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results from the activity of multiple neurotransmitter systems, including
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signals and the progressive accumulation of hypnogenic factors (e.g.,
adenosine) during waking ultimately activate non-REM-promoting
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to the inhibition of the wake-active neurons widely distributed within the
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Abstract

The present chapter summarizes current hypotheses on the mechanisms underlying the onset,
maintenance and termination of waking and non-rapid eye movement (non-REM) also called
slow wave sleep. Waking results from the activity of multiple neurotransmitter systems,
including the serotonergic, noradrenergic, histaminergic, cholinergic and hypocretin systems.
According to the current model, both circadian signals and the progressive accumulation of
hypnogenic factors (e.g., adenosine) during waking ultimately activate non-REM-promoting
neurons. A number of convincing studies supports the hypothesis that non-REM sleep results
from the activation of GABAergic neurons localized at least in the preoptic area of the anterior
hypothalamus (POA) leading to the inhibition of the wake-active neurons widely distributed

within the whole brain.

Key points

- The balance between non-REM and waking is due to reciprocal inhibitory
projections between non-REM-promoting and wake-promoting neurons widely
distributed within the brain.

- Amassing experimental studies evidence a multi-circuit origin for NREM sleep.

Page 2 of 17
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Introduction

In mammals, there are three vigilance states characterized by differences in
electroencephalogram (EEG), electromyogram (EMG) and electro-oculogram (EOG)
recordings. The waking is characterized by high-frequency (40-300 Hz), low-amplitude
(desynchronized) EEG activity, sustained EMG activity and ocular movements; non-rapid eye
movement sleep (non-REM, also coined slow-wave sleep), is characterized by low-frequency
(0.5-4 Hz), high-amplitude (synchronized) EEG oscillations, low EMG activity without ocular
movement; and rapid eye movement (REM, also called paradoxical sleep, is defined by a
predominant theta (6-9 Hz) and gamma (30-300 Hz) EEG rhythms similar to that of waking
concomitant to the disappearance of postural muscle tone and the occurrence of REMs and
muscle twitches (Adamantidis, Gutierrez Herrera, & Gent, 2019).

Neuropathological evidence from the 19th century indicates that altered states of vigilance can
be induced by focal brain lesions and that different neurochemical mechanisms are responsible
for the succession of the vigilance states across the 24 hours day (Fort, Bassetti, & Luppi,
2009). Here we review the experimental evidence demonstrating a role for neuronal networks

in the sleep-wake control.

Mechanisms involved in waking

The activated cortical state during waking is induced by the activity of multiple neurochemical
systems. Some of these belong to the ascending reticular activating system. Within the
brainstem, they include the serotonergic neurons mainly localized in the dorsal raphe nucleus,
noradrenergic neurons in the locus coeruleus, cholinergic neurons in the pontine tegmentum.
Other rostrally located systems (Figure 1) include the cholinergic neurons in the basal
forebrain, the histaminergic neurons in the tuberomammillary nucleus, and the
hypocretins/orexins system found in the lateral hypothalamus (Fort et al., 2009).

The activation of these systems controls wakefulness and arousal through brain-wide
projections in particular those reaching the basal forebrain, thalamus and neocortex, while their
descending projections modulate physiological activity (somatosensory and motor systems). It
is known for decades that monoaminerg@eurons discharge during efulness, decrease
their activity during non-REM sleep to become silent during REM sleeg%i(he progressive and
simultaneous inactivation of all waking systems eventually results in the low-frequency, high-
amplitude delta EEG oscillatory activity typical of non-REM sleep and generated by thalamo-
cortical networks (Fort et al., 2009). The main brain inhibitory neurotransmitter, the gamma-

aminobutyric acid (GABA), likely mediates the sleep-dependant tonic inhibition of the wake-


N/A
Sticky Note
at the exception of Dopaminergic neurons

N/A
Sticky Note
although in the last 10yrs, some studies raised a certain level of heterogeneity within these monoaminergic systems notably 5-HT showing discharge activity correlating with sleep stages or state-independent firing (sakai, 2011; Kocsis et al 2006). 
In general a quick update/summarize on monoaminergic systems & sleep/wake literature could be added evoking functional & phenotypical heterogeneity (diverse electrophysiological profiles + a note about the latest opto/calcium imaging oikonomou et al 2019 on 5-HT role in sleep promotion; recent transcriptomic studies and anatomical tracing in some of these nuclei indicating diverse sub-populations... = quid of the relevance in sleep?) and possible co-transmission of neurotransmitters (e.g. histamine & gaba to control wake Yu et al, 2015, Neuron; 5-HT and glutamate...). Or revise a bit the abstract and keywords of the chapter as serotonin, norepinephrine and histamine are not much developed.
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active neurons since application of a GABA 4 receptor blockers (bicuculline) during non-REM
and REM sleep restores their typical wake-related firing in both serotonergic and noradrenergic

neurons (Gervasoni et al., 1998; 2000).
Place Figure 1 here

Additional brain areas have been causally implicated in the control of waking. Those include
the lateral hypothalamus (LH), a phylogenetically conserved brain region in vertebrates, that
is critical for maintaining physiological and behavioural homeostasis, including energy
homeostasis, stress response, and goal-oriented behaviours to natural (food, sex) and artificial
(drug) rewards. Anatomical and functional evidence indicates that the LH contains a large
diversity of cell populations with complex neurochemical profiles (i.e., transmitters,
neuropeptides, and multiple transmembrane receptors) and electrophysiological fingerprints.
Those include glutamate, GABA, neuropeptide Y (NPY), melanocortins (POMC), substance
P, dynorphin, nesfatin-1, Cocaine and Amphetamine-Regulated Transcripts (CART),
histamine, Hypocretins/Orexins (Hcrt/Ox), Melanin-Concentrating Hormone (MCH), and
dopamine (A11). These neuronal populations form an intricate local and extensive network of
excitatory and inhibitory cells, each of which has a specific role in hypothalamic physiological
functionlgfij

Solid experimental evidence indicates that neurons located in the LH play also an essential role
in the regulation of the sleep-wake states. Electrophysiological recordings of LH cells in freely-
moving rodents showed that activity in a wide variety of these neurons correlated with either
REM or wake states, and to a lesser extent with non-REM sleep. Amongst those, Hert/Ox and
MCH neurons showed opposite discharge profiles, with higher activities during waking or
REM sleep, respectively (Lee, Hassani, & Jones, 2005; Mileykovskiy, Kiyashchenko, &
Siegel, 2005; Takahashi, Lin, & Sakai, 2008). The use of optogenetics have further implicated
some these neurons in the onset and maintenance of waking (Adamantidis, Zhang, Aravanis,
Deisseroth, & de Lecea, 2007; Carter et al., 2012) and REM sleep (Jego et al., 2013;
Konadhode et al., 2013). In addition, LH GABAergic neurons (as defined by their expression
of the vesicular glutamic acid transporter, vGAT) showed high discharge rates during either
wake (~ 45%), non-REM (<15%), or REM sleep (40%) (Hassani, Henny, Lee, & Jones, 2010),
indicating a strong heterogeneity amongst hypothalamic GABA cells. Beside local GABA
inter-neurons, a large proportion of wake-promoting GABA neurons with LH send long-range

ascending projections to sleep nuclei in the POA, where they inhibit sleep-promoting neurons
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(Venner, Anaclet, Broadhurst, Saper, & Fuller, 2016), as well as in the thalamus and cerebral
cortex. Interestingly, some of these neurons synapse onto thalamic reticular (RTN) neurons
and induce arousal exclusively from non-REM (Herrera et al., 2016) through a feedforward
disinhibition of thalamo-cortical networks, and to a lesser extent to arousal-promoting LC.
These studies demonstrate a large functional diversity among inhibitory LH neuron populations

implicated in waking control, which remains to be fully elucidate@

Finally, recent works identified new populations of neurons whose opto- or chemogenetic
activation results in rapid transition from sleep to waking. Those include dopaminergic neurons
from the ventral tegmental area (VTA) (Eban-Rothschild, Rothschild, Giardino, Jones, & de
Lecea, 2016), neurons located in the supramamillary nuclei (Pedersen et al., 2017), the external
lateral parabrachial nucleus (Kaur et al., ZO%JQiu, Chen, Fuller, & Lu, 2016), or the
pedunculopontine tegmental (PPT) nucleus (Kroeger et al., 2017} dopamine D1 receptor
(D1R)-expressing neurons in the nucleus accumben@uo et al,, 2018) and GABAergic
neurons from the superior colliculus (Z. Zhang, Liu, et al., 2019a). Neural circuits supporting
the onset and maintenance of wakefulness show a high redunda}r%however, whether these

circuits support redundant or specific/selective regulatory pathwa mains to be investigated.

Mechanisms involved in the onset and maintenance of non-REM sleep

Our understanding of the neural mechanisms underlying non-REM sleep have progressed over
the last decades, yet its brain-wide organization in space and time remains unclear. Recent
studies identified multiple cell population whose activity strongly correlates with NREM sleep
in several brain areas, suggesting a multiple origin of NREM sleep onset.

Original study from the neuropathologist von Economo followed patients with post-influenza
encephalitis and reported that inflammatory lesions of the preoptic area (POA) within the
anterior hypothalamus were often associated with insomnia and therefore proposed that the
POA was critical for the production of normal sleep (economo C, 1930). This was further
confirmed in monkeys, rats, and cats where POA lesions or stimulation consistently induced a
profound and persistent insomnia, or EEG slow wave activity and non-REM sleep respectively
(Fort et al., 2009). Consistent with this findings, putative sleep-promoting neurons displaying
an elevated discharge rate that positively correlate with sleep depth and non-REM sleep
duration, as compared to waking were recorded in within a large region encompassing the

horizontal limb of the diagonal bands of Broca, POA and substantia innominata in freely-
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moving cats (Fort et al., 2009). Some of these neurons are also active during PS with a higher
firing frequency than during the preceding non-REM sleep. Interestingly, the number of c-Fos-
immunoreactiv%:urons in the ventrolateral (VLPO) and median (MnPn) preoptic nuclei of
the POA positively correlated with sleep quantity and sleep consolidation, suggesting that
VLPO neurons are responsible for the induction of sleep while MnPn neurons serve a
homeostatic role in sleep (Gvilia, Xu, McGinty, & Szymusiak, 2006; Sherin, Elmquist,
Torrealba, & Saper, 1998). It was later demonstrated that VLPO and the suprachiasmatic
nucleus (SCN), responsible for the circadian organization of the sleep-waking cycle, have
synchronized activity. Considering that both areas are interconnected and receive inputs from
the retinal ganglion cells, it is, thus, possible that circadian- and photic-linked information may
be conveyed to modulate VLPO activity (Fort et al., 2009) (Figure 2). Retrograde and
anterograde tract-tracing studies indicate that VLPO and MnPn neurons are synaptically
connected with, and fire in a reciprocal pattern (i.e. opposite) than, the wake-active neurons
(see below). In these wake-promoting areas, extracellular levels of GABA, of putative
hypothalamic origin, increase during SWS compared to waking, as suggested by GABA-
mediated inhibition of TMN neurons upon electrical stimulation of the VLPO area (Fort et al.,
2009). Accordingly, a recent study further characterized the chemical nature sleep-promoting
inhibitory neurons in this area that were originally described found to et%ss both galanin and
glutamic acid decarboxylase (GAD), the GABA-synthesizing enzyme” (Chung et al., 2017).
Furthermore, Chemogenetic activation of VLPO galaninergic neurons induced an increase in
NREM sleep, accompanied with a decrease of REM sleep duration and body temperature in
mice (Kroeger et al., ZOIS%hiS sleep-temperature response belongs to the physiological
changes in brain and the body that occur at sleep onset, and question the role of VLPO neurons
as the unique substrate for NREM sleep in the mammalian brain (see below).

Electrophysiological whole-cell recordings showed that VLPO contains neuronal groups with
specific intrinsic membrane properties, distinct chemo-morphology and that they are inhibited
by most of the waking neurotransmitters (Gallopin et al., 2000; 2005). Sleep-active neurons
are GABAergic and galaninergic in nature, multipolar triangular shaped, and exhibit a potent
low threshold calcium potential. These neurons are always inhibited by noradrenaline (NA),
via postsynaptic alpha2-adrenoceptors. Interestingly, NA-inhibited neurons are also inhibited
by acetylcholine, through muscarinic postsynaptic and nicotinic presynaptic actions on
noradrenergic terminals. In contrast, histamine and hypocretin did not modulate the activity of
the sleep-active neurons. Finally, serotonin induced either excitation (50%, Type 2) or

inhibition (50%, Type 1) of VLPO neurons (Gallopin et al., 2005; Sangare, Dubourget,
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Geoffroy, Gallopin, & Rancillac, 2016). Recent studies indicate that glucose is able to promote
sleep by activating VLPO neurons (Varin et al., 2015), possibly through astrocyte-release
adenosine (Scharbarg et al., 2016)

Early sleep-wake models (Saper, Fuller, Pedersen, Lu, & Scammell, 2010) posit that sleep
onset result from a sustained coordinated inhibition of the multiple arousal systems of the
ascending reticular activating system (ARAS) by the hypnogenic center, namely POA-based
circuits (Figure 2). Conversely, emergence from sleep would results from a rapid reactivation
of arousal circuits, concomitant with the inhibition of VLPO neurons (Fort et al., 2009).
However, this remains to be demonstrated in light of the complexity of the network responsible
for sleep-wake states. Indeed, over the last years, several populations of neurons disseminated

from the upper brainstem, to the hypothalamus and basal forebrain@

Place Figure 2 here

Sleep is homeostatically regulated because sleep pressure progressively builds up during
waking and dissipate during sleep (Fort et al., 2009; Saper et al., 2010). Therefore, natural
sleep-promoting factors accumulating during waking represent homeostatic regulators that are
essential to the triggering of sleep. Yet, the underlying mechanisms remains unclear. Among
these factors, prostaglandin D2 and adenosine have been functionally implicated in sleep,
although their neuronal targets and mechanisms of action remain largely unknown. Indeed,
application of an adenosine, or an A, receptor (A,oR) agonist, evoked direct excitatory effects
on sleep-active neurons (Fort et al., 2009), induces c-Fos expression in VLPO neurons and
increases SWS in rodents (Lazarus, Huang, Lu, Urade, & Chen, 2012) (Figure 2).
Interestingly, some of the adenosine effects show site-specific modulatory action. Inhibition of
the expression of A;sR in the shell region of the nucleus accumbens (NAc) is sufficient to
block the induction of waking induced by caffeine (Lazarus et al., 2012). This finding suggests
that the induction of sleep not only results from the activation of VLPO neurons, but also from
the adenosine activation of A;sR and inhibition of NAc GABAergi@urons (Lazarus et al.,
2012) . Supporting this view, adenosine A; receptors (A;R) promote sleep through inhibition

of the wake-promoting neurons, in particular cholinergic and hypocretins/orexins neurons
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(Porkka-Heiskanen, Strecker, & McCarley, 2000), despite the finding that transgenic mice that
lack AR exhibit normal homeostatic regulation of sleep. In contrast, the lack of A;sR prevents
normal sleep regulation and blocks the wake-inducing effect of caffeine, suggesting that the

activation of A,5R is crucial in SWS (Huang, Urade, & Hayaishi, 2011).

Over the last years novel technologies such as opto-, or chemo-, genetic approaches to
manipulate the activity of genetically targeted neurons were essential in identifying a
substantial number of neurons whose activity, or lack thereof, is causally involved with the
onset, or maintenance, of NREM sleep. Interestingly what was previously identified as
inhibitory cells from the POA was dissected in several sub-population of neurons all promoting
NREM sleep (Chung et al., 2017). In addition, neurons from the nucleus accumbens (A;5R)
(Oishi et al., 2017), GABAergic neurons from the parafacial zone (Anaclet et al., 2014;
Anaclet, Griffith, & Fuller, 2018), neurotensinergic from the midbrain (Zhong et al., 2019) and
GABAergic of the ventral medial midbrain/pons(Takata et al., 2018), as well as some
excitatory neurons from the perioculomotor nuclei (Z. Zhang, Zhong, et al., 2019b), POA-
projecting galanin-expressing GABAergic neurons in the dorsomedial hypothalamus (DMH)
(K.-S. Chen et al., 2018), somatostatin-positive (SOM+) GABAergic neurons (M. Xu et al.,
2015), neurons form the midbrain RMTg nuclei (Yang et al., 2018), as well as striatal A;aR

neuron /GPe PV neuron circuits involved in the adenosine-induced sleep (Yuan et al., 201@

all were found to induce NREM sleep with variable latencies.

Finally, NREM sleep is defined primarily by a specific set of cortical EEG oscillations
including slow waves, delta waves or sleep spindles all of which results from thalamo-cortical
circuit activity (Adamantidis et al., 2019). Thus, neurons located in the neocortex and thalamus
have been suggested to play a role in NREM sleep regulation. As such, cortical interneurons
expressing neuronal nitric oxide synthase (nNOS) control both NREM amount and slow wave
activity (Gerashchenko et al., 2008). Similarly, patterned activity of somatostatin and
parvalbumin neurons underlies NREM sleep slow wave generation and propagation (Beltramo
et al., 2013; Funk et al., 2017; Neske & Connors, 2016). At the cellular level, some of these
rhythms in the frontal area of the brain are under a direct modulation by neurons of the medio-
dorsal thalamus (Gent, Bandarabadi, Herrera, & Adamantidis, 2018a; Lemieux, Chauvette, &
Timofeev, 2015). At the behavioural level, tonic firing of medio-dorsal thalamic neurons is
associated with the onset and maintenance of waking, while their burst firing is associated with

a sleep-promoting function (Gent et al., 2018a; Giber et al., 2015). These findings suggest that

Page 8 of 17


N/A
Sticky Note
along with basal ganglia network, a recent paper could added, which found that GABAergic GAD2-expressing neurons of the substancia nigra pars reticulata also promote sleep. consistent with the other findings relating the striatal indirect pathway to sleep facilitation (Liu et al, Science, 2020).


Page 9 of 17

ESRS Book

Wake and NREM sleep circuits

these neurons, and probably unidentified others, represent a functional hub that integrates
converging subcortical inputs into synchronous thalamo-cortical network activities typical of
NREM sleep (Gent, Bassetti, & Adamantidis, 2018b). How are these oscillatory activities
orchestrated in space and time, together with the typical cellular activity found in the anterior
hypothalamus, basal forebrain, midbrain and lower brainstem (described above), across the

different vigilance states remains to be investigated.

Conclusion

Since the first identification of sleep-promoting neurons in the preoptic and anterior
hypothalamus (Fort et al., 2009; Saper et al., 2010), the use of new technologies to either
correlate (e.g., single unit recording, cell activity imaging) neuronal activities with sleep-wake
states have led to the identification of multiple circuits involved in NREM sleep. Some of these
were further confirmed to be critically involved in some aspect of NREM sleep using
pharmaco- and opto-genetics in rodents. Yet, the precise mechanisms underlying the onset and
homeostatic control of NREM sleep remain unclear. In addition to the POA/VLPO/MnPn
nuclei originally implicated in the mechanisms of waking/NREM sleep alternation (flip-flop
model), we reviewed an amassing number of novel neural circuits likely contributing to the
contro NREM sleep that is consistent with the global-to-local paradigm shift of sleep
controd%ollectively these studies all support a multiple origin of NREM sleep, that strikingly
resemble the functional architecture of the numerous wake-promoting circuits of the

mammalian brain. Whether they represent redundant or highly specialized circuitries remains

to be investigated.
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Figure legend

Figure 1. Neuronal networks responsible for waking.

At sleep-wake transitions, the hypocretin neurons would be the first to start firing, exciting all
the other waking systems (histaminergic, monoaminergic and cholinergic). In turn, these
waking systems activate the thalamus and/or the cortex, leading to cortical activation and also,
importantly, inhibit the GABAergic SWS (Non-REM sleep)-active neurons of the VLPO and
MnPn.

Abbreviations: SHT, 5-hydroxytryptamine (serotonin), Ach, acetylcholine; ADA, adenosine;
BF, basal forebrain, DPGi, dorsal paragigantocellular reticular nucleus; dDPMe, deep
mesencephalic reticular nucleus; DRN, dorsal raphe nucleus; GABA, gamma-aminobutyric
acid; GiV, ventral gigantocellular reticular nucleus; Gly, glycine; Hert, hypocretin (orexin)-
containing neurons; His, histamine; LC, locus coeruleus; LdT, laterodorsal tegmental nucleus;
MCH, melanin concentrating hormone-containing neurons; NA, noradrenaline; PH, posterior
hypothalamus; PPT, pedunculopontine tegmental nucleus; PS, paradoxical sleep; RT, reticular
thalamic neurons; SCN, suprachiasmatic nucleus; SLD, sublaterodorsal nucleus; SWS, slow-
wave sleep; TMN, tuberomamillary nucleus; vIPAG, ventrolateral periaqueductal gray; VLPO,
ventrolateral preoptic nucleus; W, waking.

Figure 2. Neuronal networks responsible for slow-wave (non-rapid-eye movement [REM])
sleep.

VLPO and MnPo GABAergic neurons would be inhibited by noradrenergic and cholinergic
inputs during waking. The majority of them would start firing at sleep onset (drowsiness) in
response to excitatory, homeostatic (adenosine) and circadian drives (suprachiasmatic input).
These activated neurons, through the reciprocal GABAergic inhibition of all wake-promoting

systems, would be in a position to suddenly unbalance the “flip-flop” network, as required for
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switching from waking (drowsiness) to a consolidation of SWS sleep. Conversely, the slow
removal of excitatory influences would result in a progressive firing decrease in VLPO neurons

and therefore an activation of wake-promoting systems leading to the awakening event.



ESRS Book

Wake and NREM sleep circuits

References

Adamantidis, A. R., Gutierrez Herrera, C., & Gent, T. C. (2019). Oscillating circuitries in the
sleeping brain. Nature Reviews. Neuroscience, 20(12), 746—762.
http://doi.org/10.1038/s41583-019-0223-4

Adamantidis, A. R., Zhang, F., Aravanis, A. M., Deisseroth, K., & de Lecea, L. (2007).
Neural substrates of awakening probed with optogenetic control of hypocretin neurons.
Nature, 450(7168), 420—424. http://doi.org/10.1038/nature06310

Anaclet, C., Ferrari, L., Arrigoni, E., Bass, C. E., Saper, C. B., Lu, J., & Fuller, P. M. (2014).
The GABAergic parafacial zone is a medullary slow wave sleep-promoting center.
Nature Neuroscience, 17(9), 1217-1224. http://doi.org/10.1038/nn.3789

Anaclet, C., Griffith, K., & Fuller, P. M. (2018). Activation of the GABAergic Parafacial
Zone Maintains Sleep and Counteracts the Wake-Promoting Action of the
Psychostimulants Armodafinil and Caffeine. Neuropsychopharmacology, 43(2), 415—
425. http://doi.org/10.1038/npp.2017.152

Beltramo, R., D'Urso, G., Dal Maschio, M., Farisello, P., Bovetti, S., Clovis, Y., et al. (2013).
Layer-specific excitatory circuits differentially control recurrent network dynamics in the
neocortex. Nature Neuroscience, 16(2), 227-234. http://doi.org/10.1038/nn.3306

Carter, M. E., Brill, J., Bonnavion, P., Huguenard, J. R., Huerta, R., & de Lecea, L. (2012).
Mechanism for Hypocretin-mediated sleep-to-wake transitions. Proceedings of the
National Academy of Sciences, 109(39), E2635—44.
http://doi.org/10.1073/pnas.1202526109

Chen, K.-S., Xu, M., Zhang, Z., Chang, W.-C., Gaj, T., Schaffer, D. V., & Dan, Y. (2018). A
Hypothalamic Switch for REM and Non-REM Sleep. Neuron, 97(5), 1168—1176.e4.
http://doi.org/10.1016/j.neuron.2018.02.005

Chung, S., Weber, F., Zhong, P., Tan, C. L., Nguyen, T. N., Beier, K. T., et al. (2017).
Identification of preoptic sleep neurons using retrograde labelling and gene profiling.
Nature, 545(7655), 477-481. http://doi.org/10.1038/nature22350

Eban-Rothschild, A., Rothschild, G., Giardino, W. J., Jones, J. R., & de Lecea, L. (2016).
VTA dopaminergic neurons regulate ethologically relevant sleep-wake behaviors. Nature
Neuroscience, 19(10), 1356—-1366. http://doi.org/10.1038/nn.4377

economo C, von. (1930). Sleep as a problem of localization. J Nerv Ment Dis, (71), 249-259.

Fort, P., Bassetti, C. L., & Luppi, P. H. (2009). Alternating vigilance states: new insights
regarding neuronal networks and mechanisms. The European Journal of Neuroscience,
29(9), 1741-1753. http://doi.org/10.1111/j.1460-9568.2009.06722.x

Funk, C. M., Peelman, K., Bellesi, M., Marshall, W., Cirelli, C., & Tononi, G. (2017). Role
of Somatostatin-Positive Cortical Interneurons in the Generation of Sleep Slow Waves.
The Journal of Neuroscience, 37(38), 9132-9148.
http://doi.org/10.1523/JNEUROSCI.1303-17.2017

Gallopin, T., Fort, P., Eggermann, E., Cauli, B., Luppi, P. H., Rossier, J., et al. (2000).
Identification of sleep-promoting neurons in vitro. Nature, 404(6781), 992-995.
http://doi.org/10.1038/35010109

Gallopin, T., Luppi, P. H., Cauli, B., Urade, Y., Rossier, J., Hayaishi, O., et al. (2005). The
endogenous somnogen adenosine excites a subset of sleep-promoting neurons via A2A
receptors in the ventrolateral preoptic nucleus. Neuroscience, 134(4), 1377-1390.
http://doi.org/10.1016/j.neuroscience.2005.05.045

Gent, T. C., Bandarabadi, M., Herrera, C. G., & Adamantidis, A. R. (2018a). Thalamic dual
control of sleep and wakefulness. Nature Neuroscience, 21(7), 974—.
http://doi.org/10.1038/s41593-018-0164-7

Page 12 of 17



Page 13 of 17

ESRS Book

Wake and NREM sleep circuits

Gent, T. C., Bassetti, C. L. A., & Adamantidis, A. R. (2018b). Sleep-wake control and the
thalamus. Current Opinion in Neurobiology, 52, 188—197.
http://doi.org/10.1016/j.conb.2018.08.002

Gerashchenko, D., Wisor, J. P., Burns, D., Reh, R. K., Shiromani, P. J., Sakurai, T., et al.
(2008). Identification of a population of sleep-active cerebral cortex neurons.
Proceedings of the National Academy of Sciences, 105(29), 10227-10232.
http://doi.org/10.1073/pnas.0803125105

Gervasoni, D., Darracq, L., Fort, P., Souli¢re, F., Chouvet, G., & Luppi, P. H. (1998).
Electrophysiological evidence that noradrenergic neurons of the rat locus coeruleus are
tonically inhibited by GABA during sleep. The European Journal of Neuroscience,
10(3), 964-970. http://doi.org/10.1046/j.1460-9568.1998.00106.x

Gervasoni, D., Peyron, C., Rampon, C., Barbagli, B., Chouvet, G., Urbain, N., et al. (2000).
Role and origin of the GABAergic innervation of dorsal raphe serotonergic neurons. 7The
Journal of Neuroscience , 20(11), 4217-4225. http://doi.org/10.1523/JNEUROSCI.20-
11-04217.2000

Giber, K., Diana, M. A., M Plattner, V., Dugué, G. P., Bokor, H., Rousseau, C. V., et al.
(2015). A subcortical inhibitory signal for behavioral arrest in the thalamus. Nature
Neuroscience, 18(4), 562—568. http://doi.org/10.1038/nn.3951

Gvilia, 1., Xu, F., McGinty, D., & Szymusiak, R. (2006). Homeostatic regulation of sleep: a
role for preoptic area neurons. The Journal of Neuroscience , 26(37), 9426-9433.
http://doi.org/10.1523/JINEUROSCI.2012-06.2006

Hassani, O. K., Henny, P., Lee, M. G., & Jones, B. E. (2010). GABAergic neurons
intermingled with orexin and MCH neurons in the lateral hypothalamus discharge
maximally during sleep. The European Journal of Neuroscience, 32(3), 448—457.
http://doi.org/10.1111/j.1460-9568.2010.07295.x

Herrera, C. G., Cadavieco, M. C., Jego, S., Ponomarenko, A., Korotkova, T., & Adamantidis,
A. (2016). Hypothalamic feedforward inhibition of thalamocortical network controls
arousal and consciousness. Nature Neuroscience, 19(2), 290-298.
http://doi.org/10.1038/nn.4209

Huang, Z.-L., Urade, Y., & Hayaishi, O. (2011). The role of adenosine in the regulation of
sleep. Current Topics in Medicinal Chemistry, 11(8), 1047-1057.
http://doi.org/10.2174/156802611795347654

Jego, S., Glasgow, S. D., Herrera, C. G., Ekstrand, M., Reed, S. J., Boyce, R., et al. (2013).
Optogenetic identification of a rapid eye movement sleep modulatory circuit in the
hypothalamus. Nature Neuroscience, 16(11), 1637—1643. http://doi.org/10.1038/nn.3522

Kaur, S., Wang, J. L., Ferrari, L., Thankachan, S., Kroeger, D., Venner, A., et al. (2017). A
Genetically Defined Circuit for Arousal from Sleep during Hypercapnia. Neuron, 96(5),
1153-1167.e5. http://doi.org/10.1016/j.neuron.2017.10.009

Konadhode, R. R., Pelluru, D., Blanco-Centurion, C., Zayachkivsky, A., Liu, M., Uhde, T., et
al. (2013). Optogenetic stimulation of MCH neurons increases sleep. Journal of
Neuroscience, 33(25), 10257—-10263. http://doi.org/10.1523/INEUROSCI.1225-13.2013

Kroeger, D., Absi, G., Gagliardi, C., Bandaru, S. S., Madara, J. C., Ferrari, L. L., et al.
(2018). Galanin neurons in the ventrolateral preoptic area promote sleep and heat loss in
mice. Nature Communications, 9(1), 4129. http://doi.org/10.1038/s41467-018-06590-7

Kroeger, D., Ferrari, L. L., Petit, G., Mahoney, C. E., Fuller, P. M., Arrigoni, E., &
Scammell, T. E. (2017). Cholinergic, Glutamatergic, and GABAergic Neurons of the
Pedunculopontine Tegmental Nucleus Have Distinct Effects on Sleep/Wake Behavior in
Mice. The Journal of Neuroscience , 37(5), 1352—1366.
http://doi.org/10.1523/JINEUROSCI.1405-16.2016



ESRS Book Page 14 of 17

Wake and NREM sleep circuits

Lazarus, M., Huang, Z.-L., Lu, J., Urade, Y., & Chen, J.-F. (2012). How do the basal ganglia
regulate sleep-wake behavior? Trends in Neurosciences, 35(12), 723-732.
http://doi.org/10.1016/5.tins.2012.07.001

Lee, M. G., Hassani, O. K., & Jones, B. E. (2005). Discharge of identified orexin/hypocretin
neurons across the sleep-waking cycle. The Journal of Neuroscience , 25(28), 6716—
6720. http://doi.org/10.1523/JNEUROSCI.1887-05.2005

Lemieux, M., Chauvette, S., & Timofeev, I. (2015). Neocortical inhibitory activities and
long-range afferents contribute to the synchronous onset of silent states of the neocortical
slow oscillation. Journal of Neurophysiology, 113(3), 768—779.
http://doi.org/10.1152/jn.00858.2013

Luo, Y.-J., Li, Y.-D., Wang, L., Yang, S.-R., Yuan, X.-S., Wang, J., et al. (2018). Nucleus
accumbens controls wakefulness by a subpopulation of neurons expressing dopamine D1
receptors. Nature Communications, 9(1), 1576—17. http://doi.org/10.1038/s41467-018-
03889-3

Mileykovskiy, B. Y., Kiyashchenko, L. 1., & Siegel, J. M. (2005). Behavioral correlates of
activity in identified hypocretin/orexin neurons. Neuron, 46(5), 787-798.
http://doi.org/10.1016/j.neuron.2005.04.035

Neske, G. T., & Connors, B. W. (2016). Distinct Roles of SOM and VIP Interneurons during
Cortical Up States. Frontiers in Neural Circuits, 10(52), 52.
http://doi.org/10.3389/fncir.2016.00052

Oishi, Y., Xu, Q., Wang, L., Zhang, B.-J., Takahashi, K., Takata, Y., et al. (2017). Slow-
wave sleep is controlled by a subset of nucleus accumbens core neurons in mice. Nature
Communications, 8(1), 734. http://doi.org/10.1038/s41467-017-00781-4

Pedersen, N. P., Ferrari, L., Venner, A., Wang, J. L., Abbott, S. B. G., Vujovic, N, et al.
(2017). Supramammillary glutamate neurons are a key node of the arousal system.
Nature Communications, 8(1), 1405. http://doi.org/10.1038/s41467-017-01004-6

Porkka-Heiskanen, T., Strecker, R. E., & McCarley, R. W. (2000). Brain site-specificity of
extracellular adenosine concentration changes during sleep deprivation and spontaneous
sleep: an in vivo microdialysis study. Neuroscience, 99(3), 507-517.
http://doi.org/10.1016/s0306-4522(00)00220-7

Qiu, M. H., Chen, M. C., Fuller, P. M., & Lu, J. (2016). Stimulation of the Pontine
Parabrachial Nucleus Promotes Wakefulness via Extra-thalamic Forebrain Circuit Nodes.
Curr Biol, 26(17), 2301-2312. http://doi.org/10.1016/j.cub.2016.07.054

Sangare, A., Dubourget, R., Geoffroy, H., Gallopin, T., & Rancillac, A. (2016). Serotonin
differentially modulates excitatory and inhibitory synaptic inputs to putative sleep-
promoting neurons of the ventrolateral preoptic nucleus. Neuropharmacology, 109, 29—
40. http://doi.org/10.1016/j.neuropharm.2016.05.015

Saper, C. B., Fuller, P. M., Pedersen, N. P., Lu, J., & Scammell, T. E. (2010). Sleep State
Switching. Neuron, 68(6), 1023—1042. http://doi.org/10.1016/j.neuron.2010.11.032

Scharbarg, E., Daenens, M., Lemaitre, F., Geoffroy, H., Guille-Collignon, M., Gallopin, T.,
& Rancillac, A. (2016). Astrocyte-derived adenosine is central to the hypnogenic effect
of glucose. Scientific Reports, 6(1), 19107. http://doi.org/10.1038/srep19107

Sherin, J. E., EImquist, J. K., Torrealba, F., & Saper, C. B. (1998). Innervation of
histaminergic tuberomammillary neurons by GABAergic and galaninergic neurons in the
ventrolateral preoptic nucleus of the rat. Journal of Neuroscience, 18(12), 4705—4721.

Takahashi, K., Lin, J.-S., & Sakai, K. (2008). Neuronal activity of orexin and non-orexin
waking-active neurons during wake—sleep states in the mouse. Neuroscience, 153(3),
860—-870. http://doi.org/10.1016/j.neuroscience.2008.02.058

Takata, Y., Oishi, Y., Zhou, X.-Z., Hasegawa, E., Takahashi, K., Cherasse, Y., et al. (2018).
Sleep and Wakefulness Are Controlled by Ventral Medial Midbrain/Pons GABAergic



Page 15 of 17

ESRS Book

Wake and NREM sleep circuits

Neurons in Mice. The Journal of Neuroscience , 38(47), 10080—-10092.
http://doi.org/10.1523/JNEUROSCI.0598-18.2018

Varin, C., Rancillac, A., Geoffroy, H., Arthaud, S., Fort, P., & Gallopin, T. (2015). Glucose
Induces Slow-Wave Sleep by Exciting the Sleep-Promoting Neurons in the Ventrolateral
Preoptic Nucleus: A New Link between Sleep and Metabolism. The Journal of
Neuroscience , 35(27), 9900-9911. http://doi.org/10.1523/INEUROSCI.0609-15.2015

Venner, A., Anaclet, C., Broadhurst, R. Y., Saper, C. B., & Fuller, P. M. (2016). A Novel
Population of Wake-Promoting GABAergic Neurons in the Ventral Lateral
Hypothalamus. Curr Biol, 26(16), 2137-2143. http://doi.org/10.1016/j.cub.2016.05.078

Xu, M., Chung, S., Zhang, S., Zhong, P., Ma, C., Chang, W.-C., et al. (2015). Basal forebrain
circuit for sleep-wake control. Nature Neuroscience, 18(11), 1641-1647.
http://doi.org/10.1038/nn.4143

Yang, S.-R., Hu, Z.-Z., Luo, Y.-J., Zhao, Y.-N., Sun, H.-X., Yin, D., et al. (2018). The
rostromedial tegmental nucleus is essential for non-rapid eye movement sleep. PLoS
Biology, 16(4), €2002909. http://doi.org/10.1371/journal.pbio.2002909

Yuan, X.-S., Wang, L., Dong, H., Qu, W.-M., Yang, S.-R., Cherasse, Y., et al. (2017).
Striatal adenosine A2A receptor neurons control active-period sleep via parvalbumin
neurons in external globus pallidus. eLife, 6, 6667. http://doi.org/10.7554/eLife.29055

Zhang, Z., Liu, W.-Y., Diao, Y.-P., Xu, W., Zhong, Y.-H., Zhang, J.-Y., et al. (2019a).
Superior Colliculus GABAergic Neurons Are Essential for Acute Dark Induction of
Wakefulness in Mice. Curr Biol, 29(4), 637-644.¢e3.
http://doi.org/10.1016/j.cub.2018.12.031

Zhang, Z., Zhong, P., Hu, F., Barger, Z., Ren, Y., Ding, X., et al. (2019b). An Excitatory
Circuit in the Perioculomotor Midbrain for Non-REM Sleep Control. Cell, 177(5), 1293—
1307.e16. http://doi.org/10.1016/j.cell.2019.03.041

Zhong, P., Zhang, Z., Barger, Z., Ma, C., Liu, D., Ding, X., & Dan, Y. (2019). Control of
Non-REM Sleep by Midbrain Neurotensinergic Neurons. Neuron, 104(4), 795-809.¢6.
http://doi.org/10.1016/j.neuron.2019.08.026



ESRS Book

Waking

CORTICAL
ACTIVATION

Seiv

- Giy/GABA.
Whk-on neurons Wk/PS-on neurons  -------- 4 Inhibitory pathways = adenosine A1 receptors

\' \; SWS-on neurons PS-on neurons — Excitatory pathways Adenosine A2a receptors

) PS-off neurons

Figure 1. Neuronal networks responsible for waking.

At sleep-wake transitions, the hypocretin neurons would be the first to start firing, exciting all the other
waking systems (histaminergic, monoaminergic and cholinergic). In turn, these waking systems activate the
thalamus and/or the cortex, leading to cortical activation and also, importantly, inhibit the GABAergic SWS
(Non-REM sleep)-active neurons of the VLPO and MnPn.

Abbreviations: 5HT, 5-hydroxytryptamine (serotonin), Ach, acetylcholine; ADA, adenosine; BF, basal
forebrain; DPGi, dorsal paragigantocellular reticular nucleus; dDPMe, deep mesencephalic reticular nucleus;
DRN, dorsal raphe nucleus; GABA, gamma-aminobutyric acid; GiV, ventral gigantocellular reticular nucleus;
Gly, glycine; Hcrt, hypocretin (orexin)-containing neurons; His, histamine; LC, locus coeruleus; LdT,
laterodorsal tegmental nucleus; MCH, melanin concentrating hormone-containing neurons; NA,
noradrenaline; PH, posterior hypothalamus; PPT, pedunculopontine tegmental nucleus; PS, paradoxical
sleep; RT, reticular thalamic neurons; SCN, suprachiasmatic nucleus; SLD, sublaterodorsal nucleus; SWS,
slow-wave sleep; TMN, tuberomamillary nucleus; vIPAG, ventrolateral periaqueductal gray; VLPO,
ventrolateral preoptic nucleus; W, waking.
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Figure 2. Neuronal networks responsible for slow-wave (non-rapid-eye movement [REM]) sleep.

VLPO and MnPo GABAergic neurons would be inhibited by noradrenergic and cholinergic inputs during
waking. The majority of them would start firing at sleep onset (drowsiness) in response to excitatory,
homeostatic (adenosine) and circadian drives (suprachiasmatic input). These activated neurons, through the
reciprocal GABAergic inhibition of all wake-promoting systems, would be in a position to suddenly unbalance
the “flip-flop” network, as required for switching from waking (drowsiness) to a consolidation of SWS sleep.
Conversely, the slow removal of excitatory influences would result in a progressive firing decrease in VLPO
neurons and therefore an activation of wake-promoting systems leading to the awakening event.
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