potential activity.
Although the fluorescent calcium indicator we used (GCaMP6f)
enables the reliable detection of single action potentials (75), it is
likely that not all calcium transients detected in our study represent action potentials. However, additional analysis on neuropilcorrected signals excluded the contamination of our measurements with scattered fluorescence from dendrites. Moreover, such
Niethard et al.
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reveals a distinct pattern of activity in cortical circuits associated
with slow oscillations and spindles, it did not include any intervention. Thus, the central question of causality (i.e., to what
extent the observed changes in calcium activity characterizing slow
oscillation and spindles indeed play a causal role in the regulation
of these EEG events) remains to be resolved (47).
Nevertheless, the limitations of our study in no way challenge its
main finding (summarized in Fig. 6) that spindles nesting in slow
oscillation upstates are marked by a maximal increase in calcium
activity of excitatory Pyr cells, which occurs in the presence of
strong perisomatic inhibition by PV-Ins and low dendritic inhibition by SOM-Ins. This might optimize local synaptic plasticity
underlying the formation of long-term memory in these circuits.
Materials and Methods
Experimental procedures were approved by the local institutions in charge
of animal welfare (Regierungspraesidium Tübingen, State of BadenWuerttemberg, Germany). Procedures of surgery and recordings followed,
in large part, protocols described previously (38). All used resources are
summarized in SI Appendix, Table S2.
Animals and Surgery. PV-Cre mice [RRID:IMSR_JAX:008069 (85)] and SOM-Cre
mice [RRID:IMSR_JAX:013044 (86)] were used for in vivo two-photon calcium
imaging. CaMKII-Cre mice [RRID:IMSR_EM:01153 (87)] crossed with Ai95RCLGCaMP6f mice [RRID:IMSR_JAX:024105 (88)] and C57BL6/J mice were used for
wide-field calcium imaging. The mice were housed in groups of up to five
mice in temperature-controlled (22 ± 2 °C) and humidity-controlled (45–65%)
cages. Experiments were performed during the light (i.e., rest) period of the
l2-h/12-h light/dark cycle. Data collection in all mice started 1 h after light
onset. All mice were male and older than 8 wk of age. Detailed information
about the surgical implantation procedures is provided in SI Appendix.
Two-Photon Image Analysis. Lateral motion was corrected in two steps (89). A
cross-correlation–based image alignment (Turboreg) was performed, followed by a line-by-line correction using an algorithm based on a hidden
Markov model (90). ROIs containing individual neurons were drawn manually, and the pixel values within each ROI were summed to estimate the
fluorescence of this neuron. PV-Ins and SOM-Ins were manually detected by

A
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Fig. 6. Schematic illustration of the main findings. Our findings indicate
distinct constellations of the excitation/inhibition balance in cortical circuits
during slow oscillations and spindles depending on whether these events
occur in isolation (Solitary Slow Oscillation, Solitary Spindle) or together,
with the spindle nesting in the slow oscillation upstate (Slow Oscillation +
Spindle). (A) Solitary slow oscillations are hallmarked by increased SOM-In
(SOM+) activity mediating dendritic inhibition of putative Pyr cells at the
transition to the downstate and in the initial upstate of the slow oscillation.
(B) Solitary spindles are hallmarked by increased PV-In (PV+) activity mediating distinct perisomatic inhibition of Pyr cells in the presence of weak
dendritic inhibition by SOM-In cells. (C) Spindles nesting in the slow oscillation upstate are hallmarked by a more than threefold increase in Pyr cell
activity (compared with respective solitary events), which is possibly driven
by specific excitatory inputs to these cells. Simultaneously, Pyr cells receive
strong perisomatic inhibition through PV-Ins, while their dendritic inhibition
via SOM-Ins is reduced. We speculate that this constellation of excitatory and
inhibitory inputs during slow oscillation-spindle events facilitates dendritic
synaptic plasticity in Pyr cells underlying memory formation during sleep.
The “+” and “−” symbols indicate excitatory–inhibitory inputs, and the thick
vs. thin lines indicate the strength of inputs to Pyr cells.
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contamination should bias calcium signal levels in the different
cell types toward the same direction, which contrasts with our
findings of partly opposed changes. Overall, these analyses ensured that the pattern of calcium signal changes coinciding with
the EEG oscillations of interest, for the most part, reflect somaspecific events, although this does not exclude the presence of
calcium events without spiking. Nevertheless, it seems justified to
assume that our measures of soma-specific calcium activity are
substantially correlated to cell activity in terms of action potentials
(75, 76). However, to precisely characterize this relationship,
further experiments are required combining recordings of calcium
and electrical activity in single units.
Despite the insights this study provides into the regulation of
microcircuits during slow oscillations and sleep spindles, three
principle limitations need to be considered. First, compared with
electrophysiological detection of firing activity, the temporal
resolution of the applied two-photon calcium imaging is rather
low, mainly owing to the rather slow decay times of the calcium
indicator (in this case, GCaMP6f). Nevertheless, the decay times,
together with the 6-Hz frame rate we used in our experiments,
are sufficient to cover the EEG oscillatory phenomena of interest [slow oscillation and spindle events (the latter basically
defined by their power envelope)], which comprise frequencies <3 Hz. However, our frame rate for two-photon imaging was
not sufficient to dissociate changes in calcium activity for subtypes of spindles with faster and slower oscillatory frequency (77)
and, importantly, precludes a reliable discrimination of activity
changes occurring in synchrony with a specific phase of these
oscillations (52, 53). This limitation possibly relates to the
seemingly paradoxical observation that during slow oscillationspindle events, Pyr cell somata show distinct increases in calcium
activity in the presence of perisomatic inhibition and presumed
hyperpolarization by PV-Ins, which, itself, is expected to decrease calcium activity (78). The increase in calcium activity in
Pyr cells during slow oscillation-spindle events likely reflects
excitatory inputs (e.g., from thalamocortical projections) occurring during the excitable troughs of the spindle cycle. PV-In
activity, on the other hand, with a slight delay, closes the excitatory phase of the spindle cycle to induce perisomatic hyperpolarization of Pyr cells. However, to scrutinize this scenario,
further experimentation is required combining recording of calcium and electrical activity in single units.
A second limitation derives from the fact that we focused on the
two major types of cortical interneurons, PV-Ins and SOM-Ins. We
revealed a unique constellation of activity between these interneurons that characterizes circuit activity during slow oscillationspindle events, which raises the question of the factors driving this
constellation. Here, long-range connections from subcortical (e.g.,
thalamic) structures, as well as several other types of intracortical
interneurons, might play a role (79–81). Vasoactive intestinal
polypeptide (VIP)-positive interneurons are a likely candidate to
be considered in future studies. Cortical VIP-positive interneurons
have been shown to exert disinhibitory control in cortical circuits
via action on SOM-In cells and also appear to be involved in the
regulation of EEG oscillations (82–84).
A third limitation relates to our focus on activity in layer 2/3,
which might differ from activity in other cortical layers. Slow oscillations propagate from layer 5 to more superficial layers (67),
and, in this context, a recent study by Seibt et al. (54) complements
the present findings by focusing on layer 5 rather than layer
2/3 neurons. Only concentrating on spindles, the study found
spindles to be accompanied by increased calcium activity in the
apical dendrites of the cells, but not in the cells’ soma throughout
the cortical column. Against this backdrop, it is conceivable that
the increase in calcium signal observed here in the soma of layer
2/3 Pyr cells specifically during spindle nesting in slow oscillation
upstates is even more profound in analyses focusing on apical
dendrites of layer 5 neurons (54). While our calcium imaging study

red fluorescence signal expressed by AAV2/1-Flex-tdtomato. Surrounding
neurons not expressing tdTomato were considered putative Pyr cells [these
cells likely include other types of interneurons, although the proportion of
them is negligible (<10%) (80, 91)]. The analyses aimed at globally assessing
calcium transients in the cells of interest during solitary EEG slow oscillations,
spindles, and slow oscillation-spindle events. For this purpose, the raw
fluorescence signal for an individual cell was calculated by averaging the
pixel intensity within the respective ROIs for each frame. Subsequently,
these values were transformed into ΔF/F values, in which the baseline for
each frame and each cell was defined by the corresponding 20th percentile
value within a sliding ±3-min window. This procedure simultaneously normalizes and high-pass-filters the signal. The values were then used for statistical testing in all analyses, except if based on neuropil-corrected values.
To examine to what extent nonspecific neuropil signal contributed to our results, we performed additional analyses in which the neuropil signal was
subtracted from the ΔF/F signal of each individual cell (75, 76) (SI Appendix, Fig.
S2). The neuropil signal was estimated for each ROI as the average pixel values
within a donut-shaped neuropil area, which was defined as a circle (three-pixel
radius) around each cell’s ROI omitting soma from other cells and the pixels
directly adjoining to the cell’s soma. The corrected signal was estimated as
ΔF/Fcell_corrected(t) = ΔF/Fcell_measured − r × ΔF/Fneuropil, where r = 0.7 (76).
Wide-Field Image Analysis. To define ROIs for the imaging data from CaMKIIGCaMP6 mice, the area within the window was divided into 36 ROIs (Fig. 4).
For each frame, the pixel values within an individual ROI were summed, and
this value was then normalized by dividing by the 30th percentile value of all
frames of this ROI within a ±3-min interval (fnorm). This normalization affects
all frames within a 6-min interval in an analogous way [a similar procedure is
reported by Tian et al. (92)].

signal was calculated for each frame across all cells. For neuropil-corrected
calcium events, event rates (per second) for each cell were likewise first
calculated for the baseline interval 3 to 2 s before event onset. Then, mean
rates across all cells were calculated. ANOVAs comprising a co-occurring/
solitary factor and a phase factor were used to test for significant differences between (co-occurring) slow oscillation-spindle events and solitary
slow oscillations and spindles, respectively, and their phases (i.e., transition,
up, down, and after phases for comparisons of the slow oscillations and
during and after phases for spindle comparisons). Post hoc t tests were applied to specify significant main and interaction effects. For the analyses of
differences from baseline levels of activity during solitary slow oscillations
and spindles and during slow oscillation-spindle events, we used nonparametric permutation tests, as these tests are known to overcome the
multiple comparisons problem (93).
Pearson correlations were calculated to assess the relationship between
calcium activity and slow oscillation amplitude and spindle power, respectively.
Correlations were calculated between the mean ΔF/F signal of all Pyr cells, PVIns, and SOM-Ins during the transition, down, up, and after phases and the
different slow oscillation amplitude measures (i.e., negative-to-positive peak
amplitude, negative half-wave peak amplitude, positive half-wave peak amplitude), separately for solitary slow oscillations and slow oscillation-spindle
events. Corresponding correlations were calculated between the mean ΔF/F
signal and spindle amplitude. As the amplitude measure during an acute
spindle, we used the rms of EEG power (in the 7–15-Hz band) during a spindle,
which was normalized for each animal to the average rms signal during all
SWS intervals not containing any slow oscillation or spindle (set to 100%). For
wide-field imaging experiments, differences from the baseline interval were
assessed using nonparametric permutation tests.

Statistical Analyses. To link calcium signal recordings to the EEG oscillatory
phenomena of interest, data from all recordings were baseline-corrected to a
common baseline interval, which was the interval 3 to 2 s before the onset of
the respective EEG events of interest (i.e., slow oscillations, spindles, slow
oscillation-spindle events). For two-photon experiments, calcium signals were
baseline-corrected separately for each detected cell. Then, the mean ΔF/F
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Supplementary Information Text
Surgery. The mice were implanted with a headpost for subsequent experimentation.
They were anesthetized with 0.1 mg/g ketamine and 0.008 mg/g xylazine with a
supplement of isoflurane. Dexamethasone (0.08 mg) was sometimes administered to
reduce tissue swelling. Lidocaine was applied to the wound margins for topical
anesthesia. A custom-built headpost was glued to the skull and subsequently cemented
with dental acrylic (Lang Dental, U.S.A.).
The headpost implantation was followed by virus injection and window
implantation. For two-photon experiments, a craniotomy of 1.2 x 2.0 mm was made
above the sensorimotor cortex (1.1 mm caudal and 1.0-1.3 mm lateral from the bregma).
In the area of the craniotomy, two viruses were injected (AAV2/1-syn-GCaMP6f and
AAV2/1-flex-tdTomato) at a depth of 130-300 μm below the dura. Control animals were
injected with one virus only (AAV1.CB7.CI.eGFP.WPRE.rBG) to express calciumindependent green fluorescent protein (GFP). For wide-field imaging experiments, the
craniotomy was larger (8 mm x 9 mm) and covered the whole dorsal cortex (Fig. 4). Two
layers of coverglasses (size depending on the area of craniotomy) were implanted as an
imaging window. The space between the imaging window and the skull was sealed with
1.5 - 2 % agarose, and the window was cemented with dental acrylic.
Electrodes for electroencephalographic (EEG) recordings in the two-photon
experiments were implanted contralateral to the imaging window. The skull was exposed
and two bone screws (PlasticOne, U.S.A.) were implanted (frontal electrode: anterior
+1.5 mm, lateral 1.5 mm; parietal electrode: posterior -1.5 mm, lateral 2.5 mm from
bregma). A silver wire (Science Products, Germany) implanted on the brain surface
(posterior 1 mm, lateral 0 mm from lambda) served as reference. For wide-field imaging
experiments, four silver wires (Science Products, Germany) were implanted between the
dura mater and the imaging window (Fig. 4), two in the anterior region of the imaging
window (anterior +1.5 mm, lateral 1.5 mm; from bregma) and two in occipital regions
(anterior -3 mm, lateral 1.5 mm; from bregma). For electromyographic (EMG)
recordings, in all experiments two stainless steel wires (Science Products, Germany) were
implanted into the neck muscle. After surgery the animals were single-housed in their
home cages and calcium imaging was conducted after at least 10 days of recovery.
Head fixation procedure. After handling for 10 min per day for one week, the
animals were habituated to the head-fixation. Habituation consisted of 4 sessions per day
for one week with increasing fixation durations (30 s, 3 min, 10 min, 30 min) interleaved
by 10-min resting intervals. Habituation was conducted until the day prior to the first
imaging session during the early light phase.

EEG and EMG recordings. Sleep stages were identified based on EEG and EMG
recordings during the imaging sessions. EEG and EMG signals were amplified, filtered
(EEG: 0.01 – 300 Hz; EMG: 30 – 300 Hz) and sampled at a rate of 1000 Hz (amplifier:
Model 15A54, Grass Technologies, U.S.A.). Based on EEG/EMG signals for succeeding
10-s epochs, the brain state of the mouse was classified into Wake, Slow wave sleep
(SWS), and Rapid Eye Movement (REM) sleep stages (1,2). Sleep stage identification
was supported using the software SleepSign for animals (Kissei Comtech, Japan).
Offline detection of sleep slow oscillations and spindles. To detect discrete slow
oscillation events during SWS, offline algorithms were adopted from previously
described procedures (3-5). In brief, the EEG was bandpass filtered between 0.2 - 4.5 Hz
and then, all positive-to-negative zero crossings of the signal as well as the local
minimum and maximum between each two successive crossings were marked. Intervals
between two succeeding positive-to-negative zero-crossings were identified as a slow
oscillation event when the length of this interval was between 0.4 - 2 s and when the
minimum amplitude and minimum-to-maximum amplitude was greater than 66.6 % of
the average of the respective amplitude values across the whole recording. For these
remaining events the enclosing zero-crossings represent the onset and end of the
corresponding slow oscillation cycle.
For analyses, identified SO events were averaged time locked to the negative-half
wave peak (0 s). The analyses of concurrent calcium activity concentrated on a window
from -2 to +3 s around the negative SO halfwave peak. This window was wide enough to
also cover SO events with upstates of longer duration and has been similarly used in
previous studies (5 - 7). Averaging was time-locked to the negative half-wave peak of the
SO (reflecting the downstate maximum) because it represents the temporally most
distinct event during the SO and, thus, allows for optimally estimating the beginning and
end of processes of interest, associated with the SO up- and down states, respectively.
Previous studies comparing SO averaging time-locked the negative versus positive halfwave peaks of the SO revealed that time-locking to the positive half-wave peak (i.e.,
upstate) does not only result in a more smeared average SO waveform (with lower
amplitude). Also, the increase in spindle activity occurring phase-locked to the SO
upstate was distinctly reduced with phase-locking of the signal to the positive half-wave
peak (8), which reflects that the positive half-wave peak provides only an imprecise time
reference for averaging SO-related signals.
Detection of discrete spindles was performed following an algorithm described by
(9). The EEG signal was band pass filtered between 7 - 15 Hz, rectified and,
subsequently, all maxima were interpolated to yield the envelope for this frequency band.
A spindle event was identified whenever the envelope exceeded an individual threshold
for a duration of 0.5 to 3.0 s, whereby the threshold was defined by the standard deviation
of the filtered signal during all SWS epochs of an individual mouse multiplied by a factor
of 1.5. Thus, the positive and subsequent negative threshold crossing represented the
onset and end of a spindle event. Detected spindle events were then characterized by their
onset. For analyses, the root mean square signal (RMS) during identified spindle events
was averaged time-locked to the spindle onset. The analyses of accompanying calcium
signal centered – as for SO events – on an interval -2 to +3 s around the spindle event.

The same procedure was applied to separately identify slow and fast spindles, after prefiltering the EEG signal in the respective 7 - 11 Hz and 11 - 15 Hz bands.
In subsequent analyses the calcium signal was analyzed for three different EEG
events: (i) solitary slow oscillations that occurred in the absence of a spindle during the
slow oscillation-cycle and in a 250-ms interval before and after the cycle, (ii) solitary
spindles that occurred without any overlap with an identified slow oscillation-event, and
(iii) slow oscillation-spindle events defined by slow oscillation-events where a spindle
nested in the slow oscillation-upstate. Specifically, spindle onset occurred in the interval
between slow oscillation-onset and the positive slow oscillation half-wave peak + 250
ms. Also, there were no spindles in the 250-ms interval preceding the slow oscillationspindle event.
Immunohistochemistry. Immunostaining was performed using standard
procedures. Following experiments, mice were deeply anesthetized (0.3 mg/g ketamine
and 0.024 mg/g xylazine, i.p.) and intracardially perfused with 4 % paraformaldehyde in
0.1 M phosphate buffered saline (4 % PFA). The brains were removed from the skull,
post-fixed in 4 % PFA at 4 °C overnight, and rinsed 3 x with 0.1 M phosphate buffered
saline (PBS). Coronal slices (thickness 65 µm) were cut using a vibratome and blocked in
10 % normal goat serum (NGS, Jackson ImmnunoResearch, West Grove, U.S.A) and 0.3
% Triton X-100 (Sigma-Aldrich, Buchs, Switzerland) in 0.1 M PBS for 1.5 h at room
temperature. Slices were incubated with anti-PV rabbit primary antibody (1:1000;
#24428, Immunostar, U.S.A., RRID: AB_572259) or anti-SOM rabbit primary antibody
(1:1000; #T-4547, Peninsula Laboratories, U.S.A., RRID AB_518618) in carrier solution
(2% NGS and 0.3% Triton in PBS) for 48 h at 4 °C. After 4 x 10 min rinses with 0.1 M
PBS sections were incubated in goat anti-Rabbit IgG antibodies conjugated either with
Alexa 405 (for PV staining, AB_221605) or Alexa 633 (for SOM staining, AB2535732)
(both from Thermo Fisher Scientific, 1:1000) in carrier solution for 3 h at room
temperature on the shaker. After washing in 0.1 M PBS, slices were mounted on slides
for imaging. Images were acquired on a confocal microscope (LSM 710, Carl Zeiss,
Germany) with a 40x 1.3 NA oil-immersion objective. The frame size was 1024 x 1024
pixels and the z-resolution was set to one airy unit. The following laser lines were used:
488 nm (GCaMP6f) 561 nm (tdTomato), and 405 or 633 nm (for detection of PV or SOM
secondary antibodies). To ensure co-labeling of PV-In and SOM-In with tdtomato and
GCamp6f each imaging area was manually chosen before the actual recording session
started, thus maximizing the number of cells expressing both tdtomato and GCamp6f.
Overall, the fraction of cells only expressing tdtomato but not GCamp6f for PV-In and
SOM-In was below 2%.
Two-photon imaging. In vivo imaging was performed as described previously (10):
A two-photon microscope was used based on the MOM system (Sutter, U.S.A) controlled
by ScanImage software (11). The light source was a pulsed Ti:sapphire laser (λ = 980
nm; Chameleon, Coherent, U.S.A.). Red and green fluorescence photons were collected
with an objective lens (Nikon, 16x, 0.80 NA, Japan), separated by a 565 nm dichroic
mirror (Chroma, 565dcxr, U.S.A.) and barrier filters (green: ET525/70m-2p, red:
ET605/70m-2p), and measured using photomultiplier tubes (Hamamatsu Photonics,

H10770PA-40, Japan). The imaging frame consisted of 1024 x 256 pixels, and the frame
rate was 5.92 Hz (169 ms per frame). Images were collected from neurons in layer 2/3 at
a depth of 150-250 µm.
Wide-field imaging. For wide-field calcium imaging, a CCD camera (iXon X3
888, Andor Technology, U.S.A.) was focused on the cortical surface using a macroscope
(MVX-10, Olympus, Japan). The illumination light sources were 470 nm light emitting
diodes (Thorlabs, U.S.A.). The filter cube contained an excitation bandpass filter of
470/40 nm, a dichroic filter of 495 nm, and an emission bandpass filter of 525/50 nm.
The zoom was adjusted to cover the entire window. The imaging frame consisted of 125
x 125 pixels, and the frame rate was 48.86 – 56.26 Hz (17.8 – 20.5 ms per frame). The
precise timing of individual frames was saved as voltage pulse in the EEG recording
system.
Principal component analysis (PCA). PCA was used to further explore the
temporal dynamics in calcium activity for the three different cell types during solitary
slow oscillations and solitary spindles. Analyses were run in Matlab (functions: “pca”
and “rotatefactors”). We performed two separate PCAs on the ΔF/F signals during the 2s
to +3 s windows around the EEG slow oscillations (0 s referring to the negative halfwave peak of the individual events) and spindles (0 s referring to the individual spindle
onset). PCAs revealed three main components, which explained 63.05 % (solitary slow
oscillations) and 63.3 % (solitary spindles) of the total variance. We, then, compared the
varimax rotated component scores only for the component showing highest (positive or
negative) factor loadings during the oscillatory event of interest between the three
different cell types using ANOVA with subsequent t-tests.
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negative half-wave peak (0 s) and during solitary spindles (Spi), time-locked to the spindle onset.
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Fig. S2. Neuropil correction of ΔF/F signal. (A) Illustration of the area defined for neuropil
fluorescence correction. The donut-shaped neuropil area (pink) was defined as a circle (three
pixel radius) around each cell’s ROI (black) omitting soma from other cells and the pixels
directly adjoining the cell’s soma. (B) Example ΔF/F signal traces from the cell shown in A, (top)
from the soma, (middle) from the neuropil area, and (bottom), the corrected ΔF/F signal after
subtracting 0.7 x neuropil ΔF/F. The dotted horizontal line represents the threshold (two standard
deviations above the median of the corrected signal) used for event detection. (C) Example raster
plot showing activity from putative pyramidal cells (Pyr) being active during a six second

example interval including a slow oscillation-spindle event (SO + Spi). Yellow shaded area
indicates the interval used to measure baseline activity; right violet shaded area indicates Up
interval of the slow oscillation covering the spindle (with high event rates). (D) Left: Comparison
of mean (± SEM) event rates (per second) between solitary SO and SO + Spi events for the
positive-to-negative Transition phase (Trans, -0.32 to -0.00 s, with reference to SO negative halfwave peak = 0 s), the Down phase (-0.00 to 0.16 s), the Up phase (0.32 to 0.48 s) and the
following After phase (0.54 to 3 s). Right: Comparisons between mean (± SEM) event rates
between solitary spindles and SO + Spi events for the phase During the acute spindle (0 to 1 s
with reference to spindle onset set to 0 s) and the After phase (1 to 3 s). ** p < 0.01, * p < 0.05, p
< 0.1 for pairwise comparisons between solitary events and SO + Spi events respectively. ## p <
0.01, # p < 0.05, t p < 0.1, for difference from baseline activity (-3 to -2 s).
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and the following After phase (0.54 to 3 s). Middle: Comparisons between mean (± SEM) ΔF/F
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to 0.48 s) and the following After phase (0.54 to 3 s). ** p < 0.01, * p < 0.05, t p < 0.1 for
pairwise comparisons between solitary events and SO + Spi events respectively. ## p < 0.01, # p
< 0.05, t p < 0.1(C) Mean ΔF/F ± SEM during wakefulness for quintiles of each cell type. Note
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Fig. S4. Distributions of pairwise correlations in calcium activity within putative Pyr cells,
PV-In, and SOM-In cells during solitary slow oscillations and spindles. Pairwise Pearson
correlation of the ΔF/F signal between all cell pairs within one cell type and between all putative
Pyr cells and each interneuron population were calculated during all detected solitary EEG slow
oscillations and spindles (in a -2 s to +3 s-window around the slow oscillation negative half-wave
peak and spindle onset). Fisher z-transformed coefficients are shown. (A) Distribution of
correlation coefficients within the populations of putative Pyr cells (green) and between putative
Pyr cells and PV-In (blue) and SOM-In (red) during solitary slow oscillations and (white) solitary
spindles (colored). Distribution of correlations within PV-In (blue) and SOM-In (red) during
solitary slow oscillations (white) and solitary spindles (colored). For each distribution the mean
(± SEM) is indicated). Note, distributions did not reveal distinct subgroups of highly correlated
cells and none of the distributions differed significantly from normal distribution (Chi2 –tests: all
p > 0.1). Mean correlations, i.e., synchrony in activity for PV x Pyr and PV x PV correlations
during slow oscillations was higher than during spindles. However, though significant (p < 0.01),
effects sizes were very small (Cohen’s d < 0.1). Note also that correlations were generally rather
small, possibly reflecting that the proportion of cells actually engaging in slow oscillation and
spindle events is relatively small.
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Fig. S5. (A) From top to bottom: Average EEG signal (across all events from all animals) for
solitary slow oscillations (from left occipital cortical recordings, white line overlaying average
time-frequency plot with color-coded power) together with (middle panel) average (±SEM)
calcium activity (fnorm) across the 4 designated anterior (red) and posterior (orange) cortical
regions. Averages are time-locked to the negative half-wave peak of the slow oscillation (0 s).
Intervals with significant changes in calcium activity (p < 0.01, relative to the baseline interval
from -3 to -2 s) are indicated by red (for anterior ROIs - FRO) and orange bars (for anterior ROIs
- FRO, see Figure 4 of main text for location of target ROIs). The bottom panel shows
topographic changes of calcium activity in all 36 ROIs (in fnorm, color coded) for subsequent 500ms time windows. Panels (B) and (C) show corresponding data for solitary spindles (Spindle) and
slow oscillations co-occurring with spindles (Slow oscillation + Spindle). Note, for solitary
spindles the average EEG signal (overlaying the corresponding EEG time frequency plot) shows
the root mean square (RMS) amplitude, and averaging is time-locked to the spindle onset.
Average traces are shown across events from 4 animals (total n = 9864, 766, 762, for solitary
slow oscillations, solitary spindles, and slow oscillations co-occurring with spindles).
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Fig. S6 (A) Illustration of the 36 cortical ROIs used for wide-field imaging experiments. Redshaded area indicates anterior ROIs (#25 - #36), blue-shaded area posterior ROIs (#1 - #12). (B)
Histogram showing the distribution of the temporal delays of slow oscillation negative half-wave
peaks defined in the fnorm signal between frontal ROIs and occipital ROIs. Only slow oscillation
events were included in this analysis, where the minimum of the fnorm signal was associated with
the slow oscillation half-wave peak exceeding a critical threshold for both anterior and posterior
regions (with the threshold defined by 0.66 standard deviations from the mean activity of the
filtered 0.1 - 4 Hz signal). (C) Calcium activity for 36 cortical ROIs using wide-field imaging
during solitary slow oscillations (left), solitary spindles (middle) and slow oscillations cooccurring with spindles (Slow oscillation + Spindle, right). Red-shaded area indicates anterior
ROIs, blue-shaded area posterior ROIs. Numbering of ROIs is indicated in A. Average traces

across all events from 4 animals (total n = 9864, 766, 762, for solitary slow oscillations, solitary
spindles, and slow oscillations co-occurring with spindles, respectively) are indicated. Averaging
is time locked (0 s) to the negative half-wave peak of the slow oscillation and spindle onset,
respectively. EEG events were identified in occipital EEG channel. Red marked calcium signal
indicates intervals of significantly (p < 0.05) enhanced or reduced activity (with reference to
activity during the baseline interval from -3 to -2 s).

Subject characteristics
ani mal #
1
2
3
4
5
6
7

genotype
PV‐cre
PV‐cre
PV‐cre
SOM‐cre
SOM‐cre
SOM‐cre
SOM‐cre

imagi ng sessions
1
3
2
3
1
2
1

recorded Pyr
126
329
241
342
123
229
120

i nterneurons
17
43
28
45
16
38
18

SOs
3135
1272
3655
4198
596
3239
2836

Spi ndles
160
129
268
240
47
215
252

SOs+Spi ndl es
166
52
233
181
32
228
200

13

1510

205

18931

1311

1092

Total :

Characteristics of EEG events
animal # genotype
1
PV‐cre
2
PV‐cre
3
PV‐cre
4
SOM‐cre
5
SOM‐cre
6
SOM‐cre
7
SOM‐cre

SO Duration
0.60 ±0.003
0.59 ±0.005
0.60 ±0.003
0.64 ±0.003
0.61 ±0.009
0.64 ±0.004
0.60 ±0.003

SO Amplitude
0.26 ±0.001
0.20 ±0.001
0.21 ±0.001
0.32 ±0.001
0.18 ±0.002
0.25 ±0.001
0.34 ±0.001

Spi Duration
0.67 ±0.016
0.67 ±0.015
0.65 ±0.011
0.67 ±0.012
0.93 ±0.065
0.72 ±0.015
0.81 ±0.021

Spi Amplitude SO+Spi SO Duration SOSpi SO Amplitude SOSpi Spi
0.17 ±0.002
0.61 ±0.013
0.26 ±0.006
0.68
0.11 ±0.002
0.62 ±0.028
0.18 ±0.007
0.70
0.15 ±0.002
0.57 ±0.010
0.20 ±0.004
0.67
0.19 ±0.002
0.64 ±0.017
0.31 ±0.007
0.72
0.15 ±0.005
0.66 ±0.051
0.19 ±0.011
1.04
0.15 ±0.003
0.62 ±0.013
0.25 ±0.005
0.83
0.21 ±0.003
0.61 ±0.013
0.35 ±0.009
0.92

Table S1. Top - Subject characteristics: Mice and number of imaging sessions and cells
imaged per animal. Bottom - Characteristics of EEG events: Mean (± SEM) duration and
amplitude of slow oscillation and spindles for solitary slow oscillation (SO) and (7 - 15
Hz) spindle events and for slow oscillations co-occurring with spindles (SO + Spi).
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Table S2. Used resources.

Movie S1. Mean fnorm signal of the 36 ROIs during all solitary slow oscillations. Bottom trace
indicates corresponding EEG recording (speed x 0.25).
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Abstract
Sleep concurrently contributes to the homeostatic down-regulation of synapses as well as to mnemonic synaptic up-regulation. Here we used in-vivo two-photon
calcium imaging of layer 2/3 neuron somas in mice, to show how these seemingly
opposing functions are established in cortical networks. Pyramidal (Pyr) cells representing the major cortical population of excitatory cells, decreased activity during
both epochs of slow wave sleep (SWS) and rapid-eye-movement (REM) sleep. During SWS, but not REM sleep epochs, activity of parvalbumin-positive inhibitory interneurons (PV-In) simultaneously increased, suggesting that down-regulation of
Pyr activity during SWS reflects increased somatic inhibition, rather than synaptic
down-scaling, of these cells. We moreover identified subpopulations of Pyr cells with
highest activity during sleep spindles, which up-regulated activity during SWS
epochs, consistent with an involvement of these cells in mnemonic processing. During succeeding REM sleep epochs these spindle-active Pyr cells showed a profound
decrease in activity that was maintained into the following SWS epoch, and was paralleled by a decrease in activity of spindle-active PV-In. The pattern suggests that
REM sleep generally produces synaptic down-scaling that even captures the spindleactive neurons engaging in mnemonic processing.
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Introduction
In order to efficiently adapt to environmental conditions, the brain needs to accomplish two seemingly opposing tasks. On the one hand, it needs to encode and store relevant information in a long-lasting and stable way, which is assumed to be achieved by the
strengthening of synaptic connections among the neurons representing the encoded information. On the other hand, persisting encoding and storing of new information would
saturate the network’s limited capacities of encoding and storing which makes necessary
processes that down-regulate synaptic connections in a homeostatic manner 1,2. Sleep has
been identified as a brain state that might support these two functions in an integrated
manner, although the underlying mechanisms are far from being clear. There is ample
evidence supporting that sleep serves a global homeostatic process in cortical networks
that down-scales and renormalizes synaptic connections that have been strengthened during prior wake phases 3–6. Both core sleep stages, slow wave sleep (SWS) and rapid eye
movement (REM) sleep possibly contribute to this down-regulation. Initially, it was
thought to be particularly promoted by the <1 Hz slow oscillation (SO) as neuronal substrate underlying EEG slow wave activity (SWA) that hallmarks SWS 1,7. However, recent findings 8 suggest that global down-scaling could also be conveyed by the 4-7 Hz
theta rhythm that originates from septal-hippocampal circuits

9,10

and is a hallmark of

REM sleep. Beyond down-scaling an renormalizing cortical activity, sleep is known to
promote long-term memory formation and underlying strengthening of synaptic connections 7,11,12. Again, both core sleep stages, SWS and REM sleep appear to be implicated
in this process. Enhancing SOs during SWS enhances long-term memory formation 13–15,
although this effect could primarily reflect the driving force of SOs on thalamic spindles
16

. Spindles are waxing and waning oscillations in the 10-15 Hz range that often nest into

the upstate of the SO, and appear to provide optimal conditions for synaptic plastic processes underlying memory formation in cortical microcircuits 17,18. Finally, there are also
studies indicating that memory formation profits from REM sleep and accompanying
theta activity 19.
Although SWS and REM sleep have been connected to both homeostatic synaptic
down-regulation as well as to the up-regulation of synapses underlying memory formation, little is known about how these sleep stages and associated oscillatory phenomena
concurrently establish the two functions in cortical networks. Here, we used in vivo two75
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photon calcium imaging in mice in order to assess the temporal activity dynamics in large
populations of cortical layer 2/3 cells across epochs of SWS and REM sleep, with the aim
to dissociate neuronal subpopulations whose activity is down-scaled or up-scaled during
sleep. Two-photon calcium imaging additionally allowed us to differentiate activity
changes in the major population of excitatory cells, i.e., pyramidal cells, and the two major populations of inhibitory interneurons, i.e., parvalbumin-positive interneurons (PVIn) and somatostatin-positive interneurons (SOM-In). We found that Pyr, representing
~80 % of cortical neurons, indeed significantly decreased activity in the course of SWS
and REM sleep epochs. The decrease during SWS, but not during REM sleep, was accompanied by an increase in activity of PV-In. Importantly, contrasting with the general
down-regulation of Pyr activity during SWS, a subpopulation of these cells showing highest activity during spindles, up-regulated activity in the course of SWS. Surprisingly,
these spindle active cells possibly involved in memory formation, also underwent profound down-regulation during succeeding REM sleep.
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Results
Sleep reduces calcium activity of Pyr cells and simultaneously widens the activity
distribution
We used in vivo two-photon calcium imaging of layer 2/3 soma of neurons within
sensorimotor cortex in PV-Cre or SOM-Cre transgenic mice. To discriminate activity of
PV-In and SOM-In, respectively, we injected two different virus types. First, we injected
GCaMP6f to express a genetically encoded calcium indicator. Second, for discriminating
the interneurons from other cells, we injected a virus expressing tdTomato Cre-dependently (AAV-FLEX-tdTomato). After 10-14 days, almost all neurons around the injection site (∼200 μm) expressed GCaMP6f, whereas tdTomato expression was selective
for the specific interneuron type. The majority (~80 %) of unlabeled cells in this setup
consist of pyramidal cells; we, therefore, considered this population as putative pyramidal
cells (Pyr). Once the GCaMP6f expression was strong enough for sufficient image quality, the animals were habituated to head fixation and then repeatedly recorded during
epochs of wakefulness, SWS and REM sleep.
We characterized the activity dynamics of the neuron populations of interest (Pyr,
PV-In, SOM-In) during epochs of SWS and REM sleep, by comparing activity during the
first and last third of the individual epochs (Fig. 1). In these analyses, the mean activity
of an individual cell during all wake epochs (set to 100 %) was used to normalize calcium
activity. Pyr cells showed a decrease in calcium activity during both, SWS and REM
sleep, from the first to the last third of an epoch (P < 0.05; SWS: t = -2.33; df = 254;
REM: t = -2.25; df = 144). PV-In cells increased their activity in the course of SWS
epochs (P < 0.05; t = 2.32; df = 131) but activity did not distinctly differ between the first
and last third of REM sleep epochs (P > 0.07). SOM-In cells showed an opposing pattern
of significantly decreasing calcium activity during SWS (P < 0.01; t = -7.21; df = 122)
whereas during REM, activity levels remained unchanged (P > 0.47). As previously reported 20 activity of Pyr and SOM-In cells was generally higher during SWS than REM
sleep, whereas PV-In activity was distinctly higher during REM sleep than SWS.
Changes in calcium activity during SWS did not correlate with SWA energy (i.e.,
power integrated over time) or changes in SWA during these epochs SWS for any of the
three cell types (P > 0.11). Decreases in Pyr activity during REM sleep were negatively
correlated with EEG theta energy (P < 0.01, r < -0.25). Changes in PV-In activity were
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likewise negatively correlated with theta energy during REM sleep (P < 0.01, r < -0.37).
Moreover, decreases in Pyr and PV-In activity were the more pronounced the longer the
duration was of a REM epoch (Pyr: P < 0.001 r = -0.35; PV-In: P < 0.001, r = -0.43).
That Pyr cells, i.e., the major population of cortical neurons, on average, decrease
in activity over SWS and REM sleep epochs is consistent with the view that sleep globally
down-regulates cortical activity 2,21. However, given that sleep serves twofold functions,
to homeostatically down-regulate circuit activity but enhance circuits involved memory
formation, we hypothesized, that sleep would not equally affect cells. To test this hypothesis, in a first approach, we compared the standard deviation of the ΔF/F calcium signal
level for the different cell types between the first and last third of SWS and REM sleep
epochs. We found that the variability in activity of the Pyr cell population, indeed, robustly increased from the first to the last third of both, SWS and REM sleep epochs (P <
0.01; SWS: z = 4.83; REM: z = 3.86; Wilcoxon’s test, Fig. 1c). PV-In populations showed
increases in variability of the ΔF/F calcium signal level only during SWS epochs (P <
0.001; z = 3.45), and SOM-In only during REM epochs (P < 0.001; z = 2.97).

Does prior wake activity predict the cell’s activity during subsequent sleep?
Which neurons do and which do not down-regulate activity during sleep? To answer this question, in a first analysis we correlated activity dynamics during wake epochs
with that during succeeding sleep epochs, assuming that cells strongly increasing their
activity over a wake epoch would be implicated in information encoding. We found, particularly for Pyr and PV-In, positive correlations between the calcium activity changes
during a wake epoch (ΔF/F calcium signal level during last third minus level during first
third of a wake epoch) and activity changes during the subsequent SWS epoch (Pyr: r =
0.43, P < 0.001; PV-In: r = 0.52, P < 0.001; SOM-In: r = 0.10, P < 0.001, Fig. 2a). Thus,
cells showing pronounced increases in activity over a wake epoch tend to increase their
activity during subsequent SWS and vice versa.
Of note, different correlations were revealed for the mean activity level the cells
showed during the prior wake epoch. Here, Pyr cells with higher activity during the wake
epoch displayed greater decreases during subsequent SWS (r = -0.21; P < 0.001, Fig 2b).
Likewise, the comparison of wake-active cells (i.e., the 20 % most active cells across all
wake epochs) with wake-inactive cells (lowest 20 % of cells) revealed that wake-active
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Pyr diminished activity in the course of SWS epochs (P < 0.001; t = -5.01; df = 254) while
wake-inactive Pyr increased activity (P < 0.05; t = 2.28, df = 254; F = 28.45, P < 0.001,
for 1st/3rd x Active/inactive ANOVA interaction).

Spindle-active Pyr cells increase activity during SWS
Spindles are well-known to be involved in sleep-dependent memory formation
and underlying cortical synaptic plasticity 22. We therefore hypothesized that neurons active during spindles are the ones that are spared from down-regulation or even show increasing activity during SWS. To discriminate spindle-active and spindle-inactive cells
we calculated for each cell and SWS epoch the difference between the mean calcium
activity in the presence of spindles and the mean activity during the remaining time without spindles. The 20% of cells (of the respective cell type) with the largest positive difference were considered spindle-active cells, whereas cells with small activity differences
within the lowest 20% were considered spindle-inactive. We then analyzed activity
changes across each SWS epoch. Indeed, spindle-active Pyr and also spindle-active PVIn cells increased their activity level from the first to the last third of a SWS epoch (P <
0.01; Pyr: t = 3.48, df = 254;PV-In: t = 3.25, df = 131), while spindle-active SOM-In
decreased activity within SWS episodes (P < 0.05, t = -2.06, df = 122, Fig. 3). During
REM sleep epochs, spindle-active Pyr and PV-In decreased activity (P < 0.01; Pyr: t = 3.74, df = 144; PV-In: t = -3.52, df =70), while SOM-In changes remained non-significant.
Spindle-inactive Pyr displayed calcium dynamics opposite to those of spindle-active Pyr cells, i.e., they reduced activity during SWS epochs (P < 0.01, t = -4.64 df = 254)
and increased activity during REM sleep epochs (P < 0.01, t = 2.23, df = 144;, F = 45.17,
P < 0.001, for SWS/REM x Active/inactive ANOVA interaction). Dynamics of spindleinactive PV-In during SWS or REM sleep epochs remained non-significant (P > 0.1) and
spindle-inactive SOM-In followed the same activity pattern as spindle-active SOM-In
with decreasing calcium activity during SWS (P < 0.01, t = -5.07 df = 122), but not REM
sleep epochs (F = 5.89, P < 0.05, for SWS/REM ANOVA main effect). In additional
analyses we clustered spindle-active and inactive cells separately according to whether or
not the spindle occurred in the presence of a slow oscillation (SO) upstate. Analyses of
these cell clusters revealed essentially similar activity changes within SWS and REM
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sleep epochs, indicating that the observed dynamics are independent of the additional
presence of SOs.
Both, spindle density and power in the 7–15 Hz spindle frequency band significantly increased from the first to the last third of all SWS episodes (P < 0.001; d.f. = 254;
t = -5.45; t = -7.27 respectively, Fig. 3d). The increase spindle band power during SWS
correlated with both the parallel increase in calcium activity of spindle-active Pyr cells (r
= 0.48; P < 0.001) and with the decrease in activity of spindle-inactive Pyr cells (r = 0.26; P < 0.001, Fig. 3e).
In supplementary analyses, we found for all three cell types that, compared with
spindle-inactive cells, the spindle-active cells also showed increased activity during the
immediately preceding wake epoch (P < 0.001, Pyr: t = 59.26, df = 6704; PV-In: t =
50.82, df = 3510; SOM-In: t = 22.72, df =3192). Yet, activity of spindle-active Pyr cells
and SOM-In (but not PV-In) during this wake epoch was still significantly lower than
that of the wake-active cell populations of this type, as defined by a generally enhanced
activity (top 20 % of all cells) across all wake epochs (P < 0.001, Pyr: t = -10.72 df =
6704; SOM: t = -23.06 df = 3192). In contrast to spindle-active Pyr – these wake-active
Pyr show a clear decrease in activity during SWS epochs (Supplementary Fig 1).

Pyr cells active during slow oscillations show stable activity during SWS
Like spindles, slow oscillations (SOs) have also been implicated in memory formation

14,23,24

. However, SOs are also thought to mediate processes of synaptic down-

scaling 1,2,25. Often, spindles nest into the excitable upstate of the SO. Therefore, to dissociate regulatory functions of SO from those of spindles, here we concentrated on SOs
that did not nest spindles. Analog to our approach to spindles, we clustered cells based on
their activity during all SO upstates identified in an SWS epoch, subtracted by their activity during the remaining time of the SWS epoch. The top 20% cells were considered
SO-active cells whereas the lowest 20% were considered SO-inactive cells. Neither SOactive nor SO-inactive Pyr cells showed any significant change in activity within SWS
epochs (P > 0.32, Fig. 4). As to the interneuron populations, both SO-active and inactive
PV-In increased activity during SWS epochs (P < 0.05; active: t = 2.65, df = 143; inactive:
t = 2.18, df = 143), while SO-active and inactive SOM-In decreased activity during SWS
epochs (P < 0.01; active: t = -5.33, df = 133; inactive: t = -3.40, df = 133). Over the course
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of REM sleep epochs, SO-active Pyr and PV-In decreased activity (Pyr: P < 0.01, t = 2.95, df = 144; F = 8.72, P < 0.05, for 1st/3rd x Active/inactive ANOVA interaction, PVIn: P < 0.001, t = -3.43, df = 70, F = 6.61, P < 0.05, for 1st/3rd x Active/inactive interaction), whereas SO-active and inactive SOM-In did not express REM sleep related modulations.
The density of SOs (without nesting spindles) decreased during SWS epochs (P <
0.001; t = 6.47, df = 254), and there was also a parallel decrease in slow wave activity
(SWA, power in the 0.1-4 Hz band) from the first to the last third of SWS episodes (P <
0.001; t = 3.97; df = 254). These decreases were not significantly correlated with the
dynamics of any of SO-active and SO-inactive cell populations during SWS.

REM sleep renormalizes calcium activity of spindle-active cells
We found that during REM sleep epochs, spindle-active Pyr as well as the general
population of Pyr cells decreased their activity. However, REM sleep also produced an
enhanced variance in activity of the general Pyr cell population (Fig.1) which led us to
suspect that the population of spindle-active Pyr might include a subset of cells that is
most strongly implicated in memory formation and would, hence, be spared from downregulation during REM sleep

26

. Overall, our analyses did not support this hypothesis.

First, variability of activity among spindle-active Pyr did not change from the first to the
last third of REM epochs (P > 0.1) consistent with homogenous temporal dynamics in
this cell population. Second, comparing the 20% of spindle-active Pyr cells showing the
strongest up-regulation of activity during the prior SWS epoch with those 20 % showing
the weakest up-regulation, did not reveal a differential down-regulation of activity between these cell subsets during subsequent REM sleep (P > 0.4, for 1st/3rd x Active/inactive interaction). Finally, assuming that enhanced involvement in spindle-associated
memory processing increases the cell’s likelihood to escape down-regulation during subsequent REM sleep, we tested whether increases in spindle-active Pyr during SWS to go
along with diminished decreases or even increases in activity during subsequent REM
epochs. However, we did not find such correlation for spindle-active Pyr (P > 0.08, r =
0.04).
We finally examined whether the down-regulation of activity in spindle-active Pyr
during REM sleep epochs represents a persistent change that is carried over to the next
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SWS epoch. To this end, we compared ΔF/F calcium signals of spindle-active and inactive cells between two consecutive SWS epochs (SWSn vs. SWSn+1) which were interrupted by a REM sleep epoch. A comparison of activity during the first thirds of the SWS
epochs revealed that spindle-active Pyr cells indeed exhibited a strong decrease in activity
between these consecutive SWS epochs (P < 0.001, t = 5.2, df = 115, Fig. 5). No such
decrease was observed for spindle-inactive cells (P > 0.15, F= 17.10, P < 0.001, for SWS1/SWS-2 x Active/inactive interaction) or, in a further comparison with activity during
consecutive SWS epochs interrupted by a single wake rather than REM sleep epoch (P >
0.11, F = 6.71, P < 0.01, for SWS-1/SWS-2 x REM/wake ANOVA interaction). Notably,
with a REM sleep epoch intervening between the SWS epochs, the ΔF/F signals from
spindle-active cells during the second SWS epoch fell on average even below the initial
level of activity during the preceding wake epoch (Fig. 5c). PV-In spindle active and inactive cell clusters showed no difference between two consecutive SWS epochs (P > 0.17
for all analyses). Altogether, these data indicate spindle-active Pyr cells that show unique
up-regulation of activity during SWS episodes, undergo robust down-regulation of activity during subsequent REM sleep.

Discussion
This study was based on the concept that sleep serves seemingly two opposing
functions, i.e., to globally down-scale cortical synaptic networks and network activity
and, on the other side, to protect from down-scaling or even up-scale those networks representing memories to be consolidated during sleep 1,27. We used in-vivo calcium imaging
of cortical circuits of naturally sleeping mice, with the aim to dissociate neuron populations whose activity undergo down-regulation across sleep from those, which were not
down-regulated or even up-regulated. In fact, we found that during both epochs of SWS
and REM sleep the variability in calcium activity levels increased in the population of
excitatory Pyr cells representing the great majority of cortical neurons. This finding supports the view that sleep does not uniformly regulate activity in this cell population. On
average, the increase in variability of activity was accompanied by a decrease in Pyr cell
activity in the course of both SWS and REM sleep epochs, which is consistent with the
notion that globally, sleep down-scales cortical synaptic networks. On the other side, we
identified Pyr cells characterized by high activity during sleep spindles, which opposing
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to the average trend, distinctly increased activity in the course of SWS epochs. Because
spindles are known to promote synaptic plasticity underlying memory formation
17,18,22,28,29

, this finding concurs with the notion that sleep up-scales subpopulations of Pyr

cells involved in memory formation. Surprisingly, the same subpopulation of spindle active Pyr cells underwent profound down-regulation of activity during subsequent REM
sleep epochs.
Our finding that both SWS and REM sleep epochs produce a robust increase in
the variability of calcium activity levels in the Pyr cell population contrasts with electrophysiological findings indicating a shrinking rather than widening of firing rate distributions across sleep 30,31. Specifically, those studies found that neurons with high firing rates
show a strong decrease in spiking activity particularly in the course of SWS whereas
neurons with low firing rates slightly increase spiking activity during this time. Indeed,
this more specific picture was confirmed in the present study, when we focused on Pyr
cells that in a trait-like manner were most active across all wake epochs, and compared
them with cells generally showing minor activity during wake. The wake-active cells
showed a pronounced decrease in calcium activity during SWS epochs whereas the wakeinactive cells increased in activity (supplementary Fig 1). Considering these analyses, we
assume that the SWS-related increase in the variability of calcium activity which we observed here for the global population of Pyr cells, reflects an acute regulation of cell activity associated with sleep/wake-related information processing rather than processes
that capture the cell’s trait-like activity level. However, further factors need to be considered when comparing the present findings based on calcium imaging with previous electrophysiological findings of a global decrease in spike rate variability across sleep. Thus,
imaging of calcium activity also includes the proportion of neurons with very low spiking
activity which is typically missed in electrophysiological recordings 32. Moreover, cortical activity dynamics might be layer specific. We focused on activity of layer 2/3 cells
whereas spiking activity was studied mainly in layer 5 neurons. Finally, our measurement
of calcium activity in the cell soma is not an immediate reflection of the neuron’s spiking
activity in terms of action potentials, but integrates spatially extended activity over time
with a lower temporal resolution.
The average decrease in activity of Pyr cells during SWS and REM sleep epochs
well fits the notion that sleep serves a global synaptic down-scaling of cortical networks
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1,2,26

. Yet, the mechanisms underlying the decrease might differ between SWS and REM

sleep. As to SWS, previous work has linked slow wave activity (SWA) to a down scaling
in synaptic networks 2,25,33 . However, in the present study, no consistent correlations were
found between measures of SWA and changes in Pyr cell activity over SWS epochs. Rather than a consequence of weakened and decreased synaptic inputs, the decrease in activity of excitatory Pyr cells appeared to be a consequence of increased inhibitory inputs
to these cells. In fact, PV-In cells displayed a strong increase in activity across SWS
epochs. These cells effectively inhibiting the soma of Pyr cells, could themselves well
account for the down-regulation of Pyr cell activity in the course of SWS. Hence, whether
SWS actually contributes to down-scaling synapses remains to be scrutinized in morphological studies 5. Synaptic down-scaling might have rather caused the decrease in Pyr cell
activity accompanying REM sleep epochs, because activity of the major inhibitory neurons did not concurrently increase during these epochs, but remained unchanged (PV-In)
or decreased (SOM-In) from the first to the last third of these epochs. The REM-sleep
related decrease in Pyr cell activity was positively correlated with theta energy (i.e. theta
power integrated over time). Similar hints at a contribution of theta activity to the downregulation of network activity have been derived from correlational analyses of hippocampal spike activity across triplets of SWS-REM-SWS epochs 8. However, evidence for
an involvement of theta activity in processes of down-scaling is otherwise scarce and
indirect 34,35.
We could identify a subpopulation of Pyr neurons showing highest activity during
spindles, which - opposite to the global deactivation across SWS - displayed a substantial
increase in activity during SWS. This is a central finding of the study which supports the
idea that during sleep and particularly during SWS an up-regulation of specific assemblies
putatively involved in memory processing is established while network activity is globally down-regulated. The up-regulation of activity during SWS was specific to spindleactive Pyr and PV-In, and was not seen in wake-active cells that down-regulated activity
in the course of SWS. Only SOs that did not nest a spindle were considered in these
analyses, which allowed to clearly discriminate the function of spindles from that of SOs.
Spindles have been shown to promote the formation of memory and underlying synaptic
plastic processes, like long-term potentiation 17. At the level of cortical microcircuits, they
are characterized by increased activity of pyramidal cells in the presence of distinctly
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enhanced somatic inhibition of these cells via PV-In, i.e., a constellation facilitating plastic synaptic changes in response to afferent inputs to the distal dendrites of these cells
18,28

. Fittingly, the present study reveals a parallel increase in activity for spindle-active

PV-In in the course of SWS. Moreover, the increase in Pyr cell activity was paralleled by
an increase in spindle density across SWS. This increase in spindle activity in the course
of SWS is well known from previous studies 36. Spindles generated in thalamic networks
with thalamo-cortical projections to both PV-INs and Pyr 37–39, could represent the driving
force up-regulating activity of these circuits during memory processing 40,41.
Unexpectedly, calcium activity of spindle-active Pyr cells was uniformly downregulated in the course of REM sleep epochs. The down-regulation was specific to the
spindle-active Pyr, and not seen in spindle-inactive cells. Moreover, it persisted into subsequent SWS epochs which excludes that this down-regulation of activity originated from
a REM sleep-associated increase in inhibitory inputs, e.g., from PV+ interneurons 20. In
fact, spindle-active PV-In likewise showed a distinct decrease in activity during REM
sleep epochs, and activity levels of spindle-active SOM-In remained unchanged. Against
this backdrop the persisting down-regulation of Pyr cell activity during REM sleep most
likely reflects reduced excitatory input as a result of synaptic down-scaling. This interpretation well concurs with evidence from structural imaging of mice layer 5 pyramidal
cells, indicating that REM sleep prunes postsynaptic dendritic spines of these neurons,
that were newly formed during prior motor learning 42. In light of the present data, the
pyramidal cells with newly formed synapses following motor learning would be expected
to constitute the population of spindle-active cells. However, that study also showed that
REM sleep simultaneously maintains and strengthens a fraction of the newly formed synapses which was critical for motor improvement see after sleep. Diverging from this finding, here we were unable to identify a subgroup of spindle-active cells that did not undergo down-regulation during sleep which might be explained by reasons: first, focusing
on the soma of pyramidal cells, we only measured the integrated activity of the entire
neuron. Yet, REM sleep-associated strengthening of synapses might only occur in neurons with synapses that are simultaneously eliminated and, thereby, mask any enhancing
effects on overall activity levels in these cells. Second, because in the present study the
mice were not trained on a novel task before sleep, all newly formed synapses were downscaled. This second explanation implicates that, beyond spindles, another mechanism exists that decides, e.g., based on the novelty of the encoded information, about whether a
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newly formed representation is maintained or eliminated during REM sleep 34,35, which
is a promising hypothesis to be tested in future research.
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Methods
Animals
For the experiments two different strains of transgenic mice, PV-Cre mice
[RRID:IMSR_JAX:008069 (n = 4)] and SOM-Cre mice [RRID:IMSR_JAX:013044 (n
= 4)] were used. All mice were housed in groups of up to five animals under temperature
and humidity controlled conditions (22 ± 2 ºC; 45 – 65 %) and a 12h/12h light dark cycle.
All recordings started during the first hour of the light phase and only male mice older
than eight weeks were recorded. Procedures were similar to those described previously
18,20

, and also data collection relied on mice used in these previous studies. All experi-

ments were approved by the local institutions in charge of animal welfare (Regierungspräsidium Tübingen, State of Baden-Wuerttemberg, Germany).

Surgery
All animals were anesthetized with 0.1 mg/g ketamine and 0.008 mg/g xylazine with
a supplement of isoflurane. For topical anesthesia lidocain was applied. Afterwards the
animals were mounted on a stereotaxic frame. Body temperature was continuously monitored and maintained at 37ºC. A custom-made head post was glued to the skull and subsequently cemented with dental acrylic (Kulzer Palapress, Germany).
Virus injection and the implantation of the imaging window followed headpost
implantation. To this end, a craniotomy above the sensorimotor cortex (1.1 mm caudal
and 1–1.3 mm lateral from the bregma) with a size of 1.2 mm x 2 mm was made. Afterwards, two viruses (AAV2/1-syn-GCaMP6f 2.96 × 1012 genomes/mL and AAV2/1Flex-tdTomato 1.48 × 1011genomes/mL) were injected into multiple sites of the area of
craniotomy (10–20 nL/site; 3–5 min/injection). The injection depth was between 130 and
300 µm. Virus injection was followed by the implantation of the imaging window (1 mm
x 1.5 mm). The space between the skull and the imaging window was filled with agarose
(1.5 - 2 %) and then the imaging window was cemented with dental acrylic.
EEG electrodes were implanted on the cortical surface of the contralateral hemisphere relative to the imaging window (−2.5 mm, lateral +2.5 mm from bregma). The
reference elctrodes was implanted on the brain surface 1mm relative to lambda. Two wire
electrodes were implanted into the neck muscle for EMG recordings (Science Products,
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Germany). After the surgery, all animals were brought back to their home cage and were
single-housed for the rest of the experiments. They had at least 10 days of recovery from
surgery before imaging sessions started.

Head fixation procedure
After handling the animals 10 min per day for 1 week, the animal was habituated
to the head fixation. Habituation consisted of four sessions per day for one week with
increasing fixation durations (30 s, 3 min, 10 min, and 30 min) interleaved by 10-min rest
intervals. Habituation was conducted until 24 hours prior to the first imaging session during the early light phase.

EEG and EMG Recordings
Sleep stages were identified based on EEG and EMG recordings during the imaging sessions. EEG and EMG signals were amplified, filtered (EEG: 0.01–300 Hz; EMG:
30–300 Hz), and sampled at a rate of 1,000 Hz (amplifier: model 15A54; Grass Technologies, USA). Based on EEG/EMG signals for succeeding 10-s epochs, the brain state of
the mouse was classified into wake, SWS, and REM sleep stages 43,44. Sleep stage classification was supported using the software SleepSign for animals (Kissei Comtech, Japan).

Offline detection of sleep slow oscillations and spindles.
To detect discrete slow oscillation (SO) events during SWS, offline algorithms
were adopted from previously described procedures 45–47. In brief, the EEG was bandpass
filtered between 0.2 - 4.5 Hz and then, all positive-to-negative zero crossings of the signal
as well as the local minimum and maximum between each two successive crossings were
marked. Intervals between two succeeding positive-to-negative zero-crossings were identified as a SO event when the length of this interval was between 0.4 - 2 s and when the
minimum amplitude and minimum-to-maximum amplitude was greater than 66.6 % of
the average of the respective amplitude values across the whole recording. For these remaining events the enclosing zero-crossings represent the onset and end of the corresponding SO cycle.
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Detection of discrete spindles was performed following an algorithm described by
48

: The EEG signal was band pass filtered between 7 - 15 Hz, rectified and, subsequently,

all maxima were interpolated to yield the envelope for this frequency band. A spindle
event was identified whenever the envelope exceeded an individual threshold for a duration of 0.5 to 3.0 s, whereby the threshold was defined by the standard deviation of the
filtered signal during all SWS epochs of an individual mouse multiplied by a factor of
1.5. Thus, the positive and subsequent negative threshold crossing represented the onset
and end of a spindle event. Detected spindle events were then characterized by their onset.
For analyses, the root mean square signal (RMS) during identified spindle events was
averaged time-locked to the spindle onset. The analyses of accompanying calcium signal
centered – as for SO events – on an interval -2 to +3 s around the spindle event. The same
procedure was applied to separately identify slow and fast spindles, after pre-filtering the
EEG signal in the 7 - 15 Hz band.
To discriminate spindle-active and spindle inactive cells mean ΔF/F signals during
spindles and during SWS without spindles were subtracted. This differences was calculated for each SWS episodes independently. The top 20% cells with highest difference
between ΔF/F signals

Two-photon imaging
In vivo imaging was performed using a two-photon microscope based on the
MOM system (Sutter, USA) controlled by ScanImage software 49. The light source was
a pulsed Ti:sapphire laser (λ = 980 nm; Chameleon; Coherent, USA). Red and green fluorescence photons were collected with an objective lens (Nikon; 16×; 0.80 numerical
aperture [NA]), separated by a 565-nm dichroic mirror (Chroma; 565dcxr) and barrier
filters (green: ET525/70 m-2p; red: ET605/70 m-2p), and measured using photomultiplier
tubes (Hamamatsu Photonics; H10770PA-40). The imaging frame consisted of 1,024 ×
256 pixels, and the frame rate was 5.92 Hz (169 ms per frame). Images were collected in
layer 2/3 at a depth of 150–250 μm. All subsequent analyses were performed on the original data or after high-pass pre-filtering at 0.1 Hz to eliminate slower changes possibly
originating from metabolic and blood flow changes. As both analyses yielded essentially
the same results, and also because of the lower sensitivity to changes in blood flow of
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two-photon imaging, this report is restricted to analyses based on unfiltered two-photon
imaging data.

Two-photon image analysis
Lateral motion was corrected in two steps

50

. A cross-correlation-based image

alignment (Turboreg) was performed, followed by a line-by-line correction using an algorithm based on a hidden Markov model 51. ROIs containing individual neurons were
drawn manually, and the pixel values within each ROI were summed to estimate the fluorescence of this neuron. PV-INs and SOM-INs were manually detected by red fluorescence signal expressed by AAV2/1-Flex-tdtomato. The individual cell traces were calculated as the average pixel intensity within the ROIs for each frame. The cell traces were
transformed into the percent signal change (ΔF/F), in which the baseline for each cell was
defined as the 20th percentile value of all frames. We confirmed that the neuropil signal
did not affect our results by performing neuropil subtraction. The neuropil signal was
estimated for each ROI as the average pixel value within two pixels around the ROI (excluding adjacent cells). The true signal was estimated as F(t) = FinROI − r × FaroundROI,
where r = 0.7.

Statistics
All analyses based on differences within the different brain states (SWS, REM,
wake epochs). ΔF/F signals of each detected cell were normalized by dividing the signal
value by the cell’s mean activity during all episodes scored as wakefulness. Cell clustering and comparisons of activity during wake epochs themselves was based on ΔF/F signals that were not normalized. Average activity was calculated for each cell during the
1st, 2nd and 3rd third of each epoch of SWS, REM sleep and wakefulness. For analyses of
the temporal activity dynamics within epochs, analyses of variance were performed, including the repeated measures factor “1st/3rd Third” (representing activity during the first
and last third of an epoch), and the group factors “SWS/REM” (representing the different
sleep stages) and “Active/inactive” (representing the cell clusters formed on the basis of
different activity levels). ANOVAs run on neighboring SWS epochs contained a repeated
measures factor SWS-1/SWS-2. Significant ANOVA effects were followed by post-hoc
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(two-sided, paired) Student’s t-test for comparing wake normalized ΔF/F signals between
the first and last thirds of SWS, REM sleep or wakefulness and for the comparison of
calcium activity between neighboring SWS epochs. For comparing non-normal distributed standard deviations of population activity during SWS and REM sleep Wilcoxon’s
signed rank test was used. For correlation analyses, Pearson product-moment correlation
coefficients were calculated. Respective P-values were Bonferroni corrected.
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Fig. 1 Cortical calcium activity decreases and disperses during sleep.
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SOM-In (pink) during thirds of SWS (n: Pyr 255, PV-In 132, SOM-In 123) and REM
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(top) and spindle in-active (bottom). r-values and significances are indicated (** P <
0.01).
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0.05, for pairwise comparisons between conditions. Note, results confirm that REM sleep
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The present work examined the calcium activity of cortical circuits during sleep to gain
insight into how sleep affects neuronal plasticity. The fact that sleep architecture is defined by changes in the prevalent brain rhythms fits nicely with findings of study I that
interneurons display very specific activity patterns during the different sleep stages. This
study is the first investigating calcium activity levels of SOM-In and PV-In during sleep
and it revealed changes of the E/I balance during REM sleep, which might be associated
with the pruning observed on apical dendrites during REM sleep (Li et al., 2017). Surprisingly this study also showed that during REM sleep the excitatory activity is reduced
across the entire imaging area of the dorsal cortex. Previous work has suggested REM
sleep as an active state with cortical activity levels comparable to wakefulness. One potential explanation for this discrepancy might be the employed techniques. While former
studies used cell-unspecific techniques, we were the first to record calcium activity separately from excitatory pyramidal cells as well as inhibitory PV-In and SOM-In to overcome this important disadvantage of electrophysiological recordings. Electrophysiological studies have an increased risk of only considering particularly active cells, since rarely
active cells are very difficult to detect. PV-In belong to the most active cells and therefore
electrophysiological studies likely overestimate average global firing rates. We also performed additional wide field experiments showing similar overall activity reduction during REM sleep in deeper cortical layers to make our results more comparable with those
of other experiments.
Study II focused on the investigation of local calcium activity changes during SWS specific oscillatory events. We showed that calcium influx into excitatory pyramidal cells is
threefold higher during spindles occurring in the upstate of SOs than during solitary spindles or solitary SOs likely facilitating synaptic potentiation during such co-occurring
events. This fits well with findings from behavioral experiments showing strong correlations between SO-spindle coupling and memory performance after sleep (Helfrich et al.,
2017). In addition, we found that SOs, regardless of whether they occurred alone or coupled with a spindle, are associated with an increase in SOM-In activity prior to their
downstate. A recent study nicely complements this result by selectively manipulating the
activity of SOM-In for the induction of slow oscillations (Funk et al., 2017). Our finding
that spindles are always accompanied by increased PV-In activity and a simultaneous
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reduction of SOM-In activity suggests that the resulting low dendritic inhibition opens a
time window for enhanced dendritic plasticity. This hypothesis is supported by findings
that dendritic calcium is increased during spindles without necessarily reaching the cell’s
soma (Seibt et al., 2017). We showed that especially when spindles co-occur with SOs
the increased calcium influx into pyramidal cells together with the reduced dendritic inhibition might serve as a key mechanism for synaptic plasticity during sleep.
In study III we directly addressed the question whether both synaptic downscaling and
upscaling processes can be observed simultaneously during sleep and how this is related
to sleep-specific oscillations. First, we showed that SWS and REM sleep are both characterized by an overall reduction in pyramidal cell activity accompanied by a diversification of the network’s activity, i.e. an increase in variability. This supports the idea of
opposing synaptic scaling dynamics during sleep. Based on the results of study II we then
investigated whether those cells that are activated during sleep spindles also show
changes in their excitability. Indeed, we found that spindle-active cells increased their
activity, while spindle-inactive cells decreased their activity during SWS. Complementary analyses in which cells were clustered based on their activity during the SO upstate
and the mean activity during wakefulness showed that the increase in activity over the
course of SWS was specific for spindle-active cells. Our hypothesis that these cells also
show a relative increase in activity over the course of REM sleep was not confirmed.
Instead, we found that spindle-active cells decreased their activity during REM sleep
while spindle-inactive cells increased their activity. The decrease in activity of spindle
active cells as well as the decrease of the average activity across all cells during REM
sleep correlated with the duration of REM sleep epochs.

3.1 Sleep stages and synaptic plasticity
Although, the observed global synaptic downregulation speaks primarily to a general homeostatic regulatory function of sleep, it is unlikely to suffice as an explanation for the
active contribution of sleep to memory consolidation, as this requires an intricate balance
between a specific downregulation of some synaptic connections and sparing of downregulation (Tononi and Cirelli, 2014) or upregulation of yet other synaptic connections
(Niethard and Born, 2019). Indeed, it has been shown that synaptic rescaling during sleep
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is not restrained to the reduction of synaptic connectivity but includes also the augmentation of synaptic connections (for review see Raven et al., 2018).
Additionally, those two opposing dynamics during sleep seem to be differently regulated
by SWS and REM sleep (Niethard et al., 2017). Several studies have shown that cortical
and hippocampal activity is mainly reduced during REM sleep (Grosmark et al., 2012;
Watson et al., 2016). Study I also showed that the synaptic scaling processes during sleep
are diverse and not only dependent on the specific sleep stage but also on the cell type of
interest. We found that REM sleep is characterized by a relatively high cortical inhibition
through PV-In, which is in turn accompanied by increased postsynaptic GABA levels and
it was shown that postsynaptic GABA can induce spine shrinkage within one to two hours
(Hayama et al., 2013) – a time scale that corresponds well to durations of typical sleep
epochs. Therefore, REM sleep-dependent-GABA release could be one of the reasons for
the synaptic pruning observed during REM sleep. However, the mechanism how selective
cells and their synapses can be protected from pruning or even undergo a strengthening
is still elusive. Importantly, recent evidence suggests that in 30 % of REM sleep to SWS
transitions the hippocampus enters REM sleep before cortical areas (Durán et al., 2018;
Emrick et al., 2016) making it impossible to draw a precise temporal line between those
two brain states. Therefore, sleep stages cannot be regarded as uniform phenomena
throughout the whole brain.
Also, the findings from study III point towards a major role of REM sleep in reducing
synaptic strength and a select sleep spindle dependent increase of synaptic strength during
SWS. However, within the same cell both synaptic strengthening and weakening can occur during SWS and REM sleep, probably depending on synapse size (de Vivo et al.,
2017) and AMPA receptor densities (Diering et al., 2017). Therefore, it is unlikely that
the synaptic turnover in one cell is uniform during sleep, but rather that opposing dynamics can take place in the same cell. In fact, the morphology of excitatory cortical neurons
and their widespread dendritic trees suggest dendritic branches as a computational element mediating between synaptic and cellular plasticity. Anatomical and functional clustering of synaptic inputs on those branches has far-reaching consequences for signal processing within the cell (Moore et al., 2017) and branch-specific changes in dendritic excitability primes neighboring synapses for synaptic potentiation allowing the compart-
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mentalization of a neuron's information storage (Kastellakis et al., 2015). Therefore, beside the assumption that changes in synaptic strength encode memories, this suggests
synaptic clusters as the major cellular compartment where information could be stored.
A remaining question is what features determine which circuits should undergo synaptic
strengthening to consolidate memories. One potential mechanism for this could be the
reactivation of memory traces during sleep, more precisely the specific reactivation of
select cell ensembles during a certain oscillatory phase of the network.

3.2 Sleep oscillations and synaptic plasticity
As already mentioned, reactivation is a well-described and replicable phenomenon facilitating memory consolidation during sleep. However, the timing of reactivation is pivotal
to determine whether the reactivated circuits undergo strengthening or weakening. Oscillations are a crucial factor for mediating activity timing within a neural network, guiding
communication between cells and inducing synaptic plasticity. As mentioned before several characteristic oscillations can be observed during sleep. They are comprised of a variety of frequencies ranging from low to high frequency bands, each providing unique
time windows for synaptic plasticity and the consolidation of memories during sleep
(Puentes-Mestril et al., 2019). Based on those findings Study II and study III investigated
the impact of sleep-specific oscillations on cortical circuit activity.
Recent studies on memory consolidation during sleep have revealed that the local distribution of SOs predicts memory improvements after sleep (Heib et al., 2013; Tamaki et
al., 2013). Their causal role for memory consolidation during sleep is further supported
by studies showing better memory performance after applying non-invasive brain stimulation to induce SOs (Ngo et al., 2013b; Perrault et al., 2019). The results from study II
showed that SOs are accompanied by a distinct modulation of SOM-In. Interestingly, the
transition to the SO downstate was the only time point that was characterized by increased
dendritic inhibition through SOM-In. This constellation is very powerful in blocking dendritic calcium spikes and their propagation to the cell’s soma and therefore also the formation of new synapses. Indeed recent research showed that stimulating SOM-In cells
during learning reduces spine formation and memory performance (Chen et al., 2015). In
Study III we showed that the cell reactivation during the SO upstate leads to a significant
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reduction of pyramidal cell activity during subsequent REM sleep. These findings are
supported by a recent study showing that cells that are activated during the upstate of SOs
are more likely to show synaptic depression while their activation during the downstates
leads to synaptic potentiation (González-Rueda et al., 2018). In summary, it appears that
the precise time point/phase during which the previously encoded memory is re-activated
within the SO determines its fate.
Sleep spindles have been shown to occur more frequently in areas active during encoding
and their density correlates with memory consolidation (Cox et al., 2014). As described
before, the induction of synaptic potentiation or depotentiation is dependent on intra-cellular calcium concentrations and during sleep spindles apical dendrites show increased
local calcium influx in mice (Seibt et al., 2017). This together with the finding of branchspecific spine formation during SWS (Yang et al., 2014) indicates that spindles mediate
the plasticity of synaptic clusters through localized dendritic calcium influx. Our data
from study III fit nicely with the idea that reactivation during sleep spindles induces synaptic potentiation because only spindle active cells but not SO active cells underwent an
upscaling of their activity over the course of the respective SWS epoch.
Importantly, the before mentioned positive effect of induced SOs on memory consolidation is accompanied by an increased number of SO-coupled spindles (Ngo et al., 2013b,
2013a) and it is known that sleep spindles tend to nest in the upstate of SOs (Cox et al.,
2018; Klinzing et al., 2016; Mölle et al., 2006; Staresina et al., 2015). In line with this, it
was speculated that the beneficial effect on memory performance is mainly due to the
increase in SO-spindle coupling rather than SO density alone (Ngo et al., 2013b). Study
II indeed showed that the calcium influx in cortical pyramidal cells is more than threefold
higher during spindles nesting in the upstate of SOs compared to solitary spindles or solitary SOs suggesting that this constellation provides optimal conditions for inducing synaptic plasticity. Therefore, the timing between SOs and spindles appears as a key mechanism for synaptic plasticity and memory consolidation during sleep.
The temporal relation between spindles and SOs is of special interest because also hippocampal ripples (high frequency oscillations in the range of 100 - 300 Hz) tend to occur
time-locked to the negative trough of spindles. In rats the encoding of an object-place
recognition task results in higher coupling between cortical SOs, spindles and hippocampal ripples during the following SWS episode (Maingret et al., 2016). Importantly the
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beneficial effect of ripples on memory consolidation during sleep does not appear to stem
from potentiation of hippocampal synapses because the blockade of hippocampal ripples
prevents their downregulation (Norimoto et al., 2018). Instead, hippocampal ripples seem
to facilitate stronger cortical representations. Our results support this view. First, the reduced dendritic inhibition during spindles increases the impact of excitatory inputs onto
dendrites. Second, the increased excitatory cortical activity during spindles nesting in the
SO upstate could be the result of the excitation through increased hippocampal inputs
during ripple activity. It makes sense that blocking ripples also suppresses the hippocampal cortical input, which induces the actual strengthening of the cortical memory representation. Indeed, replay of place cells that previously were activated during the encoding
of a spatial environment is known to occur during hippocampal ripples (Chen and Wilson,
2017)) and blocking ripples during sleep results in impaired memory performance (EgoStengel and Wilson, 2010; Girardeau and Zugaro, 2011; Norimoto et al., 2018). This together with their high frequency turns hippocampal ripples into a good candidate for the
oscillatory mechanism that synchronizes the reactivation of memory relevant hippocampal and cortical circuits. Altogether, during SWS the co-occurrence of SOs, spindles and
ripples orchestrates a hippocampal - cortical loop that times hippocampal and cortical
memory reactivations. The unique constellation of cortical excitation and inhibition during those oscillations seems to play a major role in opening a time window for synaptic
plasticity on apical dendrites in cortical pyramidal cells to facilitate cortical memory representations and their uncoupling might explain memory impairments during aging
(Helfrich et al., 2017; Muehlroth et al., 2019).
The dominating EEG-rhythm during REM sleep is theta activity. In humans, the theta
power during REM sleep correlates with better memory in emotional memories
(Hutchison and Rathore, 2015; Nishida et al., 2009). Also in animals, REM theta activity
is important for the consolidation of cued fear memories and object-place recognition
tasks (Boyce et al., 2016). Furthermore, optogenetic stimulation of hippocampal theta
activity through PV-In can compensate the negative effects of sleep deprivation on the
consolidation of fear memories (Ognjanovski et al., 2018). Those results together with
our findings from study I suggests that PV-In activity is essential for synaptic plasticity
during REM sleep. Interestingly, hippocampal place cells that encode a location in a novel
environment tend to reactivate during the peak of REM theta, but once the environment
becomes familiar, they change their reactivation time point to the REM theta trough (Poe
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et al., 2000). This indicates that the novelty of the engram affects the precise phasing
properties of the reactivation of the involved cells during REM sleep.
Together, these findings suggest an important role of oscillatory events during SWS and
REM sleep for the coordinated reactivation of memory engrams during sleep. The order
in which SWS always occurs before REM sleep may be due to the fact that SWS must
first perform a basic memory stabilization before the permanent reduction of dendritic
inhibition can occur during REM sleep without compromising memory content. Although
this already explains some of the underlying mechanisms, it seems unlikely that the timing windows provided by specific oscillatory events alone orchestrate the complex process of determining which cells need to be strengthened, maintained or removed.

3.3 E/I balance and disease
While the present work focused on providing insights into basic research questions, the
findings can be related to several pathological phenomena. Diseases such as schizophrenia, autism, epilepsy or Alzheimer’s disease (AD) all share alterations of sleep and E/I
balance as common features. In the following, potential implications for AD are briefly
highlighted.
Since decades, AD has been under intensive investigation by researchers and clinicians.
Emerging evidence points towards a major role of an altered cortical E/I balance in patients with AD (Frere and Slutsky, 2018; Palop and Mucke, 2016; Palop et al., 2006).
Especially the loss and malfunction of SOM-In is a well-known phenomenon in AD mice
models (Moreno-Gonzalez et al., 2009; Ramos et al., 2006). Even though there is a study
using two-photon imaging in mice showing that the number of hippocampal SOM-In was
similar in an AD model compared with wild type mice this study also showed that SOMIn undergo dramatic morphological changes, including the loss of entire axons (Schmid
et al., 2016). Additionally, in human tissue it was shown that in tissue from AD patients
the number of PV-In is reduced (Takahashi et al., 2010) further underlining the AD related changes of inhibitory cells.
Beside the altered morphology of inhibitory neurons, disrupted sleep is a risk factor for
developing AD and AD patients’ sleep architecture has been shown to change even before
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clinical symptoms are present (Ju et al., 2014; Roh et al., 2014). In AD mice models,
increased periods of wakefulness and decreased sleep duration accompanies the beginning of amyloid plaque accumulation in the hippocampus and a strongly disrupted sleep
pattern can be observed once plaques become widespread (Roh et al., 2012). Therefore,
positive feedback loops between amyloid plaques, sleep and AD exist and it appears that
it is rather the reoccurring sequence of sleep loss and amyloid plaque accumulation causing the manifestation of AD than disrupted sleep or the accumulation of plaques alone.
Especially, the finding that spindle duration, count and density correlate negatively with
extracellular markers of AD (Kam et al., 2019) suggests a role of PV-In in AD related
changes of sleep. The present work supports this view and repeating study II in an AD
mouse model would provide insights in how the cortical circuit activity in AD is altered
during sleep.
Furthermore, AD is also associated with an impaired neurogenesis and the adult neurogenesis within the dentate gyrus is closely linked to GABAergic inputs (Kempermann et
al., 2015; Ming and Song, 2011; De Toni et al., 2008). Experiments using transgenic mice
expressing an APOE ε4gene as a model for AD disease showed that the gene expression
not only causes a reduction of GABAergic cells and synapses but also a reduced maturation of adult born granule cells (Li et al., 2009). Therefore, the specific regulation of cortical inhibition during sleep might play an important role for neurogenesis. Especially the
relatively high inhibition during REM sleep found in study I suggests REM sleep as a
regulator of adult neurogenesis via increased GABAergic inputs from PV-In. Future work
that records the activity of PV-In in the dentate gyrus during REM sleep in both wild type
and AD model mice would clarify whether and how sleep might affect neurogenesis in
health and disease.
Another factor that points towards a major role of an altered inhibitory cell function in
AD is the finding that AD patients also have an increased risk for developing epilepsy,
which is known to be accompanied by enhanced synaptic excitation (Pandis and
Scarmeas, 2012; Stief et al., 2007). Interestingly epileptic patients almost never show
seizures during REM sleep and study I suggests that this is due to the increased cortical
inhibition through PV-In. This hypothesis is further supported by a study showing that
epileptic seizures can be induced by silencing PV-In (Drexel et al., 2017).
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These and our findings together suggest an altered E/I balance during sleep as a potential
factor of AD. However, future studies are needed to investigate whether and how this
could provide a potential treatment.

3.4 Future directions
The research of inhibitory circuits during sleep is still in its infancy. However, our results
showed that both SWS and REM sleep are characterized by distinct changes of excitation
and inhibition. These results, together with the new methods available, will enable the
investigation of the specific underlying mechanisms and the resulting morphological
changes.
First, in the present work we investigated the calcium activity of the two major inhibitory
cell types. However, cortical circuits include several other inhibitory cell types and it is
very likely that they not only affect overall excitatory activity but also mediate activity
between PV-In and SOM-In. Another cell type that is a good candidate for mediating
between inhibitory and excitatory cell activity are astrocytes. However, their interaction
with neurons is still poorly understood. Newly available genetic vectors and transgenic
mouse lines will allow to reliably image their calcium activity during sleep. So far, evidence already shows that they are crucially involved in neuronal plasticity and memory
formation (Haydon and Nedergaard, 2015; De Pittà et al., 2016).
Second, the used microscope allowed a sampling of the calcium signal with acquisition
rates up to 6 Hz. Modern resonant scanning systems will allow to dramatically increase
the temporal resolution or to image an entire three dimensional cortical column (0.5 mm
x 0.5 mm x 0.5 mm) instead of a two dimensional plane (Prevedel et al., 2016). This,
together with newly available fluorescent calcium indicators, makes it possible to analyze
calcium activity of distinct cell types even for single oscillatory cycles of spindles during
SWS and theta activity during REM sleep within entire cortical columns.
Third, all our studies only recorded spontaneous activity of different cell types. Therefore,
we cannot draw any causal relations between sleep specific phenomena such as oscillations and the activity of certain cell types. Based on our results the selective manipulation
of SOM-In during sleep could be used to directly proof their influence on synaptic plasticity during sleep.
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Lastly, even though we complemented our two-photon data with wide field calcium imaging of almost the entire dorsal surface of the brain we were not able to investigate the
activity of subcortical structures such as the hippocampus and the thalamus. Future studies combining memory tasks with subcortical electrophysiological recordings and cortical
calcium imaging will allow untangling temporal relationships between the different areas,
which is needed to investigate whether and how the reactivation of a memory representation finally leads to a stable cortical representation.

3.5 Concluding remarks
In our work, we showed that sleep is characterized by unique calcium activity changes of
excitatory and inhibitory circuits and that those changes of the E/I balance are essential
for our brains to remain plastic. This together with the current state of research suggests
sleep as an active state, which allows the brain to further process information it has acquired during wakefulness and the disconnection from the outer world during sleep is
most likely necessary to not interfere with this process. To get back to the beginning of
this thesis, therefore instead of considering sleep as the brother of the death probably the
best matching deity of roman antiquity would be Genius, the personal guardian, granting
intellect and strength.
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